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Abstract 

The diseases onchocerciasis and lymphatic filariasis (LF) are a leading cause of global 

morbidity affecting over 85.5 million people throughout the tropics. Clinical pathology for 

these diseases ranges from localised pain to hydrocele, lymphoedema and elephantiasis for 

LF and skin disease to blindness for onchocerciasis. Both filarial diseases are caused by 

parasitic filarial worm infections. Treatments for these diseases are limited to just three 

drugs (ivermectin (IVM), albendazole (ALB) and diethylcarbamazine citrate (DEC)), all of 

which principally kill only the larval stages (microfilaricidal) of these worms leaving adult 

worms able to re-populate the microfilarial (mf) reservoirs and subsequently continue the 

transmission cycle. Macrofilaricidal drugs which target the adult stages are urgently needed 

to aid elimination. The Anti-Wolbachia Consortium (A·WOL) is working on such treatments 

by targeting the endosymbiotic bacteria which reside within the filarial worms. Clinical field 

trials have provided proof of concept evidence of targeting Wolbachia with the antibiotic 

doxycycline. However, doxycycline requires a prolonged treatment course of 4-6 weeks and 

is contraindicated in pregnancy and children under 8 years old, therefore there is an urgent 

need for repurposed or novel drugs with a shorter treatment timeframe and utility in 

excluded populations. This study presents the development of a high content screen which 

enabled a 25-fold increase in throughput in screening capacity for the A·WOL drug discovery 

programme, from 1,000 to 25,000 compounds per month. This screen was instrumental in 

allowing the programme to initiate a medicinal chemistry ‘hit to lead’ and lead optimization 

development programme. Following this assay development, a collaboration with A·WOL 

and AstraZeneca allowed for a paradigm shift in the evolution of this screen to an industrial 

scale high-throughput assay (HTS). This validated assay was used to screen over 1.8 million 

compounds: 1.3 million from the AstraZeneca collection and 0.5 million from the Medicines 

for Malaria Venture (MMV). This HTS resulted in ~20,000 ‘hit’ compounds with anti-

Wolbachia activity. Triaging of the compounds was carried out through secondary dose 

response screens of ~6,000 compounds followed by further triaging through both 

bioinformatic assessment as well as tertiary larval (mf) testing. The resultant hit chemotypes 

were tested within a newly developed time kill assay validated as part of this study. This 

assay identified 5 novel chemotypes with faster acting anti-Wolbachia activity than the 

existing portfolio of A·WOL drugs and lead candidates.   
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Chapter 1 - Introduction 

1.1. Filarial diseases 

Lymphatic filariasis and onchocerciasis are two tropical diseases caused by filarial 

nematodes. These diseases are highly disabling, with the latest estimates for the number of 

cases at 85.5 people million affected throughout the tropics, making these diseases one of 

the leading causes of global morbidity (James et al. 2018).  

1.1.1. Lymphatic filariasis 

Lymphatic filariasis (LF) is mainly caused by the nematode Wuchereria bancrofti which is 

distributed in tropical areas including South America, Africa, Southeast Asia and the Pacific 

(Figure 1.1), while the nematode Brugia malayi is restricted to South Asia and Brugia timori 

is found in a minor focus in South-eastern Indonesia (Molyneux et al. 2003; Taylor et al. 

2010, 2014). These nematodes account for an estimated 64.6 million cases of LF (James et 

al. 2018) with 856 million people at risk across 52 countries (World Health Organization 

2018a). The larval stages of the nematode (microfilariae (mf)) are transmitted from humans 

to multiple species of mosquitoes, within which they develop into third-stage infective 

larvae (L3) over two weeks (World Health Organization 2017 and Figure 1.2).  At the next 

blood meal of the vector the L3 larvae infect the human host, where they develop into 

fourth-stage larvae, moulting to the adult L5 stage after about a year. Once they have 

matured within the human host the adult nematodes live within the lymphatic vessels and 

are reproductively active for 5-8 years, producing millions of mf which migrate from the 

lymphatics to the blood (Figure 1.2). These mf periodically migrate to the peripheral blood 

to coincide with the feeding habits of the local mosquito vectors (Hawking 1951, 1967). 

These nematodes cause pathology which exacerbates with age, from children with 

subclinical pathology through to adults with overt disease, including localised pain and 

swellings due to inflammatory responses against dead or dying worms (Dreyer et al. 2000; 

Melrose 2002). This can lead to hydrocele, lymphoedema and elephantiasis, with the latter 

resulting in the common name for this disease (World Health Organization 2017).  
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Figure 1.1 Lymphatic filariasis. Status of Mass Drug Administration (MDA) 2018. Data source: 
http://apps.who.int/neglected_diseases/ntddata/lf/lf.html (World Health Organization 2018b). The 
MDA status for each country (indicated by the colour key), is a simplification of the overall country 
status, however this does not represent the heterogeneity in the focal distribution of the disease within the 
country.  

 

Figure 1.2. The lifecycle of Brugia malayi. During a blood meal, an infected mosquito introduces third-

stage filarial larvae onto the skin of the human host, where they penetrate into the bite wound . The L3 

develop into adults that commonly reside in the lymphatics . Adults produce microfilariae (mf), which 
are sheathed and have nocturnal periodicity. The mf migrate into lymph and enter the blood stream 

reaching the peripheral blood . A mosquito ingests the mf during a blood meal . After ingestion, the 
mf lose their sheaths and work their way through the wall of the proventriculus and cardiac portion of the 

midgut to reach the thoracic muscles . There the mf develop into first-stage larvae  and subsequently 

into third-stage larvae . The third-stage larvae migrate through the hemocoel to the mosquito's 

proboscis  and can infect another human when the mosquito takes a blood meal . Reproduced from 
the data source: CDC https://www.cdc.gov/parasites/lymphaticfilariasis/biology_b_malayi.html   

http://apps.who.int/neglected_diseases/ntddata/lf/lf.html
https://www.cdc.gov/parasites/lymphaticfilariasis/biology_b_malayi.html
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1.1.2. Onchocerciasis  

Onchocerciasis is caused by the nematode Onchocerca volvulus which affects nearly 21 

million people in 31 countries worldwide but is mostly found in Africa, with small foci in the 

Americas (Brazil and Venezuela) and Yemen (Figure 1.3) (World Health Organization 2018c; 

World Health Organization 2018d). The larvae are transmitted by day-biting blackflies which 

breed in rivers and streams, giving rise to the common name for this disease, ‘river 

blindness’. Once matured within the human host, these long-lived adult worms (Plaisier et 

al. 1991 have estimated the mean reproductive life span of adult female worms at 9 - 11 

years) reside in subcutaneous and deep tissues, forming nodules (Figure 1.4). The mf 

produced from adult females within these nodules migrate to the skin (and other tissues 

such as the eyes), which allows for their transmission by their blackfly vector. The death of 

these mf induces inflammatory-mediated skin disease and blindness (Burnham 1998; Keiser 

et al. 2002; Slatko et al. 2010; Taylor et al. 2010; Turner et al. 2014). These skin diseases 

range from; intense and troublesome itching, acute and chronic papular dermatitis, 

lichenified onchodermatitis through to leopard skin, lizard skin and hanging groin. Sowda 

can also occur in rare cases. Ocular lesions occur due to the death of mf within the eye, with 

chronic exposure leading to sclerosing keratitis, iridocyclitis and permanent visual 

impairment and blindness (Hall and Pearlman 1999; World Health Organization 2018c). 

Both of these filarial diseases are listed as the World Health Organization’s (WHO) Neglected 

Tropical Diseases (NTDs) (World Health Organization 2018e). The NTD term was adopted in 

the early 2000s (Molyneux 2004, 2012) to highlight the global lack of funding for “other 

diseases” than the big three; tuberculosis, HIV/AIDS and malaria. NTDs also inflict suffering 

on neglected communities, which includes the poorest people in the world, with almost all 

of the people in the ‘bottom billion’ having at least one of these NTDs (Hotez et al. 2009).  

NTDs have a disproportionate impact on the world’s poor, further enhancing poverty 

through detriment to worker productivity and child development (Hotez et al. 2016; 

Molyneux 2017).  
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Figure 1.3. Onchocerciasis. Status of endemicity: 2018. Data source: 
http://apps.who.int/neglected_diseases/ntddata/oncho/onchocerciasis.html (World Health 
Organization 2018d). The status for each country (indicated by the colour key), is a simplification of the 
overall country status, however this does not represent the heterogeneity in the focal distribution of the 
disease within the country.  

 

Figure 1.4. The lifecycle of Onchocerca volvulus. During a blood meal, an infected blackfly 
(genus Simulium) introduces third-stage filarial larvae onto the skin of the human host, where they 

penetrate into the bite wound . In subcutaneous tissues the larvae  develop into adult filariae, which 

commonly reside in nodules in subcutaneous connective tissues . Adults can live in the nodules for 
approximately 15 years. Some nodules may contain numerous male and female worms. In the 
subcutaneous nodules, the female worms are capable of producing microfilariae (mf) for approximately 9 
years. The mf are occasionally found in peripheral blood, urine, and sputum but are typically found in the 

skin and in the lymphatics of connective tissues . A blackfly ingests the mf during a blood meal . 
After ingestion, the mf migrate from the blackfly's midgut through the hemocoel to the thoracic 

muscles . There the mf develop into first-stage larvae  and subsequently into third-stage infective 

larvae . The third-stage infective larvae migrate to the blackfly's proboscis  and can infect another 

human when the fly takes a blood meal . Reproduced from the data source: CDC 
https://www.cdc.gov/parasites/onchocerciasis/biology.html 

http://apps.who.int/neglected_diseases/ntddata/oncho/onchocerciasis.html
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1.2. Current treatments 

Current treatments for filarial diseases focus on long term mass drug administration (MDA) 

implementation. This strategy incorporates the treatment of the entire at-risk community 

regardless of the infected status of individuals within these communities, resulting in a high 

demand on the drug quantities (World Health Organization 2018a, 2018b, 2018c). However, 

MDA eliminates the need for diagnostics for test-and-treat or test-to-exclude which require 

additional operational costs and logistics (Boussinesq et al. 2018).  

The first large scale efforts to combat onchocerciasis were consolidated through the launch 

of the Onchocerciasis Control Programme in West Africa (OCP) in 1974 - 1975. Through the 

use of treating blackfly breeding sites with larvicides throughout initially seven West African 

countries, the OCP aimed to eliminate the disease (river blindness) as a public health 

problem through vector control (Boatin 2008). In 1989, the OCP adopted annual treatment 

with the then recently licenced drug ivermectin (IVM). Large-scale community trials in 

Ghana provided evidence for feasible and safe use of this drug to treat the microfilarial 

reservoir within humans (Remme et al. 1989, 1990). By the end of the programme in 2002, 

this intervention had expanded to cover 11 countries in West Africa (Boatin 2008). The work 

by the OCP was extended to cover the remaining endemic African countries by the African 

Programme for Onchocerciasis Control (APOC), launched in 1995, which pioneered the use 

of community directed treatment with ivermectin (CDTI) (Boatin 2008). The success of CDTI 

allowed, in 2012, for a shift in the programme goals, from control of morbidity to 

elimination of the parasite reservoir in feasible locations. In 2015, APOC came to a close, 

and control activities were devolved to the national programmes of the endemic countries. 

Between 2016 and 2020, these country programme-led activities receive technical support 

from the Expanded Special Programme for Elimination of Neglected Tropical Diseases 

(ESPEN), hosted and managed by the WHO Regional Office for Africa (AFRO) (Hopkins 2016). 

The elimination programme throughout the Americas was initiated in 1993 by the 

Onchocerciasis Elimination Program for the Americas (OEPA). OEPA’s regional strategy was 

to implement biannual mass distribution of IVM across all 13 endemic foci within 6 

countries (Mexico, Guatemala, Colombia, Ecuador, Brazil and Venezuela). The aim of this 

programme focused on the elimination of new (ocular) morbidity by 2007 and elimination of 

transmission of the parasite wherever feasible (Sauerbrey 2008). 
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WHO began its commitment to eliminating LF in 1997. To support this goal, the Global 

Programme to Eliminate Lymphatic Filariasis (GPELF) was established in 2000. The broad 

partnership within this programme included two pharmaceutical companies, namely, Merck 

& Co., Inc. and GlaxoSmithKline (GSK). These two companies donate drugs as well as 

financial, programmatic and management support for the global efforts to eliminate LF 

(Ottesen 2000).  

The current MDA for both filarial diseases, as discussed above, relies on three drugs; 

ivermectin (IVM), albendazole (ALB) and diethylcarbamazine citrate (DEC). IVM is donated 

through the Mectizan Donation Program, with Merck & Co., Inc., pledging an unlimited 

supply for as long as needed for LF and onchocerciasis (Gustavsen et al. 2018). 

GlaxoSmithKline have also pledged 600 million ALB tablets annually for LF until it is 

eliminated as a public health problem (Gustavsen et al. 2018). Eisai Co., Ltd., have offered 

up to 2.2 billion DEC tablets for the period of 2013-2020 (Eisai Access to Medicines, 2014) .   

These three donated drugs all principally target the progeny stage (mf) of these filarial 

worms (Taylor et al. 2010, 2014; World Health Organization 2018a). The primary aim of 

MDA is to interrupt transmission of LF and onchocerciasis, and to avoid the development of 

skin disease and blindness in onchocerciasis. However, MDA programmes require sustained 

and consistent implementation to cover the adult worm life span, with effective population 

coverage to break the transmission cycle (Verver et al. 2018). For example, the WHO 

recommendation for LF is at least 5 years of annual MDA with effective coverage of > 65% of 

the total population taking the medicine (World Health Organization 2017). For 

onchocerciasis the WHO recommendation is over 10 years of annual treatment (World 

Health Organization 2018a). Such prolonged treatments are required to sustain the blocking 

of transmission due to rebound of the microfilarial reservoir (Ottesen et al. 1990; Turner et 

al. 2014). Without widespread elimination, remaining populations will have the potential to 

be a source for re-introduction of transmission, at both small and large scale, especially 

when considering the movement of both the infected vectors and people (Molyneux et al. 

2003; Verver et al. 2018).  

Ivermectin is the sole MDA therapy for onchocerciasis, which is usually implemented 

through CDTI (World Health Organization 2018c). For LF the treatment is dependent on co-

endemic diseases: ALB and DEC in areas where LF alone is endemic, IVM + ALB in areas co-
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endemic with onchocerciasis, and ALB alone biannually in Loa loa co-endemic areas (World 

Health Organization 2018a). These restrictions to treatment are due to the risk of serious 

adverse events (SAEs) in particular settings. IVM treatment of Loa loa co-infected patients 

with high microfilaraemia can lead to encephalopathy, coma and death due to rapid death 

of microfilariae occluding the microvasculature in the brain (Gardon et al. 1997). This factor 

therefore dramatically limits CDTI treatment for onchocerciasis in areas co-endemic with 

Loa loa (Kamgno et al. 2017). DEC is contraindicated in onchocerciasis endemic areas due to 

the risk of adverse events including severe ocular inflammatory reactions and Mazzotti 

reactions (Francis et al. 1985; Ottesen 2006; Taylor et al. 2010; Fischer et al. 2017). 

Perceived or real adverse events associated with MDA creates stigma and fear within a 

population resulting in a drop of compliance and treatment coverage. The increased 

proportions of the population refusing treatment therefore has a big impact on the success 

of MDA (Turner et al. 2013; Wanji et al. 2015; Senyonjo et al. 2016; Boussinesq et al. 2018; 

Verver et al. 2018).  

Despite this substantial worldwide burden, there has been very limited development of new 

drugs to treat these diseases, with no new chemical entity (NCE) approved for the use 

against helminth infections in the past decade (Burrows et al. 2014; Panic et al. 2014). 

However, although not a NCE, in June 2018 the veterinary drug moxidectin (a macrocyclic 

lactone like IVM) was approved for human use in the treatment of onchocerciasis 

(Medicines Development for Global Health 2018; Opoku et al. 2018). This treatment along 

with new regimens of triple combinations of IVM, DEC and ALB (IDA) may help in reaching 

some of the global targets outlined in the 2012 WHO roadmap for NTDs, endorsed by the 

London Declaration (Savioli and Daumerie 2012). The target for onchocerciasis was 

originally set as elimination in Yemen and regions of Latin America by 2015, with further 

selected countries in Africa by 2020, later extended by APOC to 2025 (APOC 2012, World 

Health Organization 2012). Elimination has been verified in Colombia, Ecuador, Guatemala 

and Mexico. However, the two remaining target countries in the Americas (Brazil and 

Venezuela) continue to be endemic for onchocerciasis (World Health Organization 2018c, 

2018d). However, this is an over simplification with the status based on political rather than 

geographic boundaries, such as the Amazonian focus for this disease which straddles the 

two countries. This focus includes the challenges of implementing treatments for hard-to- 
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reach communities, such as the Yanomami communities, especially when considering the 6- 

and 3-monthly treatment strategies which have been implemented (Botto et al. 2016). By 

contrast, the two northern endemic foci in Venezuela are under post-treatment surveillance 

to confirm the successful elimination of the infection (Convit et al. 2013). No countries in 

Africa and Yemen have had elimination verified or applied for verification (World Health 

Organization 2018d). For LF the target is to achieve global elimination, with 100% of all 

endemic countries verified as free of transmission or to have entered post-intervention 

surveillance by 2020 (Savioli and Daumerie 2012; Cano et al. 2014). WHO’s status report for 

LF as of October 2018, states that the elimination of LF as a public health problem has been 

achieved in 14 countries: Cambodia, Cook Islands, Egypt, Maldives, Marshall Islands, Niue, 

Palau, Sri Lanka, Thailand, Togo, Tonga, Vanuatu, Viet Nam and Wallis and Futuna. 

Furthermore, 7 countries are under post-intervention surveillance; American Samoa, 

Bangladesh, Brazil, Brunei Darussalam, Kiribati, Malawi, and Yemen.  

However, 46 countries worldwide still have ongoing MDA and 5 countries have not yet 

started MDA (Equatorial Guinea, Gabon, São Tome and Principe, New Caledonia and South 

Sudan) (World Health Organization 2018b). These data clearly indicate that although 

progress has been impressive, the elimination targets for these diseases by 2020 appear 

unlikely to be met, and that new tools and approaches are required (Molyneux 2017, 

Molyneux et al. 2017). 

Transmission dynamics models and empirical evidence demonstrate the requirement for 

these MDA programmes to be sustained for a long time in order to interrupt transmission 

and therefore lead to the target of elimination of these diseases. Prediction models for both 

diseases suggest that even with intensification of treatments (biannually or even quarterly) 

and simultaneous vector control, elimination of these diseases cannot be guaranteed in all 

areas by 2025 (Stolk et al. 2015; Basáñez et al. 2016; Verver et al. 2018). There is also 

growing concern of the potential for drug resistance to IVM (Osei-Atweneboana et al. 2011; 

Frempong et al. 2016).  
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1.3. Alternative approaches for the treatment of filariasis 

Alternative or complementary therapies to the standard MDA are currently being tested in 

the field, including increasing the periodicity of treatment e.g. IVM bi- or pluri-annually or 

triple combination therapy with IVM, DEC and ALB (IDA) (King et al. 2018). These methods 

may have a greater effect on reducing mf and subsequent transmission as well as potential 

macrofilaricidal activity against LF (Cano et al. 2014; World Health Organization 2017; 

Boussinesq et al. 2018). However, for these strategies the risk of SAEs is still of great 

concern, therefore pre-treatment testing will be required, complicating and increasing the 

cost of this MDA strategy. This testing may include ‘pre-treat-and-treat’ or ‘test-and-not-

treat’. A co-infection with onchocerciasis and LF would result from the ‘Pre-treat-and-treat’ 

option and allow for onchocerciasis treatment with IVM prior to IDA treatment for LF. A co-

infection with Loa loa would be identified via ‘test-and-not-treat’ to avoid the potential SAE 

related to IVM (Kamgno et al. 2017, 2018; Gedge et al. 2018).  

Alternative microfilaricidal drugs are also being assessed such as moxidectin, which was 

approved by the Food and Drug Administration (FDA) in June 2018 (Medicines Development 

for Global Health 2018). Moxidectin is a macrocyclic lactone similar to IVM. However, 

clinical trials have shown it has superiority over IVM with modelling predicting that the 

impact of annual dosing would match that of biannual treatment with IVM (Turner et al. 

2015). Therefore, resources could focus on maximising coverage of annual moxidectin over 

biannual IVM (Boussinesq et al. 2018; Opoku et al. 2018). However, the same limitations as 

using IVM occur, including Mazzotti reactions, and further data are required to assess the 

approach to use in Loa loa co-endemic areas where ivermectin MDA is contraindicated 

(Opoku et al. 2018).  

Other compounds are entering clinical trials including the re-purposed veterinary drug 

emodepside (originated by Astellas and out-licensed to Bayer). This drug is currently in a 

phase 1 study of its safety, tolerability and pharmacokinetics in healthy volunteers by the 

Drugs for Neglected Diseases initiative (DNDi) (Boussinesq et al. 2018; DNDi 2018).   

Such direct-acting drugs as described above have had limited success in the filarial drug 

discovery field. Janssen’s promising candidate flubendazole (orally bioavailable 

formulation), which is in the same benzimidazole class as ALB, has proven macrofilaricidal 



Chapter 1 - Introduction 
 

- 25 - 
 

activity. However, it was discontinued in 2017 due to toxicological effects (Geary et al. 2019; 

Lachau-Durand et al. 2019). Similarly, a boron derived benzimidazole AN15470 originally 

from Anacor Pharmaceuticals was also discontinued. Oxfendazole (a veterinary drug) is the 

only remaining benzimidazole in the DNDi pipeline, currently in preclinical testing (DNDi 

2018). 

Although new drugs are progressing, none of the drugs described above have activity 

against a novel target, the endosymbiotic bacteria, Wolbachia pipientis (discussed further in 

Chapter 1.4 below). The Anti-Wolbachia Consortium (A·WOL), combining partners from 

academia and industry led by the Liverpool School of Tropical Medicine (LSTM), was 

established in 2007 to discover and develop new anti-Wolbachia drugs (Taylor et al. 2010; 

Burrows et al. 2014; Johnston et al. 2014a). The first such designer macrofilaricidal drug, 

TylAMac™, is a derivative of the veterinary drug tylosin, a 16-membered macrolide, which 

was identified during the screening of a focused anti-infective compound library by A·WOL. 

Following the identification of this highly active compound in A∙WOL’s in vitro cell screen 

(discussed further in Chapter 1.5 below), anti-Wolbachia activity was confirmed in vivo 

against Litomosoides sigmodontis and Brugia malayi, when delivered parenterally. However, 

oral administration had almost no activity, due to poor oral bioavailability. The creation of 

analogs through medicinal chemistry efforts, ultimately developed TylaMac™, an oral 

compound with anti-Wolbachia efficacy in vivo. TylaMac™ also has a pharmacology and 

safety profile that is compatible with a short-term treatment regimen and has completed 

phase I trials, currently progressing to phase II testing (Drugs for Neglected Diseases 

Initiative 2018; Taylor et al. 2019; Table 1.1). In addition, new therapies are awaiting clinical 

trials including high-dose rifampicin treatment, predicted to have clinically relevant 

exposure in humans, which has been shown to be well-tolerated over one to two weeks. 

This dosage depletes Wolbachia more rapidly than doxycycline in pre-clinical animal models, 

suggesting improved activity in clinical trials (Aljayyoussi et al. 2017a). A·WOL have 

developed these in-vivo animal models, to better inform the clinical relevance of potential 

new drugs using a pharmacokinetic/ pharmacodynamic (PKPD) modelling approach. These 

PKPD models are based on both L3-L4 larval (short term) and adult (long-term) Brugia 

malayi infected immunodeficient mice. This model system has been developed to related 

pharmacokinetic parameters to pharmacodynamic outcomes using clinically relevant doses 
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in humans. These clinically relevant human-mouse bioequivalent bridging studies (Johnston 

2014a; Sharma et al. 2016; Aljayyoussi et al. 2017a; Hong et al. 2019) have been well 

characterised via drug development through to clinical application (Debrah et al. 2006b, 

2007, 2011, 2015). Further details on new anti-Wolbachia therapies are discussed in this 

thesis.  

1.4. Wolbachia – a novel drug target 

The intracellular bacterium Wolbachia infects a remarkable range of arthropods, with 

estimates ranging from 40-66% (Hilgenboecker et al. 2008; Zug et al. 2012). Wolbachia has a 

range of consequences for its hosts, ranging from parasitic to beneficial; the former includes 

reproductive manipulation to promote its transmission, and the latter the affording of 

protection from pathogens (Barr 1980; O’Neill et al. 1992; Rousset et al. 1992; Stouthamer 

et al. 1993; Taylor et al. 2018). There has been an explosion of interest in the protective role 

that Wolbachia can provide, in relation to the mosquito vectors of arboviruses such as 

dengue, Zika, chikungunya, West Nile and yellow fever (Frentiu et al. 2010; Glaser and 

Meola 2010; Walker et al. 2011; van den Hurk et al. 2012; Blagrove et al. 2013; Hussain et al. 

2013; Aliota et al. 2016a, 2016b; Dutra et al. 2016). Research by the World Mosquito 

Program, is testing whether the artificial introduction of Wolbachia into the mosquito, 

Aedes aegypti, can be used as a control tool to reduce the transmission of these life-

threatening viruses (World Mosquito Program 2019). 

In addition to the widespread presence of Wolbachia in insects, all filarial worms causing 

human onchocerciasis and LF harbour Wolbachia. However, within these hosts Wolbachia 

has a mutualistic association, as it is vital for the nematode’s survival, growth and fertility 

(Taylor et al. 2010; Slatko et al. 2014). Bacterial-like structures were first discovered in 

filariae in the 1970s with the advent of electron microscopy (McLaren et al. 1975; Kozek & 

Marroquin 1977; Kozek 1977). This observation gained little attention until 1995 when 

molecular genetic techniques enabled the identification of the bacteria as Wolbachia in a 

veterinary filarial worm, Dirofilaria immitis (dog heartworm). This was the first time 

Wolbachia had been found in any non-arthropod species (Sironi et al. 1995). Subsequent 

studies detected Wolbachia in Dirofilaria immitis, Dirofilaria repens, Brugia malayi, Brugia 

pahangi, Onchocerca gibsoni, Onchocerca gutturosa, Onchocerca ochengi, Wuchereria 

bancrofti and Litomosoides sigmodontis (Bandi et al. 1998). Wolbachia has been found in all 
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developmental stages of filarial worms (Kozek and Marroquin 1977; Kozek 1977; Sironi et al. 

1995; Hoerauf et al. 1999; Taylor et al. 1999a, 1999b; McGarry et al. 2004; Foster et al. 

2005). Almost all filarial parasites of humans have been shown to harbour Wolbachia (Taylor 

et al. 1999b; Bandi et al. 2001; Foster et al. 2005; Lefoulon et al. 2016). To date, 20 species 

of filariae appear to be devoid of Wolbachia, these range throughout all subfamilies and 

have been isolated from a breadth of hosts included mammals, bird and reptiles. From a 

medical perspective in relation to filarial diseases, the most important species to lack 

Wolbachia is Loa loa (Büttner et al. 2003; McGarry et al. 2003).  

Wolbachia pipientis are alpha-proteobacteria closely related to Ehrlichia and Anaplasma 

species (Sironi et al. 1995; Lefoulon et al. 2016). Phylogenetic analyses by Lefoulon et al. 

(2016) support the separation of this species into the 7 supergroups A to Q (excluding G) (Lo 

et al. 2007; Ros et al. 2009; Bing et al. 2014; Glowska et al. 2015). Filarial Wolbachia are 

found within supergroups C, D, F and J. The filariae causing LF (W. bancrofti, B. malayi and 

B. timori) are hosts for supergroup D, alongside other Brugia species, as well as 

Litomosoides species. The symbiont of O. volvulus is found in supergroup C, alongside other 

Onchocerca species, as well as Dirofilaria species and Loxodontofilaria caprini (Lefoulon et 

al. 2016). 

Within filarial nematodes, Wolbachia are found principally in the hypodermal lateral chords 

within host-derived vacuoles, at varying quantities between individuals (McGarry et al. 

2004). They have also been identified in the ovaries, embryos and secretory-excretory canal 

(Kozek and Marroquin 1977; McGarry et al. 2004; Landmann et al. 2010; Fischer et al. 2011).  

Bosshardt et al. (1993) were the first to show that treating Brugia pahangi-infected jirds 

with the antibiotic tetracycline inhibited the maturation of 3rd stage larvae to adult worms 

and the development of microfilaraemia. The direct association between tetracycline 

treatment leading to depletion of Wolbachia and inhibiting parasite development was 

identified by Hoerauf et al. (1999). They showed that 28 days of treatment with tetracycline 

(compared to penicillin, known to lack activity against rickettsial bacteria) in a Litomosoides 

sigmodontis mouse model led to the elimination of Wolbachia judged by immunohistology 

and electron microscopy (Hoerauf et al. 1999). Furthermore, this resulted in blocking worm 

establishment and growth as well as rendering the adult worms infertile. Conversely, there 

was no impact on Wolbachia-free Acanthocheilonema viteae. This highlighted the 
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nematodes’ relationship with Wolbachia as mutualistic in contrast to the largely parasitic 

association found in arthropods. Work by Bandi et al. (1999) identified similar inhibition of 

development within embryos when treating B. pahangi in jirds with tetracycline, as well as 

associating this inhibition to Wolbachia reduction. This work was extended to testing 

doxycycline in dogs infected with Dirofilaria immitis with similar results. Beyond the 

mutualism of Wolbachia essentiality for development and fertility, several studies have 

suggested other metabolic provisions provided by Wolbachia to their filarial nematode 

hosts. Comparative analysis of Wolbachia (wBm) and Brugia malayi genomic sequences by 

Wu et al. (2009), highlighted the heme biosynthesis pathway as one such provision. From 

this pathway, which is conserved in eukaryotes and prokaryotes, all but one of the heme 

biosynthetic genes (protoporphyrinogen- IX oxidase (PPO)) can be identified in the wBm 

genome. Conversely, all but the last heme biosynthetic gene in the pathway (ferrochelatase 

(FC)) are absent from the B. malayi genome, suggesting these nematodes are incapable of 

de novo heme biosynthesis. This is common to most nematodes including Caenorhabditis 

elegans, suggesting that they salvage heme or intermediates from their environment, or in 

the case of filarial worms, acquisition from their Wolbachia endosymbiont (Wu et al. 2009). 

ATP has also been proposed to be provided to the host for energy generation by Wolbachia. 

Evidence for this hypothesis is based on the analysis of the gene expression of Wolbachia 

from Onchocerca ochengi by Darby et al. (2012). Their work suggests that Wolbachia could 

have a mitochondrion-like function based on the high profile of ATP synthase in the 

transcriptome and proteome, as well as elevated expression of respiratory chain 

components. This work by Darby et al. (2012) also supports the suggestion that Wolbachia 

modulates the mammalian immune system to allow their filarial host to withstand the 

mammalian immune response for their long lifespan, thus providing a defensive as well as a 

metabolite provisioning mutualism. This theory has been supported by in vivo studies by 

Hansen et al. (2011). In their work, depletion of Wolbachia in O. ochengi by oxytetracycline 

resulted in the infiltration of eosinophils into the nodule resulting in the eventual death of 

the worms. This was specific to Wolbachia and not the nematode death, as this response 

was not observed for melarsomine (a conventional adulticide with no anti-Wolbachia 

activity). Landmann et al. (2011) also discuss the role that Wolbachia has with apoptosis 

within the host. They suggest that Wolbachia has a defensive role in limiting apoptosis 

which could be vital to allow the nematode to develop through crucial life stages. In 
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comparison, depletion of Wolbachia induces non-cell autonomous apoptosis which leads to 

arresting the development of otherwise motile and viable mf and L4 (Landmann et al. 2011). 

This mutualistic relationship between filarial nematodes and Wolbachia can therefore be 

exploited as a drug target for LF and onchocerciasis. The concept of Wolbachia as a drug 

target has subsequently been validated by an extensive series of clinical trials using 

antibiotics such as doxycycline (Table 1.2 and Table 1.3). Field trials with doxycycline have 

shown efficacy of a 4-6 weeks course of treatment with 100/200 mg per day resulting in 

long-term sterilisation and macrofilaricidal (death of adult worm) activity. Further to this, 

work by Albers et al. (2012) on O. volvulus, identified that the impact of doxycycline 

treatment can extend to limiting transmission, through delaying larval development within 

the vector (though delayed development was also due to seasonal trends toward lower 

ambient temperatures that lengthened the extrinsic incubation period). Doxycycline has 

subsequently become adopted as a policy drug, in particular as an alternative treatment for 

onchocerciasis in Loa loa co-endemic areas, due to the absence of SAE risk compared with 

IVM treatment of loiasis patients (Turner et al. 2010; Tamarozzi et al. 2012; Taylor et al. 

2014; Aljayyoussi et al. 2017a; Boussinesq et al. 2018). Although a community-based 

delivery of doxycycline for onchocerciasis has been shown to be feasible and with a long-

term impact in Cameroon (Wanji et al. 2009; Tamarozzi et al. 2012), with therapeutic 

coverage of 73.8% and compliance at 97.5%, doxycycline is not deemed suitable for MDA. 

This is due to the long course of treatment (daily for 4-6 weeks) as well as contraindication 

in children and women of a child-bearing age (Taylor et al. 2014). It is believed that the high 

level of adherence to the treatment regimen was aided by positive feed-back from 

community members who took part and subsequently motivated reluctant individuals 

based on their personal experience of treatment benefits, including relief from body itches 

and nodules, improved vision, appetite and sexual desire as well as curing boils and wounds 

(Wanji et al. 2009). Some of these benefits are likely to be due to the broad spectrum 

antibiotic activity of doxycycline. In addition to these benefits for onchocerciasis, trials with 

doxycycline treatment for LF demonstrated clinical improvements in the severity of 

lymphoedema and hydrocoele (Debrah et al. 2006a, 2009; Mand et al. 2009, 2012; Taylor et 

al. 2010).  
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Table 1.1. Summary of ongoing clinical trials using anti-Wolbachia therapy. 

Ongoing trials  Phase Disease Drug Intervention trial start - end date location 

ISRCTN14042737: Doxycycline to improve filarial 
lymphedema (LEDoxy Ghana)  

2 
  

LF 
  

DOX 
  

200 mg/day DOX for 6 weeks 
100 mg/day DOX for 6 weeks  

Jan 17 - Jun 20 
  

Ghana 
  

ISRCTN65756724: Doxycycline to improve filarial 
lymphedema (LEDoxy Tanzania)  

2 
  

LF 
  

DOX 
  

200 mg/day DOX for 6 weeks 
100 mg/day DOX for 6 weeks  

Jan 17 - Dec 20 
  

Tanzania 
  

NCT02929121 A 24 Month Study to Compare Efficacy of 
Doxycycline vs Placebo for Improving Filarial Lymphedema 
in India 
 

3 
 
 
 

Filariasis 
 
 
  

DOX 
 
 
 

200 mg/day for 6 weeks 
(patients < 50 kg would  

receive 100 mg) 
 

Aug 17 – Dec 19 
 
 
 

India 
 
 
 

NCT02927496 A 24 Month Study, to Compare the Efficacy 
of Doxycycline vs. Placebo for Improving Filarial 
Lymphedema in Mali 
 

3 
 
 
 

Filariasis 
 
 
  

DOX 
 
 
 

200 mg/day for 6 weeks 
(patients < 50 kg would 

receive 100 mg) 
 

Aug 17 – Dec 19 
 
 
 

Mali 
 
 
 

NCT02929134 A 24 Month Study to Compare Efficacy of 
Doxycycline vs Placebo for Improving Filarial Lymphedema 
in Sri Lanka 
 

3 
 
 
 

Filariasis 
 
 
  

DOX 
 
 
 

200 mg/day for 6 weeks 
(patients < 50 kg would  

receive 100 mg) 
 

Feb18 – Dec 19 
 
 
 

Sri Lanka 
 
 
 

ABBV-0483 drug’s safety in healthy volunteers and assist in 
the selection of doses for future trials 
 

1 
 
 

Filariasis 
 
 

ABBV-4083 
(TylAMac™) 

  

Dec 17 – 18 
 
 

US 
 
 

 

Table 1.2. Summary of clinical trials using anti-Wolbachia therapy on LF patients.  

Drug Dose/day, Duration Major outcomes Publication 

Doxycycline 200 mg, 6 weeks • Significant decrease in Wolbachia loads and microfilaraemia levels after 12 months.  (Hoerauf et al. 2003b) 

Doxycycline 200 mg, 8 weeks 
• Significant decrease in Wolbachia load, microfilaraemia, antigenemia and significant macrofilaricidal 

activity at 8-14 month read out 
(Taylor et al. 2005) 

Doxycycline 200 mg, 4 weeks 

• Significant decrease in Wolbachia load at 4 months 

• Significantly lower microfilaraemia, antigenaemia and adult worm motility at 24 months. 

• 4 weeks regime a comparable macrofilaricidal treatment to 6 weeks 

(Debrah et al. 2007) 

Doxycycline 
+DEC + ALB 

100 mg, 6 weeks • Significant decrease in Wolbachia and microfilaraemia with DOX alone 

• Doxycycline reduced the incidence of adverse reactions  
(Supali et al. 2008) 

https://www.isrctn.com/ISRCTN14042737?q=lymphatic%20filariasis&filters=&sort=&offset=4&totalResults=12&page=1&pageSize=10&searchType=basic-search
https://www.isrctn.com/ISRCTN14042737?q=lymphatic%20filariasis&filters=&sort=&offset=4&totalResults=12&page=1&pageSize=10&searchType=basic-search
https://www.isrctn.com/ISRCTN65756724?q=lymphatic%20filariasis&filters=&sort=&offset=3&totalResults=12&page=1&pageSize=10&searchType=basic-search
https://www.isrctn.com/ISRCTN65756724?q=lymphatic%20filariasis&filters=&sort=&offset=3&totalResults=12&page=1&pageSize=10&searchType=basic-search
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+ 6 mg/kg + 400 mg, 1 
day 

Doxycycline + 
ALB + 
IVM 

200 mg, 3 weeks 
400 mg, 1 day  
10 mg, 1 day 

• Significant decrease in Wolbachia load and microfilaraemia between 4 and 24 months. 

• Adult viability was not significantly different at 12 or 24 months 
(Turner et al. 2006a) 

Doxycycline 200 mg, 6 weeks 

• Significant reduction in Wolbachia load, microfilaraemia, antigenemia and adult worm motility up to 
24 months read out.  

• Significant decrease VEGF-C/sVEGFR-3 plasma levels with significantly lower mean stage of 
lymphedema after 12 months 

(Debrah et al. 2006a) 

Doxycycline 200 mg, 6 weeks 

• Significant decrease in Wolbachia load, microfilaraemia and antigenemia 

• Significant hydrocele status improvement 

• Reduction in VEGF-A plasma levels 

(Debrah et al. 2009) 

Doxycycline + 
DEC 

200 mg, 1 day 
300 mg, 1 day 

• The addition of doxycycline compared to DEC alone reduced the incidence of adverse reactions 
(45.5% compared to 58.85)  

• No severe reactions occurred in the doxycycline group compared to 3 of 25 subjects in the placebo 
group  

• The severity of adverse reactions was significantly lower in the doxycycline group (mean score 0.45) 
than in the placebo group (mean score 1.17) 

(Sanprasert et al. 
2010) 

Doxycycline 
OR 

DOX+RIF 

200 mg, 4 weeks 
OR 

200 mg+10 mg/kg, 2 
weeks 

• 4 weeks DOX results in a significant decrease in Wolbachia load, microfilaraemia, adult worm 
motility and antigenaemia 

• 2 weeks DOX+RIF results in significant decrease in Wolbachia load and moderate adult worm 
motility.  

• 4 weeks doxycycline more superior than 2-week combination on all levels 

(Debrah et al. 2011) 

Doxycycline 
Amoxicillin 

200 mg, 6 weeks 
1000 mg, 6 weeks 

• Significant decrease in severity of filarial lymphedema at 12 and 24 months compared to minimal 
improvement with amoxicillin 

(Mand et al. 2012) 

Doxycycline 200 mg, 30 days 
• Doxycycline monotherapy results in significant decrease in microfilaraemia sustained at 1 year 

• Synergy between doxycycline and ALB in reduction of microfilaraemia when given in combination 
(Gayen et al. 2013) 

Doxycycline 200 mg 21 or 10 days 
• Reduction in Wolbachia and microfilaraemia activity after 21 days but little significance with 10 days 

• Reduced scrotal lymph vessel diameter after 21 days treatment 
(Mand et al. 2009) 
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Table 1.3 Summary of clinical trials using anti-Wolbachia therapy on onchocerciasis patients.  

Drug Dose/day, Duration Major outcomes Publications 

Doxycycline 100 mg, 6 weeks • Significant decrease in Wolbachia, adult worms viability and embryogenesis for at least 18 months (Hoerauf et al. 2000a; 2001) 

Doxycycline 100 mg, 6 weeks 

• Significant decrease in Wolbachia load over a 6-month period 

• Inhibition of embryogenesis after 6 months with decline in mf after 11 months  

• No effect upon adult worm viability 

(Hoerauf et al. 2003a) 

Doxycycline 
200 mg 

2, 4 or 6 weeks 
• Length of doxycycline treatment influences the reduction of mf in skin snips with significant 

reduction for 4 and 6 weeks at 18 months follow up 
(Debrah et al. 2006b) 

Rifampicin 
10 mg/kg, 2 weeks 

OR 
10 mg/kg, 4 weeks 

• Significant decrease in Wolbachia load sustained for 18 months for both 

• Embryogenesis and mf production were reduced after 4 weeks treatment 

• No effect on adult worm viability 

• Less efficient than 6 weeks of DOX 

(Specht et al. 2008) 

Azithromycin 
(AZT)  

6 weeks of 250 mg  
OR 

1200 mg/week 

• No significant effect on adult worm survival, embryogenesis or mf production/viability  

• No significant decrease of Wolbachia load at 6 months (250 mg/day only) 

• Significant difference in Wolbachia levels in female worms was observed at 12 months following 
250 mg/day, but this was less pronounced than in previous doxycycline studies 

(Hoerauf et al. 2008a) 

Rifampicin 
AZT 

RIF + AZT 

20 mg/kg, 5 days 
12 mg/kg, 5 days 

20+12 mg/kg, 5 days 
• No significant depletion of Wolbachia load, adult worm survival or embryogenesis (Richards et al. 2007) 

Doxycycline 
 

200 mg, 4 weeks OR 
200 mg, 6 weeks 

• Significant decrease in Wolbachia load, embryogenesis, mf production from 6 months and adult 
viability from 20 months sustained at 27 months 

• 6 week marginally more effective than a 4-week doxycycline regimen 

(Hoerauf et al. 2008b)  

Doxycycline 100 mg, 5 weeks 
• Significant decrease in Wolbachia load, interruption of embryogenesis, mf production and adult 

worm viability at a 2 year follow up 
(Hoerauf et al. 2009) 

Doxycycline 200 mg, 6 weeks 
• Significant reduction in Wolbachia load, adult worm viability, microfilaridermia and 

embryogenesis at 21-month read out 

• Well tolerated by patients with low to moderate co-infection with Loa loa  

(Turner et al. 2010) 

Doxycycline 100 mg, 6 weeks 
• Significant reduction in Wolbachia load, embryogenesis, microfilaridermia and adult worm 

viability at a 20-month read out. 
(Debrah et al. 2015) 

Doxycycline 
Minocycline 

ALB 
DOX + ALB  

200 mg, 4 or 3 weeks  
200 mg, 3 weeks 
800 mg , 3days 

200 mg, 3w +800 mg, 3d 

• Wolbachia load was significantly reduced at 6 months in all treatments compared to ALB alone 
with 4 weeks DOX having the greatest depletion 

• Embryogenesis is reduced by 4 weeks DOX and 3 weeks +ALB 

• Minocycline (3w) shows a trend for higher potency than DOX (3w) 

(Klarmann-Schulz et al. 
2017) 
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The anti-Wolbachia target of doxycycline treatment has multiple benefits including the key 

feature of permanent sterilisation leading to a sustained clearance of mf. Work by 

Landmann et al. (2011) linked this effect to extensive non-cell autonomous apoptosis 

following the depletion of Wolbachia leading to permanent sterilization. Another benefit of 

this treatment is the safe macrofilaricidal kinetics due to the slow kill of the worms and no 

risk of SAEs caused by the rapid death of mf (Slatko et al. 2010, 2014; Taylor et al. 2013, 

2014). The final benefit of this treatment is through the reversal of lymphatic pathology in 

LF as well as the inflammatory pathology in onchocerciasis linked to worm death and 

release of Wolbachia (Debrah et al. 2006a; Mand et al. 2009; Tamarozzi et al. 2011).  

In the context of the aim to achieve the elimination of LF and onchocerciasis, Wolbachia as 

the drug target provides promise, through its macrofilaricidal activity and ability to be 

utilised for both LF and onchocerciasis. This macrofilaricidal activity is discussed in Walker et 

al. (2015) meta-analysis and mathematical modelling of doxycycline clinical trial data. This 

work predicts that this curative treatment reduces the lifespan of O. volvulus female adult 

worms by 70-80%, from approximately 10 years to just 2-3 years. Curative anti-Wolbachia 

macrofilaricides would provide a valuable tool in the arsenal to achieving elimination of 

onchocerciasis and LF, in three main areas (Taylor et al. 2009; Taylor et al. 2010; Tamarozzi 

et al. 2011; Taylor et al. 2014; Walker et al. 2015; Basáñez et al. 2016). Firstly, it would 

provide a safe alternative treatment to current MDA strategies for both onchocerciasis and 

LF in areas co-endemic with loiasis. This safety profile relates to the lack of the Wolbachia 

target in these worms, thus eliminating the SAEs associated with microfilarcidal activity of 

current MDA treatments against Loa loa. Secondly, it could be used as a “mop up” strategy 

to shorten the protected tail of the “endgame” in areas where elimination is deemed 

achievable, but not yet completed. This could be of great benefit in areas where the 2020 

elimination targets will not be reached, including hard-to-reach or hyperendemic areas. 

Thirdly, in areas of sub-optimal responders to IVM, it could be invaluable as a back-up 

treatment, especially for onchocerciasis which is limited to treatment with just IVM and the 

related drug moxidectin.   

However, novel drugs are required without contraindications and with a shorter treatment 

regimen. Current literature in this field recommends the highest chance of success to 

achieve this, is through the establishment of collaborations which promote the dramatic 
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increase in large-scale drug library screening (Clark et al. 2013; Burrows et al. 2014; Panic et 

al. 2014; De Rycker et al. 2018). Many factors including the complexity of the biology and 

related cell-based assays, lack of validated targets and funding shortages involved in hit 

discovery for these filarial diseases (in common with many other NTDs) makes industrial 

scale programmes in this field extremely challenging (Johnston et al. 2014a; De Rycker et al. 

2018). 

1.5. The A·WOL drug discovery model cell line C6/36 (wAlbB) 

At the beginning of the A·WOL Consortium, alongside anti-Wolbachia drug regime 

refinement field trials (Table 1.2 and Table 1.3), the second objective was to develop a high-

throughput screening (HTS) assay. This HTS from either a nematode-Wolbachia assay or 

utilising the existing insect-Wolbachia assay would allow for the testing of large numbers of 

novel or re-purposed compounds.  

Prior to the work by the A·WOL Consortium, in the late 1990s O’Neill et al. (1997) 

established and characterized the first mosquito cell line stability infected with Wolbachia, 

Aa23 cells. This cell line originated from eggs of a strain of Aedes albopictus naturally 

infected with Wolbachia. Fenollar et al. (2003a) later successfully inoculated C6/36 

(A. albopictus) and human embryonic lung (HEL) cells with the Wolbachia from this Aa23 cell 

line (Fenollar et al. 2003a). Hermans et al. (2001) and Fenollar et al. (2003b) developed the 

Aa23 cells into a drug screening assay with, respectively, a Giemsa-light microscopy or 

immunofluorescent-antibody as well as quantitative PCR read-outs. These assays both 

identified the highest activity with doxycycline and rifampin. Some activity was observed for 

fluoroquinolones, but the β-lactams tested had no activity. 

The newly infected cell line, C6/36 (wAlbB), became the model cell line used by the A·WOL 

Consortium (Turner et al. 2006b; Johnston et al. 2014b). Similar to the studies discussed 

above, the mosquito (Aedes albopictus) cell line, C6/36, was stably infected with a 

Wolbachia inoculum from Aa23 cells (Turner et al. 2006b). This cell line was used to develop 

a 9-day, 96-well plate format assay, which quantified the 16S rRNA gene copy number of 

intracellular Wolbachia bacteria. This assay, similar to the low throughput studies by 

Fenollar et al. (2003b), could be used to identify anti-Wolbachia active compounds. In 

addition, toxicity readouts to the host mosquito cell can be obtained by either a visual 
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analysis or using an ATP–luminescence-based cytotoxicity assay. This assay was transferred 

from LSTM to CombinatoRx™ Singapore where it was utilised to screen for anti-Wolbachia 

activity in the approved human drug-pharmacopoeia (2,664 compounds) (Johnston et al. 

2014b). In order to access and screen larger diversity libraries in a reasonable timeframe, 

further development of this cell-based assay was required and is described in this thesis. 

1.6. Project aims 

This thesis aims to progress the identification of novel anti-Wolbachia compounds through 

the development of screening assays with higher capacity and throughput. Outputs from 

these larger scale screening campaigns can then be discussed.  

The aims of this thesis can therefore be summarised as: 

1. The development and validation of a High Content Screen using optimised C6/36 

(wAlbB) cells. 

2. The development and validation of an industrial scale anti-Wolbachia High-

Throughput Screen (HTS). 

3. The completion of an anti-Wolbachia industrial scale HTS campaign. 
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Chapter 2 : The development and validation of a high content anti-

Wolbachia drug discovery screen 

 

2.1. Abstract   

This Chapter describes the development and validation of a 384-well format assay using a 

high content imaging system (Operetta®) in conjunction with optimised Wolbachia growth 

dynamics in the C6/36 cell line stably infected with wAlbB. This assay uses texture analysis 

of cells stained with the fluorescent nucleic acid stain SYTO®11 as a measure of bacterial 

load. The validation of this assay has provided the potential to dramatically increase the 

capacity of the A·WOL compound library screening programme 25-fold, which has opened 

up the opportunity for large diversity library screening against Wolbachia. 

 

2.2. Introduction  

2.2.1. Background  

C6/36 (wAlbB) cells were adopted by the A·WOL Consortium as the basis of a primary 

screening assay for anti-Wolbachia drug discovery (introduced in Chapter 1.5). This screen 

identified potential drugs by quantifying the reduction in Wolbachia load compared to 

untreated cells (Johnston et al. 2014a, 2014b; Taylor et al. 2013, 2014; Slatko et al. 2010, 

2014). Development of this screen used continuously cultured cells, which were sub-

cultured 24 hours prior to incubation with compounds of interest for 9 days. Wolbachia 

levels were assessed using qPCR analysis (based on work by Makepeace et al. 2006) of the 

Wolbachia 16S rRNA single gene copy number, alongside visual toxicity analysis of the host 

C6/36 cells. The 16S results could be normalised to the cell number by 18S rRNA gene copy 

number analysed by qPCR (Makepeace et al. 2006; Turner et al. 2006b; Johnston et al. 

2014a, 2014b). 

Through the successful use of the in vitro cell screen against a 2,664 human pharmacopeia 

compound library from CombinatoRx™, the programme began to expand from small 

focused libraries to larger diversity compound libraries (Johnston et al. 2014a, 2014b; Slatko 
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et al. 2014). These larger libraries included a 10,000 compound library from BioFocus which 

took two full time employees (FTE) over one year to complete (Johnston et al. 2017). Along 

with the extensive screening time scale for this BioFocus library and an increasing number of 

libraries becoming available to the A·WOL programme, it became apparent a higher 

throughput in vitro screen was needed.  

Improvements in technologies over the last 15 years have made high-throughput screening 

(HTS) of phenotypic microscopy assays possible through the improvements in fluorescence 

imaging techniques and the automation of microscopy image acquisition and analysis 

(Yarrow et al. 2003; Starkuviene and Pepperkok 2007; Zanella et al. 2010; De Rycker et al. 

2013). This combination of automated microscopes and quantitative analysis of the 

acquired images has bridged the gap between HTS assays with a single/basic readout and 

low throughput detailed data-capture assays which require manual visual analysis. This 

combination coined the concept of a High Content Screen (HCS) which is an automated 

process of gaining both terabytes worth of data, followed by software based quantitative 

unbiased analysis (Starkuviene and Pepperkok 2007; Zanella et al. 2010). A high content 

imaging platform, Operetta® (PerkinElmer®) was investigated as a potential technology to 

enable the development of a higher throughput screen for the A·WOL drug discovery 

programme.  

2.2.2. Aim of study 

The aim of this study was to increase the capacity and throughput of the current A·WOL 

screening programme, by developing and validating a C6/36 (wAlbB) high content screen 

utilising the Operetta® platform.  
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2.3. Methods 

2.3.1. Cell culture  

This assay used a cell line previously created and used in the A·WOL Consortium’s qPCR-

based drug discovery assay. The C6/36 (wAlbB) cell line is a mosquito (A. albopictus) derived 

cell line, stably infected with native Wolbachia pipientis (wAlbB). To create this cell line the 

supernatant from cultured Aa23 cells (A. albopictus) naturally infected with the Wolbachia 

pipientis strain wAlbB was harvested and filtered to remove whole cells. This supernatant 

was used to inoculate C6/36 cells (ECACC No. 89051705) resulting in a stably Wolbachia 

infected cell line C6/36 (wAlbB) (O’Neill et al. 1997; Turner et al. 2006b). Cells were 

incubated at 26 oC and sub-passaged every 7 days using a 1 in 4 dilution in Leibovitz medium 

(Life Technologies™) supplemented with 20% foetal calf serum (FCS) (Fisher Scientific™), 2% 

tryptose phosphate broth (Sigma Aldrich®) and 1% non-essential amino acids (Sigma 

Aldrich®).  

2.3.2. Anti-Wolbachia HCS assay set up 

C6/36 (wAlbB) cells were sub-passaged 6-8 days before plating out at a density of 2,000 

viable cells per well in a 384-well CellCarrier plate (PerkinElmer®), suspended in Leibovitz 

media (Life Technologies™) with the supplements described above. All compounds were 

dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich®) with each compound added to a 

single well at a final concentration of 5 µM (resulting in <1% final DMSO concentration). 

Control samples per plate consisted of 12 wells of vehicle control (DMSO) and 6 wells of the 

following controls: 5 µM doxycycline (Sigma Aldrich®) (positive control - gold standard for 

Wolbachia reduction) and a sub-optimal 50 nM doxycycline concentration. Each well held a 

final volume of 100 µl, with the exception of the outer wells which contained 130 µl of 

phosphate buffered saline (PBS, Sigma Aldrich®) to reduce evaporation from the sample 

wells over the 7-day incubation period. 

After 7 days of sterile incubation at 26 oC, 25 µl of staining media containing 60 µM of 

SYTO®11 nucleic acid stain (Life Technologies™) was added to each well. After a 15-minute 

incubation all media was removed from each well and replaced with fresh media (containing 

no SYTO®11). Using the Operetta® (PerkinElmer®) high content automated imaging system, 

5 fields per well were imaged using a confocal x60 objective with the fluorescein filter 
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(excitation filter 460-490 nm, emission filter 500-550 nm). The associated Harmony® 

software (PerkinElmer®) was trained to first identify the cell nucleus and cytoplasm, 

followed by the ‘Spot Edge Ridge’ (SER) texture analysis which was used to score each intact 

cell on the complexity of the cytoplasm (Srinivasan and Shobha 2008). 

2.3.3. Anti-Wolbachia HCS assay results analysis 

Using the vehicle and positive controls, a threshold was set to indicate if each cell was 

classed as infected or uninfected. Wolbachia infected cells (vehicle control) have a complex 

cytoplasm texture (high SER Texture score), while Wolbachia uninfected cells (doxycycline 

treated positive control) have a uniform cytoplasm texture (low SER Texture score). From 

this analysis the following read outs were calculated per well: ‘cell number’, ‘SER Texture 

score’ and ‘percentage of Wolbachia infected cells’. Z prime validation of each plate was 

calculated using the ‘percentage of Wolbachia infected cells’ value from the vehicle and 

positive controls (Zhang et al. 1999). Equation 1 illustrates the equation for calculating the Z 

prime in this assay. Vehicle controls have a high Wolbachia load and therefore a high 

percentage of cells classed as infected with Wolbachia. Positive control (doxycycline 

treated) cells have a low Wolbachia load and therefore a low percentage of Wolbachia 

infected cells (Figure 2.1). All compound sample wells were then analysed and normalised 

(along with the positive controls) against the vehicle (untreated) control to give a 

‘percentage reduction of Wolbachia infected cells’. Additionally, using the cell number 

analysis, any compounds with a host cell number less than 50% of the vehicle control were 

classed as toxic and could be retested at a reduced compound concentration. All 

compounds which were > 90% of the positive control’s ‘percentage reduction of Wolbachia 

infected cells’ were classed as 'strong hits' (as they were similar to or greater than the 5 µM 

doxycycline positive control). Compounds which had infection rates between 50 and 90% of 

 

Z prime = 1 − 
(3 x StDev negative control) + (3 x StDev positive control)

mean positive control − mean negative control
 

Equation 1. Z prime equation reproduced from Zhang et al. 1999. This calculation is used to assess the 
quality of a high-throughput assay based on positive and negative controls. In this study doxycycline is 
used as the positive control due to its ability to reduce Wolbachia with DMSO as the vehicle/negative 
control. 
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Figure 2.1. The A·WOL high content whole cell anti-Wolbachia screen. A) An example of a Wolbachia 
(small white dots) infected cell (C6/36(wAlbB)) imaged by the Operetta® and analysed by the Harmony® 
software to identify the nucleus, cytoplasm and assess the Wolbachia infection through ‘Spot Edge Ridge’ 
(SER) texture analysis of the cytoplasm. B) An example of a cell with no Wolbachia infection due to 
doxycycline treatment, analysed by Harmony® software’s SER Texture analysis. C) A scatter plot of 
results from a sample well of C6/36(wAlbB) cells after a 7-day incubation with the vehicle control 
(DMSO). The SER Texture score (y axis) refers to the complexity of the cytoplasm texture. Each object 
number (x axis) refers to a single cell. The SER Texture threshold is set at 0.003, with all cells above this 
score being classed as infected (green squares). This well has 85% Wolbachia infected cells. D) A scatter 
plot from a sample well of C6/36(wAlbB) cells after a 7-day incubation with the positive control 
(doxycycline). This well has 3% Wolbachia infected cells. 

 

 

Figure 2.2. Example C6/36 (wAlbB) cell population with a heterogenous Wolbachia infection. Cells 
highlighted in blue have a high level of infection with Wolbachia, in green a low level of infection and in 
red the cells appear uninfected. 



Chapter 2 – HCS assay development 
 

- 41 - 
 

the positive control was classed as 'moderate hits' as they were similar to the sub-optimal 

(50 nM) doxycycline control. All hit compounds could then be reconfirmed in full dose 

response testing to define their potency.  

 

2.4. Results 

2.4.1. Wolbachia infected C6/36 (wAlbB) cell line dynamics 

For image-based assays which use a per cell analysis, it is important to optimise the 

homogeneity of infection levels between cells. Initial analysis using the Operetta® 

highlighted that Wolbachia infected cells can exhibit variable bacterial loads from cell to 

cell, with some cells appearing to be uninfected (Figure 2.2). Such variation reduces the 

signal window, thus reducing the quality of any resulting assay and preventing assay 

validation (see assay validation section below). Therefore, the seeding density and media 

supplements were optimised to provide a robust method for producing cells with highly 

homogeneous Wolbachia loads. The main parameter that affected Wolbachia infection 

homogeneity was the percentage of FCS used in the culture media. Switching from the 

standard 5% FCS in the culture media to 20% typically increased the percentage of infected 

cells from 14-60% to above 70% across replicate wells (Figure 2.3). Overall, cells 6-8-day 

post passage, seeded at 2,000 viable cells/well of a 384-well plate, and maintained in media 

containing 20% FCS provided the optimised conditions. These seeding conditions were 

selected as they provided a confluent layer suitable for imaging. This allowed for imaging a 

large number of cells per field without compromising the image with overlapping or 

clumped cells. 

2.4.2. Assay optimisation 

Various settings were optimised on the Operetta® in order to increase the throughput of the 

assay.  SYTO®11 green fluorescent nucleic acid stain was used to visualise both the 

Wolbachia and the host cell C6/36 (wAlbB) nuclei. The use of SYTO®11 as a live cell stain 

further enhances the simplicity of this method by reducing the number of steps involved in 

the staining process. A x60 objective was used for this assay as it gave the optimum cellular 

detail to assess the intracellular Wolbachia load whilst maximising the number of cells 

analysed per field/image. The final image from each field is a composite from 3 images  



Chapter 2 – HCS assay development 
 

- 42 - 
 

%
W

o
lb

ac
h

ia
  
in

fe
c
ti

o
n

U
nin

fe
ct

ed

In
fe

ct
ed

 w
ith

 5
%

 F
C
S

In
fe

ct
ed

 w
ith

 2
0%

 F
C
S

0

50

100

 

Figure 2.3. The impact of increasing the percentage of FCS in the culture medium on the Wolbachia 
infection of C6/36(wAlbB) cells. Each bar represents the mean for each cell population with the range presented by 
the error bars (95% confidence intervals). 

 

taken at separate focal planes. This composite image proved robust in capturing the 

majority of cells in focus. The optimisation of the number of fields and number of planes 

were based on iterative Z prime analysis. Once the images were obtained the Harmony® 

software was optimised to identify the cell nuclei and cytoplasm (Figure 2.1A and B). Any 

cells which reside at the edge of the image (resulting in partial visibility of the cell 

cytoplasm) were excluded from the analysis. Texture analysis of the cytoplasm was then 

performed.  

2.4.3. Harmony® texture analysis 

Initial attempts to count the number of Wolbachia per cell was compromised as the density 

in cells maintained with 20% FCS culture media was too high to achieve sufficient accuracy 

through spot identification. Therefore, the Wolbachia infection was determined by the 

Texture analysis function available within the Harmony® software using ‘Spot Edge Ridge’ 

(SER) Texture analysis. This analysis used the cytoplasm (nucleus excluded) as the image 

region of interest. Wolbachia infected cells have a complex pattern to their cytoplasm which 

results in a high SER Texture score for each cell (Figure 2.1A and C). Conversely Wolbachia 

uninfected cells have a uniform non-complex cytoplasm texture resulting in a low SER  
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Figure 2.4. HCS assay validation data. A) The mean ‘percentage of Wolbachia infected cells’ with error bars 
(Standard Deviation) for each control sample, for 9 plates. High, medium and low Wolbachia level controls 
are produced through the incubation with either an optimum (low) and sub-optimum (medium) 
doxycycline concentration or DMSO vehicle (high). The different plates were set up with columns of the 
control samples (high, medium and low) in a repeating pattern. Each control plate starts at a different 
point in the pattern and the shape in the graph refers to the starting control row (triangle, diamond and 
circle respectively referring to the high, medium or low controls). These three control plates were set up 

on different days (plates 1-3 on day 1, plates 4-6 on day 2 and plates 7-9 on day 3). B) Z prime (Zˈ) from 

each of the plates described previously, based on the high and low sample controls. All plates obtained Zˈ 
factor above 0.4 (dotted line) indicating a valid plate.  

 

 

Figure 2.5. Illustration of the Z prime calculation used to validate the HCS assay. Z prime takes into 
account both the variation (3 x Standard Deviation (StDev)) within the data as well as the signal window 
by assessing positive (doxycycline) and negative (DMSO) control samples. 
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Texture score (Figure 2.1B and D). The difference between the SER Texture score of 

Wolbachia infected and uninfected cells was used to calculate a threshold value to classify 

the cells accordingly. Those above the threshold are defined as ‘infected’ whilst those below 

the threshold are defined as ‘uninfected’ (Figure 2.1C and D, threshold at 0.003). The 

software was programmed to calculate the ‘percentage of Wolbachia infected cells’ for each 

image based on these classifications. This resulted in 86% of cells (mean) classed as infected 

in the vehicle controls, whilst in the positive control (baseline reading) 15% of cells were 

classed as infected (Figure 2.4A, low and high controls). For each assay plate, vehicle control 

(Wolbachia infected) and doxycycline positive control (Wolbachia uninfected) samples were 

analysed first. The optimum threshold for each plate was then determined as the midpoint 

between the mean SER Texture scores for the vehicle and positive controls. 

2.4.4. Assay validation  

The vehicle control (Wolbachia infected) and positive control (doxycycline treated) were 

used to calculate the Z prime statistical parameter. The Z prime reflects both the variation 

within the control data and the signal window between these controls (Figure 2.5) (Zhang et 

al. 1999). Data with large variation in the control samples will pass the Z prime analysis as 

long as the signal window is also large. Conversely, an assay in which the signal window is 

small, can still pass the Z prime if the variation in the controls is also small. This Z prime 

analysis gives confidence that the data within an assay will give accurate hits due to 

distinctions within the data suggesting that a hit will be separate to the vehicle (DMSO in 

this case) control. Within the assay developed in this study, satisfactory Z prime factors 

were achieved (greater than 0.4) (Figure 2.4B). The assay was also validated by testing for 

edge or drift effects within each plate, as well as inter and intra-day variability. Three plates 

were prepared containing columns of cells with high (H - vehicle), medium (M- 50 nM sub-

optimal dose of doxycycline) and low (L – 5 µM doxycycline) levels of Wolbachia infection. 

Each plate contained the same repeating column pattern H, M, L, however each plate 

started at a different point in the pattern (Iversen et al. 2004). Using this method across all 

three plates a single well position will gain a result for each treatment (Figure 2.6). This was 

then repeated on 3 different days. Consistent and robust results were obtained in this 

validation with all plates passing the Z prime (Figure 2.4), with little inter/intra day variation 

between the plates or drift/edge effects within each plate (Figure 2.4 and Figure 2.7).  
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Figure 2.6. Diagram to represent the layouts of the validation plates to test for drift, edge effects, inter- and 
intra-day variation as well as Z prime analysis. The control plate type is determined by the control sample 
in column A. 

 

Figure 2.7. Drift and edge effects for the validation data. An example showing there is no drift across A) the 
rows (c to n) or B) the columns (2 to 22). Both Figures A and B demonstrate that there are no edge 
effects (outer columns 2 and 22 or outer rows c and n). For these Figures the colours and shapes refer to 
the control samples (high, medium and low Wolbachia level controls produced by the incubation with an 
optimum (low) and sub-optimum (medium) doxycycline concentration or vehicle (DMSO) control 
(high)).  



Chapter 2 – HCS assay development 
 

- 46 - 
 

 

 

Figure 2.8. Dose response for doxycycline in the A·WOL HCS anti-Wolbachia screen. This is an example of 
a dose response curve generated by Harmony® software using doxycycline in the validated assay 
described in this study, resulting in an EC50 of 11.9 nM. Each point represents the mean with standard 
deviation error bars. 
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Figure 2.9. HCS screen vs qPCR screens. 12 compounds from the top priority list from A·WOL testing of 
the human pharmacopoeia (Johnston et al. 2014b) excluding those displaying toxicity (Pearson correlation 
(determination coefficient), r2 = 0.772, p = 0.0002). 
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2.4.5. Hit dose responses  

A significant benefit of this assay is that the A·WOL drug discovery programme now have the 

capabilities to produce dose response curves on hits. This allows for the calculation of EC50 

(50% effective concentration) data, the concentration at which a drug gives half the 

maximal response. These curves are now routinely obtained in the A·WOL primary screen 

for smaller libraries and as a secondary screen for larger library hits. Doxycycline dose 

response curves are also run as a reference in these routine screens (Figure 2.8).  

2.4.6. Toxicity 

Toxicity was assessed in this assay by comparing the host cell number from compound 

samples to the vehicle control. This toxicity can result from either cell death or reduced cell 

replication due to exposure to a compound. In this assay a compound with a cell number 

less than 50% of the vehicle control cell number was classed as toxic.  

2.4.7. Comparison between qPCR and Operetta® screening data 

To further confirm validity of this assay a comparison was made to the qPCR-based assay. A 

selection of top priority hit compounds from the human pharmacopoeia screening 

(Johnston et al. 2014b) were set up in duplicate before being split for analysis by the two 

methods. This comparison shows a clear consistency between the two assays (Figure 2.9).  

2.4.8. Validation of automation and reduced cost of SYTO®11 

Once this assay had been developed and validated as described in this study, an automated 

robotic arm, allowing for 24/7 capabilities was incorporated into the process to overcome a 

‘bottle neck’ in the screening process created by the imaging time on the Operetta® (3 

hours). Therefore, the stability of the methods was examined to assess how long after 

staining could imaging within the Operetta® be achieved without detriment to the analysis. 

Figure 2.10 shows that there was no difference in the results of the same plate read on the 

Operetta® between 0 and 24 hours post staining (comparison between Figure 2.10 a to b 

and c to d).  Further refinement included a reduction in the concentration of SYTO®11 with 

no detriment to the image quality or analysis. 
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Figure 2.10. Validation of reducing the SYTO®11 concentration and stability over 24 hours. The reduction 
of the staining concentration maintains the assay window with no drift or edge effects in the A) by row 
graph and B) by column graph. This staining is also stable over time as can be seen by comparing the time 
0 graphs (A and B) with the 24 hour post staining results in graphs C and D.  
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2.5. Discussion  

Through optimising cell growth dynamics and using an image based detection with the 

Operetta® high content automated imaging system, this work has developed and validated a 

cell based screening assay with a higher throughput and capacity for the primary screening 

of anti-Wolbachia drugs. Improvements have also been made in evaluating cell toxicity 

using the Harmony® software. The miniaturisation from the 96-well qPCR format to a 384- 

well imaging format and the simplification of the staining method over a multi-step DNA 

quantification method has dramatically improved not only the throughput but also the 

screening cost per drug. All of these improvements have resulted in a 25-fold increase in 

throughput compared with the qPCR method, through which the A·WOL Consortium was 

able to screen approximately 1,000 compounds per month. Using this new HCS assay the 

A·WOL Consortium are able to screen over 25,000 compounds per month. This capacity 

alongside the ability to complete dose response analysis was instrumental in allowing the 

programme to initiate a medicinal chemistry ‘hit to lead’ and lead optimization 

development phase in the A·WOL II Macrofilaricide Drug Discovery programme (Taylor et al. 

2014; Johnston et al. 2014a, 2017). Furthermore, this assay was transferable as evidenced 

by the AstraZeneca collaboration which is discussed in Chapter 3. 

Increasing the FCS content in the incubation media has reduced the sensitivity of the C6/36 

(wAlbB) cells to compound toxicity therefore reducing the number of hits discarded due to 

toxicity as well as reducing the number of re-tests required at a lower dose to confirm that 

the toxicity was not masking a potential hit.  

An additional benefit of this screen is the improved data quality, as results are now obtained 

from an individual cellular level rather than a single whole well sample read out. This has 

allowed for direct monitoring of Wolbachia and host cell dynamics within a population, as 

demonstrated in the initial tests to compare Wolbachia levels in 5% and 20% FCS culture 

media.  This was an extension on work by O’Neill et al. (1997) which stated that increasing 

the percentage of FCS can increase the intracellular Wolbachia load as well as the number 

of cells infected. The development of this HCS assay, which obtains data on an individual 

cellular level, can be utilised beyond drug discovery screening, for example to access 

morphological or molecular aspects relating to the Wolbachia infection of a cell. This 

validated cell-based HCS screen mirrors the move towards HCS of whole organisms or cell 
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based assays becoming more popular in both the pharmaceutical industry and academia, 

including the NTD field (Engel et al. 2010; Marcellino et al. 2012; Paveley et al. 2012; Cruz et 

al. 2013; De Rycker et al. 2013; Sykes and Avery 2013; Johnston et al. 2014a; Moon et al.  

2014; Martin-Plaza and Chatelain 2015). This change is partly due to the high rate of 

attrition from early hits to robust lead compounds, as many of the molecular target based 

hits are not active at a whole cell level. Due to HCS phenotypic whole cell/organism screens 

being initiated at this whole cell rather than molecular level, this should increase the chance 

of obtaining robust lead compounds (Starkuviene and Pepperkok 2007; De Rycker et al. 

2009; Zanella et al. 2010).  

Improvements to the A·WOL primary screening assay has created the opportunity to 

increase the size and diversity of the A·WOL library screening activities to improve the anti-

Wolbachia portfolio of drugs as safe macrofilaricidal therapies against filarial nematodes 

(Taylor et al. 2014). The value of this screen is further emphasised as there is good 

concordance in compounds presenting with anti-Wolbachia activity in this cell line 

translating to pre-clinical models and clinical trials (Johnston et al. 2014a). The confidence in 

these data resulted in the removal of the ex vivo screen from the screening funnel as part of 

the second A·WOL programme (Johnston et al. 2014a) (Figure 2.11). This was an important 

step in the A·WOL drug discovery funnel as it allowed for refinement through the removal of 

this ex-vivo worm screening, thus decreasing the timescale for progressing novel anti-

Wolbachia hits. 

Finally the capabilities of this assay to routinely supply EC50s has been instrumental in 

allowing for the initiation of a medicinal chemistry campaign and pharmacokinetic and 

pharmacodynamic (PKPD) prediction modelling for compounds across the A·WOL portfolio 

(Sharma et al. 2016; Aljayyoussi et al. 2017a; Johnston et al. 2017). 

 

This study was published in the Journal of Biomolecular Screening (Clare et al. 2014).   
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Figure 2.11. Refinement of the screening funnel from A·WOL to A·WOL II. Original funnel developed by 
A∙WOL (A), and the refined funnel developed for A∙WOL II (B). Figure taken from Johnston et al. 2014a 
with permission. 

 

 

2.6. Summary  

• Key to the development of a new high content screening assay was to enable a 

stable homogeneous and high Wolbachia infection within the host insect cell line. 

• The analysis method was developed by utilising a nuclear staining protocol which 

was both affordable and required minimal steps to allow for multiple plates to be 

completed per assay. 

• Validation of this assay through assessing edge effects, Z prime analysis and 

inter/intra-day variations has allowed for this robust assay to increase the screening 

capacity for the A·WOL drug discovery programme 25-fold.    

• This assay has enabled dose response and toxicity analysis to be incorporated into 

the A·WOL screening funnel. 
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Chapter 3 : The development and validation of an industrial scale 

High-Throughput Screen (HTS) in a collaboration between             

A·WOL and AstraZeneca 

 

3.1. Abstract  

The C6/36 (wAlbB) high content screen was used as the basis to develop a highly automated 

assay suitable for industrial scale screening. This development included creating a cryobank 

of assay ready C6/36 (wAlbB) cells with a consistent Wolbachia load and an adaptation of 

the final read outs including a Hoechst staining of the host nuclei for toxicity and wBmPAL 

antibody staining for the Wolbachia analysis. Bespoke automated processes were created 

for the cell seeding into assay ready plates, staining protocol and plate reading, which 

allowed for the potential screening of 150 x 384-well plate batches. This assay was validated 

based on test compounds (AstraZeneca and A·WOL validation set) repeated on two 

occasions as well as stability for 7 days and quality control plate (DMSO and doxycycline) 

assessments. These data sources were also used to define the hit and toxicity criteria; 

greater than 80% reduction in Wolbachia with maximum toxicity of 60% loss in host cells. 

These test data predicted a hit rate of 1.28% in assays with a Z prime of greater than 0.7 

suggesting screening of the full AstraZeneca library of 1.3 million compounds would be 

achievable and potentially produce over 16,000 hits. 

 

3.2. Introduction 

3.2.1. Background 

Although A·WOL had made good progress with screening of large diversity libraries 

(Johnston et al. 2017), additional diverse chemical series were sought to broaden the 

portfolio of anti-Wolbachia compounds with different modes of action.  The development of 

a high content anti-Wolbachia screen described in Chapter 2 paved the way to upscale the 

A·WOL drug discovery screening strategy to an industrial scale high-throughput screen 

(HTS). HTS screening has become the leading discovery tools in the pharma industry since 

the late 1980s through the ability to screen vast numbers of compounds in a diverse 
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chemical space to efficiently identify active compounds (Zhang et al. 1999; Hughes et al. 

2011; Wigglesworth et al. 2015). In addition, cheminformatics can be used to analyse the 

results to build up structural activity relationships (SAR) within compounds of similar 

structures (clusters). These SARs are key to the development of a medicinal chemistry 

campaign. Gaining such information on multiple clusters rather than individual hits allows 

for the selection of the most promising clusters containing multiple good quality hits 

(Katsuno et al. 2015). Once clusters of interest are identified, target discovery can then be 

retrospectively applied to identify the mode of action (Burrows et al. 2014). Added to this, 

the completion of whole organism phenotypic HTS screening can further enhance good 

quality hits in comparison to molecular target based screening, therefore reducing the 

chance of attrition (Burrows et al. 2014; Katsuno et al. 2015).  

HTS screening is clearly of benefit to the NTD field, in which out of the 850 new therapeutic 

products registered between 2000-2011 only 5 were indicated for NTDs, none of which 

were new chemical entities (NCE) ( Martin-Plaza and Chatelain 2015; Hotez et al. 2016). To 

date only two industrial scale NTD HTS screens have been carried out, both against 

kinetoplastids. GlaxoSmithKline’s 1.8 million diversity set has been screened against three 

kinetoplastids; Leishmania donovani, Trypanosoma cruzi and Trypanosoma brucei which 

cause leishmaniasis, Chagas disease and African trypanosomiasis (HAT) respectively (Pena 

2015). The Genomics Institute of the Novartis Research Foundation (GNF) has screened 3 

million compounds against the same parasites (Khare et al. 2016). Both of these screens 

were completed as part of open-access/source collaborations, which highlights the trend in 

pharma beginning to come on board with global health drug discovery as highlighted by key 

initiatives such as the London Declaration and the Global Health Innovative Technology 

Fund (GHIT), as well as the development of dedicated research sites e.g. GlaxoSmithKline's 

Drugs for the Developing World facility at Tres Cantos in Spain, the Novartis Institute for 

Tropical Diseases in Singapore, and the AstraZeneca’s open innovation initiative (Burrows et 

al. 2014; Katsuno et al. 2015; Martin-Plaza and Chatelain 2015).  

A·WOL and AstraZeneca initiated such an open access collaboration to attempt to create an 

anti-Wolbachia industrial scale HTS. In addition to giving access to their full 1.3 million 

compound library, AstraZeneca hosted my secondment with the Global High-Throughput 

Screening (HTS) Centre in Alderley Park. This full open access, allowing me to utilise a wide 



Chapter 3 – HTS assay development 
 

- 54 - 
 

range of automated equipment, and alongside guidance from the AstraZeneca HTS team, 

enabled the development of this assay. 

3.2.2. Aim of the study 

The aim of this study was to develop and validate an industrial scale anti-Wolbachia HTS 

screen capable of screening AstraZeneca’s 1.3 million compound library to identify novel 

anti-Wolbachia compounds as potential new treatments for LF and onchocerciasis. 

 

3.3. Methods  

3.3.1. Cell culture  

The C6/36 (wAlbB) cell line used in this screen has been described previously (Chapter 

2.3.1). In brief this is a mosquito (A. albopictus) derived cell line, stably infected with 

Wolbachia pipientis (wAlbB). In this screen, the cells were cultured in Leibovitz medium (Life 

Technologies™) supplemented with 20% FCS (Fisher Scientific™), 2% tryptose phosphate 

broth (Sigma Aldrich®), 1% non-essential amino acids (Sigma Aldrich®) and 1% Penicillin-

Streptomycin (Sigma Aldrich®) at 26 oC. This medium was optimised based on previous work 

discussed in Chapter 2 (Clare et al. 2014). 

3.3.2. Large scale cryopreserved cell bank 

C6/36 (wAlbB) cells were cultured at scale in nineteen T225 cm2 flasks (VWR) to generate 

6.16 x 109 cells after a 7-day incubation. To produce the cryopreserved cell bank, spent 

medium was removed and replaced with 20 ml of fresh cell culture medium. The cells were 

detached by scraping, combined and centrifuged. The pellet was re-suspended in 

cryopreservation medium (90% FCS (Fisher Scientific™) and 10% DMSO) to a density of 3 x 

107 cell per ml. The cells were aliquoted with 1 ml per cryovial for cryopreservation using a 

Kryo 560-16 control rate freezer (Planer PLC). This resulted in a cryopreserved cell bank of 

190 vials containing 3 x 107 cells in 1 ml per cryovial. 

3.3.3. Large scale cryopreserved cell bank recovery and quality control 

A single cryovial was recovered by defrosting at 37 oC for 45 seconds, followed by 

immediate re-suspension in 40 ml of cell culture media, resulting in a DMSO concentration 

of <0.25%. The cells were centrifuged and re-suspended in 45 ml of cell culture media in a 
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T225 cm2 flask (VWR). After a 7-day incubation at 26 oC, the cells were first tested (quality 

control) for Wolbachia infection by scraping in the spent media and a set volume added to a 

384-well black, clear bottom, tissue culture treated plate (781090, Greiner Bio-one). Once 

settled the cells were fixed for 20 minutes with formaldehyde (0.9% final concentration) 

supplemented with Hoechst 33342 (6 µg/ml final concentration, Life Technologies™). A PBS 

(Scientific Prep Laboratory, VWR Catalyst) wash was followed by incubation with SYTO®11 

for 15mins (10 μM final concentration, Life Technologies™). After a final PBS wash the cells 

were analysed on the Operetta® (PerkinElmer®) to assess the percentage of cells infected 

with Wolbachia. Using a x60 confocal objective the nucleus was identified by the Hoechst 

staining, allowing for the cytoplasm (omitting the nucleus) to be located by the SYTO®11 

staining. As previously reported in Chapter 2.4.3 and in Clare et al. (2014), the cytoplasm 

texture was analysed with Wolbachia infection signified by a more complex cytoplasm 

texture. Based on analysis of infected and uninfected cells, a threshold was set at a texture 

score of 0.0028, above which cells were classed as infected with Wolbachia. Cells with 

greater than 50% of the population infected with Wolbachia were classed as having a 

sufficient level of Wolbachia infection and therefore suitable for screening.  

3.3.4. Compounds 

Compounds sourced from the AstraZeneca library were plated from liquid 10 mM 

compounds in 100% DMSO stored in 1536 well stock plates. For single shot screening, 80 nl 

of this stock (via acoustic drop eject on the Echo® 550 liquid handler units, Labcyte®) was 

plated per well into a 384-well, clear bottom, assay plate (781090 Greiner Bio-one). Once 

diluted in 80 µl of cell suspension, this resulted in a final screening concentration of 10 µM. 

On-board controls were included per assay ready plate (ARP) in two central columns 

resulting in 16 wells of either 80 nl of 5 mM doxycycline (Sigma Aldrich®) or DMSO. Dose 

response ARPs were created for concordance testing of A·WOL compounds using the Echo® 

550 liquid handler to create ARPs with a final dose range of 30 µM to 20 pM (13 point, 1 in 3 

serial dilution dose response). These compounds were selected and sourced from LSTM at a 

stock of 10 mM. 

Additionally, quality control (QC) plates were produced by the compound management 

group, as ‘back ups’ in case there were issues with the on-board controls. These plates 

include columns of ‘maximum’ (DMSO), ‘minimum’ (doxycycline 5 μM) and ‘reference’  
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(doxycycline 50 nM) controls repeated across the plate. 

3.3.5. Wolbachia specific primary antibody production 

The antibody was made by Covance® as previously described (Turner et al. 2009), by 

immunising five specific pathogen-free rabbits with Wolbachia peptidoglycan associated 

lipoprotein from B. malayi (wBmPAL) produced and donated by New England BioLabs. The 

antisera was obtained and the anti-wBmPAL antibody purified by affinity column 

chromatography. From this we gained 350 ml of antibody which was titrated against various 

concentrations of the secondary antibody, Alexa Fluor® 680 Goat Anti-Rabbit IgG (A-21076, 

far red fluorescence, Life Technologies™). 

3.3.6. Anti-Wolbachia assay set up 

Compound plates were defrosted overnight before being organised to include two ‘max’ 

plates (maximum signal, no compounds or DMSO added) at the beginning of each run and 3 

QC plates dispersed throughout the run. All barcodes were scanned and recorded, and the 

plates labelled in numerical order. On the morning of the assay set up, cells recovered from 

a cryovial 7 days previously were checked for confluence as well as Operetta® analysis 

(described in the methods Chapter 3.3.3. Large scale cryopreserved cell bank recovery and 

quality control). The cells were counted in triplicate on the Vi-Cell™ XR (Beckman Coulter). 

Within a sterile class II biosafety cabinet the cells were diluted to a density of 25,000 cells 

per ml and a sterile magnetic stirrer added for continual mixing of the cells whilst 80 μl was 

added per well using a Multidrop™ Combi (Thermo Scientific™) resulting in 2,000 cells per 

well. All plates were foil sealed using a PlateLoc® thermal plate sealer (Agilent) (2 seconds at 

230 oC) and incubated for 7 days at 26 oC before characterisation. In addition to the assay 

plates, an extra max plate was created with a clear seal to monitor the cell growth over the 

7 days without having to disturb any assay plates. 

3.3.7. HTS anti-Wolbachia and cytotoxicity assay characterization 

On day 7 post assay set up, the plates were re-loaded into the incubator (Liconic) on the 

BioCel 1800 automated system (Agilent Technologies) held at 26 oC. To enable this staining 

protocol the BioCel system was set up with; a plate carousel, 3 x robotic arms, 5 x 

Multidrop™ Combis (Thermo Scientific™), 2 x PW 384 plate washers (Tecan®), a PlateLoc® 

thermal plate sealer (Agilent) and an XPeel® automated plate seal remover (Brooks Life 
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Sciences). Using this automated system, the plates were fixed by adding 20 μl of 9% 

formaldehyde containing 3 μg/ml of Hoechst 33342 (Life Technologies™) directly into each 

well containing 80 μl of cell culture, for 20mins. The fixative was washed off with 80 μl of 

PBS (Scientific Prep Laboratory, VWR Catalyst) and the adherent cells permeabilised with 80 

μl of PBS + 0.25% Triton-X 100 (Sigma Aldrich®) for 30mins, followed by another 80 μl PBS 

wash. The plates were blocked with 80 μl of PBS + 6% bovine serum albumin (BSA) (Sigma 

Aldrich®) for 40 minutes before removal and an overnight incubation in the Wolbachia 

specific anti-wBmPAL primary antibody (30 μl of 1 in 2000). After a 12-hour incubation, the 

primary antibody was removed with a 6-minute wash of 80 µl PBS + 0.05% polysorbate 20 

(Sigma Aldrich®) before a 1-hour incubation in the secondary antibody (30 µl of 1 in 400), 

Alexa Fluor® 680 Goat Anti-Rabbit IgG (A-21076, far red fluorescence, Life Technologies™). 

Finally, the secondary antibody was removed with 2 x 80 µl washes (6 min PBS + 0.05% 

polysorbate 20) and left in 40 μl of PBS with the plates sealed with foil (170 oC for 1 second). 

Between each stage described above, the wells were emptied of liquid. All reagents except 

for the addition of Hoechst and the antibodies were made by Scientific Prep Laboratory, 

VWR Catalyst. 

The fixed antibody stained plates were read on both an acumen® (TTP Labtech) (Wolbachia 

analysis) and an EnVision™ (PerkinElmer®) (Hoechst host cell toxicity analysis) encompassed 

in a HighRes Biosolutions automated system. The acumen® (TTP Labtech) was set using a 

633 excitation laser (via a 633 Dichroic mirror) and Wolbachia fluorescence detected by a 

655 long pass filter (727.5/72.5 filter).  The acumen® explorer software (TTP Labtech) 

identified objects, based on separate areas of fluorescence which were subsequently gated 

for excessive area and fluorescence intensity. The total area of the filtered objects (assumed 

to be cytoplasm encapsulated Wolbachia) per well was calculated as the read out. This gave 

quantification of Wolbachia levels per well, in which compounds with anti-Wolbachia 

activity are represented by a small total area per well. As this small area of Wolbachia 

fluorescence would also occur if the compounds showed cell toxicity (low number of cells 

either with or without a Wolbachia infection) a cell toxicity read was included, to identify 

these false positives. To optimise throughput this toxicity read was carried out by a single 

fluorescence read out per well based on the intensity of Hoechst staining on an EnVision™ 

(PerkinElmer®). The EnVision™ was optimised using a bottom mirror with the excitation 
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filter 355/103 and emission filter 460/207, with 10 flashes per read.  Per plate, the acumen® 

read was processed in approximately 20 minutes, whilst the EnVision™ read was obtained in 

2 minutes. This total screening time of 22 minutes per plate, allowed for a full run of 150 

plates to be read in 55 hours. To increase the throughput further, two acumen®s and an 

EnVision™ were utilised, allowing for the 150-plate batch to be read in 28 hours.  

3.3.8. Validation of the HTS assay 

For validation of this assay, the plates were set up and analysed as described in the methods 

Chapters 3.3.3. Large scale cryopreserved cell bank recovery and quality control and 3.3.4. 

Compounds using two sources of validation compounds. Firstly, the AstraZeneca validation 

set of 7,000 compounds was completed in single shot on two separate occasions with 

different cryopreserved cell populations and all reagents. On each occasion the compounds 

were in different layouts on the plates to avoid results being influenced by compound 

location (pick 1 vs pick 2).  

Secondly a set of 20 compounds was selected from the A·WOL drug discovery programme 

with various activities for both Wolbachia inhibition and cell toxicity. This set of compounds, 

including A∙WOL’s gold standard compound doxycycline (Sigma Aldrich®), was run in dose 

response as described in Chapter 3.3.4. Compounds method above, creating IC50 (50% drug 

inhibitory concentration) data which were compared to the EC50s achieved in the HCS assay 

(Chapter 2 and Clare et al. 2014). 

3.3.9. Data analysis 

The software programme Genedata Screener (Genedata) was used for all data management 

and analysis. Readouts from both the acumen® (TTP Labtech) and EnVision™ (PerkinElmer®) 

were imported into Genedata Screener, in which data for toxicity (Hoechst read on the 

EnVision™) and Wolbachia inhibition (antibody fluorescence read on the acumen®) were 

normalised per plate. The toxicity reads were normalised based on the mean read from all 

compounds on each plate as it is assumed the toxicity level should be limited. This mean 

represents a ‘max signal’ (0% inhibition of the insect cell) as there is little cell toxicity. The 

Wolbachia reads were normalised based on the ‘max signal’ (DMSO controls) and ‘min 

signal’ (doxycycline 5 μM); these respectively represent 0% and 100% inhibition of 

Wolbachia. As a back-up to issues with on-board controls, 3 QC control plates were included 
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within each run, at the beginning, middle and end. These could then be used in place of the 

on-board controls to provide the maximum and minimum signal for normalisation. 

The data were filtered to identify ‘hits’ (Wolbachia inhibitors) that present no toxicity to the 

cell line. To do this the normalised Wolbachia data were filtered to identify compounds with 

greater than 80% inhibition. Additionally, these active compounds were filtered for those 

with less than 60% inhibition to the cell line based on the normalised data, to eliminate toxic 

and therefore false positive compounds.  

Additionally, all plates were monitored for Z prime and signal to background. These data 

could then be analysed on a per plate basis within each run but also across all runs in the 

completed screen. 

 

3.4. Results 

3.4.1. C6/36 (wAlbB) optimisation for HTS 

Although this cell line has been used as part of the screening pipeline at LSTM, within this 

collaboration the aim was to produce populations with a highly consistent Wolbachia 

infection. Our experience in screening at LSTM shows that the Wolbachia levels when cells 

are continuously cultured can alter over extended time periods. For this reason, with the 

expertise at AstraZeneca, we produced and tested assay ready cryopreserved cells in an 

attempt to keep the Wolbachia level consistent. Through advice from the AstraZeneca staff, 

we first altered our cryopreservation media from 10% glycerol to 10% DMSO with 90% FCS. 

Previously we had inconsistent and slow recovery of our cells, yet with this media the cells 

would consistently recover within 7 days. Cells were bulked up and the Wolbachia levels 

monitored until we gained nineteen 225 cm2 flasks containing in total 855 ml of media 

(standard flasks at LSTM: 75 cm2 with 15 ml of media). This quantity was required to make a 

large scale cryopreserved bank of 190 vials containing 3 x 107 cells in 1 ml per cryovial. This 

cell concentration was determined alongside the optimised cryopreservation media, to 

allow a single cryovial to provide enough cells after 1-week recovery for a daily batch of 150 

plates, whilst also maintaining the Wolbachia load.   

After recovery and growth for one week, a quality control step was included by testing the 

Wolbachia infection level on the Operetta® before each population was used for screening.  
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Figure 3.2. HTS edge effects validation. The edge effects on sealed Greiner plates seeded with 2,000 cells 
per well are minimal indicated by the consistent plate mean and standard deviation (StDev) with and 
without edge effects included and only a 1% increase in the CV on the outer wells compared to all 
internal wells. 

          

A)                                                                B)         

Figure 3.1. Validation of the cryopreserved cell bank. Control samples (with positive and negative Wolbachia 
infection) and QC results for the cells used in the validation of this assay, which were sourced from a 
single large scale cryopreserved cell batch. This would also be used for the full screen (means with StDev). 
A) Cytoplasm texture score, the red dotted line represents the threshold of the texture score above which 
cells are classed as infected B) The percentage of cells which are classed as infected based on the 
cytoplasm texture score. Comparison of the negative control with all Wolbachia infected samples (positive 
control, validation run 1 and 2) gives a Z prime of 0.67 and a signal to background of 5.6. 
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This analysis was based on that previously described for the HCS assay (Chapter 2 and Clare 

et al. 2014) with the exception of formaldehyde and Hoechst addition as described for this 

HTS assay. The latter was used for nuclei identification. Figure 3.1 demonstrates the results 

from Wolbachia positive and negative controls (from continuously cultured populations 

with known Wolbachia levels). This was used to optimise the analysis methods in the 

Operetta® Harmony® software, including the decision for the threshold to be set at 0.0028, 

above which cells are classed as infected with Wolbachia (Figure 3.1A). Figure 3.1 

demonstrates the consistency of these cryopreserved cells, as those used for the validation 

of this assay presented very similar cytoplasm texture score and percentage of cells infected 

with Wolbachia. This QC step would be included throughout the screen to monitor intra-

cellular Wolbachia and to identify any changes in these levels over the course of the screen. 

During the development of this assay we noticed variability in cell growth between different 

batches of FCS. Therefore, we would use a specific batch of FCS for the entire HTS. This 

along with the stability of the assay ready cryostocks and QC steps gives confidence that the 

cells will be robust and consistent, which is of high priority for a HTS campaign. 

Finally the media was supplemented with 1% Penicillin-Streptomycin, which although not 

used as standard in the HCS assay has been used without interfering with Wolbachia levels 

(O’Neill et al. 1997; Hoerauf et al. 2000b; Foster et al. 2005). This was seen as important to 

avoid any failures in this intensive screen due to contamination during the staining protocol. 

3.4.2. Plate characteristics optimisation 

Greiner plates were selected over Corning plates after a cell density test determined 

superior growth and improved coefficient of variation (CV ~10% Figure 3.2). Cells were 

seeded into both plate types at either 1, 2 or 3 x 103 cells per well and incubated for 7 days 

(Figure 3.3) with both DMSO and doxycycline (striped across the plate). In the Greiner 

plates, the cell concentrations made little difference to the final cell numbers, except for 

when the plates were sealed. This heat foil seal provides the benefits of increased sterility 

and a reduced risk of spillage or leaching between wells and most importantly reduced 

evaporation minimising any edge effects. Figure 3.2 demonstrates this minimal edge effect 

in which the CV is only 1% higher when comparing outer wells to internal wells.  
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Figure 3.3. HTS seeding density optimisation. Cell growth measured by the acumen® analysis of Hoechst 
stained cells when the seeding density ranges from 1 to 3 x 103 cells per well in two 384-well plate types 
(Greiner or Corning). Data represent the means with StDev error bars. 

 

3.4.3. Washing experiment 

Through initial testing it was identified that the multiple plate washing steps as part of the 

staining process caused cells to be dislodged, resulting in the cell layer not being confluent.  

well (to stop the tip touching and physically dislodging the cell layer), liquid 

dispense/aspiration speed (sheer effect removing the cell layer by force – indicated by a U 

shape from the tip to the edge of the plate) and volume remaining in the well (aim to focus 

the sheer effect at the liquid rather than the cell layer). These settings were optimised to 

result in 7-10 µl of liquid being left in the well post aspiration and all aspiration/dispenses 

conducted at slow speed. These optimisations were tested by repeating wash steps with 

microscopy imaging between each step, for both a confluent cell layer and a layer with a 

physical scrape made in the cell layer (Figure 3.4). The results demonstrate the success of 

this optimisation as there was no significant loss to the cell layer after up to 14 wash steps. 

The success of this method can be further demonstrated in Figure 3.5C. This is a typical 

image from the acumen® displaying the confluent cell layer (Hoechst staining) after the 

completion of the validated assay described in this Chapter.  
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Confluent cell layer 

 

Physical scrape to the confluent cell layer 

 

Figure 3.4. Validation of optimised wash settings. Optimised settings results in no significant loss in the 
cell layer on either a full confluent cell layer or one containing a physical scrape before the washing was 
initiated (pre-wash) after up to 14 washes. 

 

3.4.4. Antibody method optimisation 

The first step in developing the read out for this assay was to attempt a direct transfer of 

the HCS assay described in Chapter 2 which utilised a single staining step with SYTO®11 (a 

DNA stain) to image both the cell nucleus and Wolbachia (chapter 2 and Clare et al. 2014). 

However, this method when tested on higher throughput robotics (acumen® and 

EnVision™) than the Operetta®, presented too much background from the cell nucleus to 
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identify differences in Wolbachia levels, even when Hoechst was included to identify the 

nucleus. For this reason, we moved to a differential antibody staining technique. 

During the development of the antibody staining protocol we achieved successful staining 

for both anti-wBmPAL (Wolbachia specific) and anti-FtsZ (generic bacteria) primary 

antibodies. We progressed with the anti-wBmPAL over anti-FtsZ antibody based on cost; 15-

fold difference in estimates of £15 to £221 per plate. 

Both Alexa Fluor® 488 (green fluorescence) and Alexa Fluor® 680 (far red fluorescence) (Life 

Technologies™) conjugated secondary antibodies were tested as part of this assay 

development. The decision to use a red-shifted fluorochrome in detection of the Wolbachia 

was taken in order to ensure maximum separation from the Hoechst emission spectra (461 

nm). It also avoided the observed green autofluorescence of the C6/36 (wAlbB) cells. In 

addition it has been reported previously that many cyclic compounds are inherently 

fluorescent in the blue/green range of the spectrum (Thorne et al. 2010).  Experience of 

imaging based screens tested against diverse compound libraries within AstraZeneca has 

shown that higher wavelength fluorochromes can generate a more robust assay, that is less 

prone to compound artefacts such as crystallisation (personal communication from Clark, 

Roger). 

A matrix test of various concentrations of both primary and secondary antibody was used to 

optimise the antibody concentrations where possible (Figure 3.5). Figure 3.5A demonstrates 

that 1 in 2000 dilution of the primary antibody combined with 1 in 400 of the secondary 

antibody was optimal for the screen as it gave both the best Z prime and signal to 

background window. Additional to this, selecting the lower concentrations provided a 

significant cost saving. The original estimate of £15 per plate for the primary antibody was 

based on a 1 in 500 dilution, thus reducing the estimated cost of this antibody to less than 

£4 per plate.   

Additional optimisation steps for the wBmPAL antibody included reducing the wash 

regimens and combining steps where possible. Although multiple combinations were tested 

(permeabilization+block, primary+secondary antibodies) as well as eliminating steps 

(permeabilization) the only improvement was the combination of Hoechst staining and 

fixation with formaldehyde. The most significant change to this protocol was altering the 
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B)  Operetta® image of nucleus  /Hoechst    

        and Alexa Fluor® 680 Wolbachia 

 

C)  acumen® image of     

        nucleus/Hoechst 

 

D)    acumen® image of   

     Wolbachia/Alexa Fluor® 680 

 

Figure 3.5. Antibody staining optimisation A) Wolbachia total area read on the acumen® for matrix 
titration of primary and secondary antibody concentrations. The data represent the means with StDev 
error bars. The columns on the right include analysis of the titrations based on comparing the results 
from DMSO (Wolbachia positive) and doxycycline 5 µM (Wolbachia negative control) treatment. B) Images 
from the Operetta® of C6/36 (wAlbB) cells stained with Hoechst to identify the nucleus (blue) and 
antibody staining (primary antibody against wBmPAL with Alexa Fluor® 680 secondary antibody) to 
identify the Wolbachia (red). C) C6/36 (wAlbB) cells stained with Hoechst and imaged on the acumen®. 
D) C6/36 (wAlbB) cells with Wolbachia specific antibody fluorescing in far red. 

A) 
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primary antibody incubation from 4 oC to room temperature overnight. This lower 

temperature would have further increased the complexity of the automated process as a 

second incubator would have been needed which was unlikely to be possible due to the 

amount of equipment already required in the BioCel system. 

3.4.5. Optimisation of plate imaging 

Early in the assay development, the acumen® was recommended by AstraZeneca for the 

end-point acquisition due to the speed of the system and data storage efficiency.  

C6/36 (wAlbB) cells treated with either DMSO or doxycycline and stained with wBmPAL 

primary antibody and Alexa Fluor® 680 (far red) secondary antibody were initially imaged on 

the Operetta® alongside scanning on the acumen® in order to create a highly resolved 

image to guide the optimisation on the acumen®. This combined approach quickly allowed 

for characteristics of Wolbachia (including clumps) to be defined on the Operetta® and 

related gating applied to the acumen®. This was crucial for the development of this assay as 

the acumen® is not configured with high enough resolution as a compromise to obtaining a 

whole well image with a fast acquisition time (20 minutes per plate). This approach allowed 

background/artefacts (e.g. fluorescent contaminants) to be removed from the analysis 

which would otherwise easily compromise this read out. The Operetta® imaging determined 

that the largest Wolbachia clusters were around 100 µm x 40 µm; therefore, an upper gate 

was set on the acumen® for maximum object area of 4,000 µm2 (Figure 3.6). The final read 

out for Wolbachia analysis was total area per well. Although this same method could be 

applied to the host cell toxicity readout out through Hoechst staining analysis, this would 

incur an additional 20 minute read time per plate. Due to this time penalty, work was 

carried out to assess a total well fluorescence read out due to the consistency of the cell 

growth, achieved through the optimisation of the cell culturing methods. This successful 

read out on the EnVision™ plate reader resulted in an analysis of the whole plate in just 2 

minutes. The analysis of both Wolbachia levels and cell toxicity was achieved in just 22 

minutes compared to a comparative analysis taking approximately 3 hours on a high 

resolution system such as the Operetta®.   
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Figure 3.6. Optimisation of the acumen® Wolbachia analysis. A) Operetta® image (4x Objective) of a 384-
well plate containing C6/36 (wAlbB) cells infected with Wolbachia stained with primary antibody against 
wBmPAL with Alexa Fluor® 680 secondary antibody. White box denotes Wolbachia clump. B) Zoomed 
view of Wolbachia clump (white box in A) with measuring lines. C) acumen® histogram of object 
(Wolbachia) frequencies by area gated at a maximum of 4,000 µm2 for both DMSO and doxycycline 
controls, the latter clearly demonstrating reduced frequency.  

 

3.4.6. BioCel automated staining protocol optimisation 

Test compounds from AstraZeneca’s core screening collection were prepared by the Sample 

Management group at AstraZeneca with the optimised staining protocol (as described in 

3.3.6. Anti-Wolbachia assay set up). This protocol was transferred onto the BioCel system 

for a fully automated assay build. The system was configured by AstraZeneca staff. Several 

rounds of optimisation were undertaken to establish the correct timing for plate entry onto 

the platform (otherwise known as ‘pacing time’ or ‘tick time’).   

The complexity of the overall assay procedure can be seen in Figure 3.7, encompassing four 

stages: 
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Figure 3.7. The full 3 week protocol for the industrial scale anti-Wolbachia HTS. The diagrams demonstrate 
cell recovery for 1 week. Following this in week 2 cells were plated onto assay ready plates which were 
then incubated through week 2. In the final week, plates were processed through a fully automated 
protocol on the BioCel system to allow for fixation, Hoechst staining of the host cell nuclei (toxicity read) 
and Wolbachia specific antibody staining. Once stained, the plates were moved onto a second automated 
system (HighRes Biosolutions) to read each plate for host cell toxicity (EnVision™) and anti-Wolbachia 
activity (acumen®).  

 

1. Manual 1 week recovery of cryopreserved cells in T225 cm2 flasks, followed by 

addition on day 7 into ARPs using a Multidrop™ Combi (Thermo Scientific™) inside a 

class II biosafety cabinet, to minimise contamination.  

2. On day 14, after 7 days incubation with compounds, formaldehyde fixation, Hoechst 

staining and primary antibody staining of test plates was conducted on the BioCel 

system. 

3. On day 15, after a 12 hour incubation of the primary antibody on the first plate, the 

second part of the BioCel protocol was initiated to carry out secondary antibody 

staining, washing and re-sealing of the test plates. 

4. From day 15 to 17 (dependent on the batch size), the plates were scanned to 

determine the Wolbachia area end-point on the acumen® units (this read being split 

over two HighRes Biosolutions automation platforms feeding individual acumen® 

units) and reading of the Hoechst end-point on the Envision™ integrated into one of 

the HighRes Biosolutions platforms. 

Due to the complexity of the automated method and the fact that assay runs were 

interleaved (to progress through the compound collection in a timely fashion) it was 

important to consider error recovery strategies.  The automated part of the protocol was 
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configured so that a limited number of assay plates were released onto the robotic system 

at any one time through a ‘phased-release’ (effectively forming a series of mini-batches) to 

mitigate against potential large-scale loss of test plates due to unforeseen automation 

crashes. Assay plates remained relatively stable if left for extended periods in PBS during the 

protocol, however deterioration in assay quality was observed if fixative or permeabilisation 

steps extended beyond the optimised time. Due to these reasons if crashes occurred plates 

held at PBS stages were processed whereas those in other phases would be discarded.  

3.4.7. Assay validation 

3.4.7.1. AstraZeneca Validation set plates  

In order to validate the assay, we first utilised the standard validation process the HTS 

department at AstraZeneca employ. This involved testing a ‘validation set’ of compounds 

which are representatives of the full library collection. The results obtained from this are 

used in four key ways.  

Firstly, this validation can assess the consistency and stability of the developed assay. For 

this assay, this was assessed through screening the ‘validation set’ of compounds on two 

separate occasions (using different reagents and cryo vials) and on each occasion a single 

compound was plated into a different well location (to avoid results being impacted by the 

position on a plate). These two tests are classed as pick 1 (occasion 1) and pick 2 (occasion 

2). Figure 3.8A demonstrates the consistency obtained between these two picks for the 

Wolbachia read out (total Wolbachia area in µm2 per well) with the majority of data being 

within 10% of y = x. Similarly, Figure 3.8B demonstrates the consistency in toxicity read out 

of total area per well of the host cell nuclei (Hoechst staining). There is more variation in the 

results for non-toxic compounds, which is not surprising over a 7-day assay, but the 

compounds which are toxic are repeatable. 

An alternative graphical assessment of the data was carried out using a Bland-Altman plot 

(Bland and Altman 1986), Figure 3.8C. This is a quantitative method to look at the 

differences between two sets of data, rather than the relationship between them e.g. 

correlations.  Figure 3.8C displays the Wolbachia read out for pick 1 minus pick 2, with the 

overall mean difference lying very close to 0% difference (1.38%). This suggests little 

difference between the picks overall. This is further emphasised by 1 standard deviation of 
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Figure 3.8. HTS assay validation A) Correlation of anti-Wolbachia activity between pick 1 and pick 2, were anti-
Wolbachia ‘hit’ activity is demonstrated by less than -80% of the normalised results (> 80% inhibition of 
Wolbachia). Toxic compounds in red, are defined by less than -60% of the normalised result (> 60% inhibition of 
host cell). B) Correlation of toxicity to the host cell line in pick 1 versus pick 2, showing clear correlation in 
toxicity defined as less than -60% of the normalised results (>60% inhibition) C) Bland-Altman plot presenting 
good similarity in anti-Wolbachia activity between pick 1 and pick 2, with the mean difference lying close to 0% 
difference (1.38%) and 1x StDev at less than 14% from 0.  
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Table 3.1. Summary data for the QC plates from the validation screen. The ‘Max’ and ‘Min’ controls refer to 
DMSO and 5 µM doxycycline respectively. The mean readout refers to the total Wolbachia area per well 
(µM).  

 

 

this mean lying at less than +/-14% difference.  Although the vast majority of the results 

differ by less than 60% between the two picks, there are some strong outliers. One 

compound has much higher activity in pick 2 (indicated by the >80% difference), yet was not 

a hit in either. Conversely, 14 compounds have a highly negative difference (<-60%) and are 

therefore more active in pick 1. Of these, 5 were hits in pick 1 but not pick 2. These 

differences could be due to a variety of reasons including, errors in the assay set up (missing 

or incorrect compound concentration), staining issues (incorrect additions) or assay read 

(artefacts or contamination). However, overall the number of anomalies (<0.2%) is minimal, 

especially when considering only a single result is obtained for each compound per pick, in 

order to maximise throughput for a HTS.   

Secondly, this data set can be utilised to set up analysis parameters and protocols, based on 

the sensitivity of the assay, for the full screen. Using this validation set, an anti-Wolbachia 

active (hit) compound was quantified as having greater than 80% inhibition from the DMSO 

control within each plate (less than -80% of normalised total Wolbachia area) (Figure 3.8B). 

Toxic compounds were determined as those having greater than 60% inhibition of the host 

cells (Hoechst) (Figure 3.8C).   

Thirdly, using QC plates alongside the validation plates (as described in the methods Chapter 

3.3.4. Compounds) provides evidence of the robust nature of this screen as the mean Z 

prime is 0.76 with a good signal window of 14.5 (Table 3.1). Furthermore, the confidence 

intervals around the ‘Min’ (18%) and ‘Max’ (6.5%) are extremely encouraging when 

considering this is a 7-day biological assay.  

Finally, once the assay was approved to be suitable for a HTS screen this data set was used  

 Min  Max 

Z prime  

Signal 
window QC Plate Mean CV Mean CV 

1 48890 18% 901356 7% 0.74 12.8 

2 65249 18% 917427 6% 0.78 16.2 
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Figure 3.9. Validation compounds read on day 0 and 7 days post initial read A) anti-Wolbachia activity read 
out using the acumen®. B) host cell toxicity read out using the acumen®  

 

 

to give an indication of the hit rate and toxicity level we are likely to obtain from the full 

library screen. Our validation set indicated an anti-Wolbachia hit rate of 1.80% (127 hits out 

of 7,038 compounds) including toxic compounds. However, when toxics are removed 

because they are likely to be false positives and will be eliminated from the final screen (see 

Figure 3.8A), the anti-Wolbachia hit rate was 1.28% (90 non-toxic hits out of 7,038). The 

 toxicity rate for the ‘validation set’ compounds was 0.80% (56 toxics out of 7,038 

compounds). 

3.4.7.2. Stability over 7 days at 4 oC 

With each plate taking 22 minutes to read on both the acumen® (Wolbachia analysis) and 

EnVision™ (toxicity analysis) and a planned batch size of 150 plates per day, a single run  

would take 28 hours to read when two acumen®s are available. To carry out multiple runs 

per week (ideally 4) and to allow for down time, the plates would be required to be stable 

over a longer period of time without any loss of fluorescent signal for either the antibody 

(Wolbachia read out) or Hoechst (host cell toxicity read out) staining. For this reason, we re-

scanned the validation set of compounds 7 days after initial scanning (stored at 4°C). Figure 

3.9A and B demonstrates strong correlation in the read outs (p < 0.0001, r2 0.976 and 0.655 

respectively), although there was more variation in the toxicity read out. 

A)                                                                   B) 
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Figure 3.10. Concordance testing using 20 compounds from the A∙WOL drug discovery programme, chosen 
for a variety of anti-Wolbachia potency and toxicity to the host cell line. A) anti-Wolbachia IC50s in LSTM vs 
AstraZeneca screens. B) toxicity IC50s in LSTM vs AstraZeneca screens. C) anti-Wolbachia IC50s for pick 
1 vs pick 2 in the AstraZeneca screen. D) toxicity IC50s in pick 1 vs pick 2 in the AstraZeneca screen.     

 

3.4.7.3. A·WOL validation set plates 

In order to further validate this assay, a selection of compounds which have been tested 

within the A·WOL drug discovery programme where screened using this assay. These 

compounds were chosen to represent a range of anti-Wolbachia activity and host cell 

toxicity. Doxycycline was included in this collection as it is the gold standard compound in 

the A·WOL screens at LSTM. Figure 3.10A shows a strong correlation in anti-Wolbachia IC50s 

between the AstraZeneca and LSTM HCS assays (r = 0.9405 and p < 0.0001). Doxycycline 

shows consistent IC50s of 17.8 nM at AstraZeneca (mean, n=14 from 2 separate runs) and 

16 nM at LSTM (median from 396 assays). The same correlation is seen for toxicity IC50s 

between the AstraZeneca versus LSTM HCS screen (Figure 3.10B, r = 0.856, p<0.0001). 

Furthermore to validate robust IC50s between runs within the AstraZeneca screen, Figure 

3.10C and D demonstrate the high correlation between IC50s for anti-Wolbachia activity 

and toxicity for pick 1 versus pick 2 for the LSTM validation set (r > 0.99, p < 0.0001). 
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3.5. Discussion 

The easiest route to initiate the development of an industrial scale A·WOL screen would be 

to simply upscale the HCS assay from the Operetta®. However, it soon became apparent 

that this assay was not suitable for upscaling, due to the long-read time per plate (3 hours). 

Miniaturisation of this assay to a 1536 well plate was attempted and although equipment 

was available to set up the plates, the wash steps were not achievable. Work therefore 

focused on the use of alternative plate readers, however it soon became clear that the 

benefit in the HCS dual SYTO®11 staining of both the Wolbachia and cell nucleus meant the 

latter masked any difference in the Wolbachia loads. Differential staining therefore 

appeared to be the best route. Antibody staining using the primary antibody wBmPAL was 

selected and tested with a secondary antibody with a far red fluorochrome to maximise the 

separation from the blue wavelength of Hoechst which was used to stain the host cell as a 

toxicity read out. The original method for this antibody staining was optimised to eliminate 

a 4°C step to allow the whole process to be carried out at room temperature. Although this 

process was simplified by this temperature change and reduced wash steps, it was still a 

complex process with 12 steps in this stage, especially when transferred to the automated 

BioCel system. Work was attempted to combine steps in this protocol which would have 

been beneficial to reduce the complexity, however, time constraints meant a decision was 

made to go forward with the protocol as it was. These time constraints were due to the 

large amount of work and time that was required in creating a consistent cell population. 

Although in the overall protocol this appears a small part, the creation of a large scale 

cryobank of cells with a sufficient Wolbachia load, resulted in a consistent read out between 

screening days, which will be vital to the success of this assay for repeated screening. 

Variability in the Wolbachia levels (as discussed in Chapter 2.4.1 and 3.4.1) for a variety of 

insect derived Wolbachia strains have been documented in many cell lines, both within and 

between cell populations (O’Neill et al. 1997; Dobson et al. 2002; Fenollar et al. 2003a; 

Frentiu et al. 2010; Venard et al. 2011; Serbus et al. 2012). Attempts have been made to 

increase and stabilise these Wolbachia infection levels by altering the cell culture protocol 

e.g. cell lines and media contents (Dobson et al. 2002; Fallon et al. 2008; Frentiu et al. 2010). 

Within Aa23 and JW18 cell lines, the maintenance of a Wolbachia infection over long time 

frames (years rather than months) has been linked to the provision of metabolic substrates 
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from their natural host. This includes Wolbachia’s requirement for amino acids from their 

host, as they lack the ability to synthesize key amino acids (Fallon and Witthuhn 2009; White 

et al. 2017). Conversely, cells such as TW-280, which cannot maintain a Wolbachia infection 

lack this ability to accommodate Wolbachia metabolically (Fallon and Witthuhn 2009). 

Genome-wide RNAi screening in the Drosophila cell line JW18 agree with this requirement 

for an amino acid source via ubiquitin-related pathways, as well as host lipid metabolism, 

phospholipase, sterol uptake and esterification and, mitochondrial metabolism (White et al. 

2017; Grobler et al. 2018). This suggests that the C6/36 (wAlbB) cell line used in this thesis 

can accommodate Wolbachia metabolically, allowing for the maintenance of Wolbachia at 

an acceptable level for screening purposes. Although it has been shown that Wolbachia 

levels can be increased and infected cells can be recovered from cryopreservation (Dobson 

et al. 2002; Clare et al. 2014; Chapter 2), the use of a cryopreserved stock to stabilise the 

variation seen in Wolbachia levels was an important step in validating the suitability of this 

cell line to HTS drug discovery screening. The achievement of a robust cell population 

through the cryopreservation methods discussed in this Chapter, justified increasing the 

complexity of the assay as their consistency allowed for the simplicity and robust final 

readout of just two measures: total area per well of Wolbachia and host cell total 

fluorescence. These readouts were originally optimised for the acumen® which was selected 

due to its higher throughput than the Operetta® but with more detail than a single well 

fluorescent read out. The latter single fluorescent read out was attempted for the 

Wolbachia readout, but the variation was too high. However, once the robust cell 

population in combination with optimised growth conditions in the assay plates was 

achieved, the host cell number became consistent enough to obtain a single fluorescent 

read out to identify a significant reduction in cell number to indicate toxicity (>60% loss), 

thus the EnVision™ read out was selected. This was a crucial step in reducing the screening 

time per plate from 40 minutes solely using the acumen® (20 minutes per read for 

Wolbachia and host cell) compared to just 22 minutes using the acumen® for the Wolbachia 

(20 minutes) and EnVision™ for the cell number (host cell).  

The validation stages described provided confidence that this assay would be able to 

achieve screening at an industrial scale, both in timescales and in its robust nature which 

would reduce assay failures. The latter was crucial as we had a limited time period to use 
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the AstraZeneca facilities, so the aim would be to maximise the number of compounds 

screened by minimising the need for repeats. In addition, the predicted hit rate of 1.28% 

gave us confidence in the value of carrying out this screen, as there appears to be the 

potential to identify novel compounds with anti-Wolbachia activity. Although A·WOL has 

made good progress in identifying novel compounds, the opportunity to explore new 

chemical diversity and potentially expand the A·WOL portfolio was a valuable prospect.  

Furthermore, if the predictions are correct, i.e. the identification of 16,000 hits, this would 

allow for the input of triaging up front to focus down on compounds which have a higher 

chance of success to proceed though the A·WOL drug discovery pipeline.  

The tight integration of my secondment embedding me within the HTS department at 

AstraZeneca for the duration of the screen optimisation, validation and ultimate execution, 

was imperative to the success of this project. This allowed for the easy flow of knowledge 

between A·WOL and AstraZeneca and consistent progress in the development of this work 

in the tight timescales. 

AstraZeneca concluded that the validated assay was the one of the most complex assays 

developed in their unit, with a predicted time scale of 3 months to complete the full 

compound collection.  

 

This study was accepted (February 2019) for publication in SLAS Discovery (Clare et al. 

2019b). 
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3.6. Summary 

• A collaboration between A·WOL and AstraZeneca has successfully adapted the C6/36 

(wAlbB) high content assay to a multistage screen capable of testing the entire 1.3 

million compounds in AstraZeneca’s collection within months. 

• This adaptation has developed from a simple dual DNA stain assay to a multistage 

highly automated differential staining method (Wolbachia specific antibody and 

Hoechst host DNA staining).  

• The assay has been validated against quality control plates (DMSO vs the A·WOL 

‘gold standard’ doxycycline), AstraZeneca’s set of validation compounds 

(representatives of the whole library) and a spread of A·WOL compounds (selected 

based on a range of anti-Wolbachia activity and host cell toxicity). 

• All validations indicate this assay should be robust enough to complete screening of 

the full 1.3 million compound library, especially when considering the creation of a 

large scale cryopreserved cell bank which should provide highly consistent 

Wolbachia levels across all screening events. 

• The AstraZeneca validation set suggests that there could be a hit rate of 1.28%, 

presenting a high chance of strong hits to be identified out of the approximately 

16,000 hits. 
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Chapter 4 : Screening of the full 1.3 million AstraZeneca compound 

library 

 

4.1. Abstract 

Through collaboration with AstraZeneca, our validated HTS assay was successfully deployed 

against 1,298,152 compounds from the AstraZeneca library. Following this primary screen, 

we identified 20,255 hit compounds. Cheminformatics were utilised to prioritise 6,324 

compounds for secondary dose response screening. Within this secondary screen 77% of 

compounds maintained good activity (IC50 <10 µM), from which 58 clusters were selected 

based on an overall manual assessment of anti-Wolbachia activity, mammalian cell toxicity, 

measured compound purity, cluster size, and chemical structure. These clusters were 

assessed in a larval worm (mf) in vitro assay resulting in 5 clusters with similar EC50s to 

doxycycline and other A·WOL lead compounds after exposure for 6 days. However, when 

scrutinised further in a Wolbachia time kill assay in mf with compounds exposed to mf for 2 

days, the Wolbachia reduction is maintained (66-85%) for all these compounds in 

comparison to doxycycline which reduces to 53%. Furthermore, when tested after 24 hour 

of drug exposure all but one cluster maintains >50% reduction in Wolbachia compared to 

doxycycline at 9%. These results show that we have identified compounds with a 

significantly faster rate of kill and therefore likely to have a different mode of action to 

current lead A·WOL compounds.  

 

4.2. Introduction 

4.2.1. Background 

The validation of an industrial scale anti-Wolbachia HTS assay described in Chapter 3 

provides the opportunity to screen larger libraries in a greatly reduced timeframe. Prior to 

the development of this HTS assay, the A·WOL programme had screened ~150,000 

compounds using either the qPCR or HCS assays, resulting in 12 series of interest. Based on 

the validation of the screen, it was predicted that this assay could be used to screen the full 

AstraZeneca library of 1.3 million compounds, within just 2 months utilising 4 full time 

employees (FTE).  
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AstraZeneca’s library incorporates compounds with desirable physiochemical properties 

including a mean cLogP of 2.9 (a predictor of good absorption due to high hydrophilicities) 

and molecular weight of 367. Lower molecular weights such as these tend to be good 

starting points for lead generation (Wigglesworth et al. 2015). This corporate library is likely 

to be composed of diverse compounds synthesized through various projects over the 

company’s lifetime relating to their disease focuses of: cardiovascular and metabolism, 

oncology, respiratory, inflammation and autoimmunity, neuroscience and infection and 

vaccines. Compounds may also include those purchased from external vendors or 

compounds that were obtained through mergers and acquisitions (Nissink et al. 2014).  

In addition to this library we also had access to a 500,000 compound library at LSTM from 

the Medicines for Malaria Venture (MMV). Screening of both of these libraries could create 

a dramatic increase in the number of hit compounds for A·WOL, potentially in novel 

chemical space. 

4.2.2. Aim of the study 

The aim of this study is to use the validated industrial scale screen discussed in Chapter 3 to 

screen the full library of ~1.3 million compounds at AstraZeneca’s Global High-Throughput 

Centre and a 500,000-compound library from MMV.  

 

4.3. Methods 

4.3.1. Cell culture  

The C6/36 (wAlbB) cell line used in this screen was described in Chapter 2.3.1 and 3.3.1. In 

brief these cells were mosquito derived and stably infected with Wolbachia pipientis 

(wAlbB). This screen exclusively used cells from the large-scale cryopreserved batch of these 

cells also described in Chapter 3.3.2 and 3.3.3. All cells in this screen were recovered and 

utilised through the following method. On day 0, a single 1 ml cryovial containing 3 x 107 cell 

per ml was removed from -180°C storage and transported on dry ice to the tissue culture 

lab. The cells were then partially defrosted for 45 seconds in a 37 oC water bath, before 

adding to 40 ml of room temperature culture media (Leibovitz medium (Life 

Technologies™), 20% FCS (Fisher Scientific™), 2% tryptose phosphate broth (Sigma Aldrich®), 

1% non-essential amino acids (Sigma Aldrich®) and 1% Penicillin-Streptomycin (Sigma 
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Aldrich®)) within a sterile laminar flow cabinet. This volume of culture media diluted the 

DMSO from the cryopreserved media to less than 0.25% to avoid toxicity to the cell line.  

The defrosted cells were centrifuged at 1,000 rpm for 5 minutes and the cell pellet fully re-

suspended in 45 ml of fresh culture media. This cell suspension was added to a T225 cm2 

flasks (VWR) resulting in a final cell concentration of approximately 6.7 x 105 cell per ml (1.3 

x 105 per cm2 if all adhered). This close-lidded flask was labelled with the date of recovery 

and day for use following a 7-day incubation at 26 oC.   

4.3.2. Compound management (primary and secondary) 

All compounds were prepared by the compound management team who provided the 

compounds in assay ready plates (ARPs) (781090, Greiner Bio-one) as described in Chapter 

3.3.4. In brief, for the primary screen this resulted in 80 nl of 10 mM compound in 100% 

DMSO dispensed via acoustic drop eject on Echo® 550 liquid handler units (Labcyte®), 

resulting in a final screening concentration of 10 µM. The ARP layout included the two 

central columns containing on-board controls (16 wells of either 80 nl of 5 mM doxycycline 

(Sigma Aldrich®) or 80 nl of 100% DMSO). The remaining wells contained a single compound 

from the library, resulting in single shot screening of 352 compounds per plate.  

The secondary IC50 ARPs were prepared in a similar way apart from the plate layout 

including the on-board controls dispersed throughout the plate rather than in the central 

columns. The remaining wells contained 36 compounds in a dose range from 30 µM to 1.5 

µM (10 point, 1 in 3 serial dilution) in a serpentine pattern from left to right across the plate.  

Additionally, quality control (QC) ARPs were produced by the compound management 

group, as ‘back ups’ in case there were issues with the on-board controls. These plates 

include columns of ‘Max’ (DMSO), ‘Min’ (doxycycline 5 μM) and ‘Reference’ (doxycycline 50 

nM) controls repeated across the plate. 

The original 384-well MMV compound source plates required re-formatting to be 

compatible with the automation available at AstraZeneca. Using the baseplate automated 

system (The Automation Partnership (Cambridge) Ltd), 4 x 384-well source plates were 

combined into a 1536-well daughter plate. The latter were subsequently used to create 

ARPs as described for the AstraZeneca library above. 
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4.3.3. Assay set up (same for primary and secondary) 

The assay set up was as described in Chapter 3.3.6. The ARPs were defrosted at room 

temperature either the night before or morning of the assay set up. Each batch of ARP were 

organised and labelled with: plate number (e.g. 1 to 150), date and assay number. Plates 1 

and 2 in each batch were blank ‘max’ plates (maximum signal, no compounds or DMSO 

added). QC plates were positioned at the beginning (plate 3), middle (around 67) and end of 

each batch covering each cell suspension used (66 ARPs per 2 L of cell suspension). Once in 

order, the barcodes were all scanned, recorded and checked.  

The cell check quality control step was carried out on the specified flask (7 days since cell 

recovery); this included a visual assessment of media colour and adherent cell confluence, 

followed by Operetta® based image analysis (see Chapter 3.3.3). If the screener was 

satisfied with the cell and Wolbachia growth, the cells were scraped thoroughly in the spent 

media, counted in triplicate on the Vi-Cell™ XR (Beckman Coulter) and diluted to a density of 

25,000 cells per ml in fresh media. The cell dilutions were made up in 2 L batches, enough 

for 66 plates. In order to keep the cells in suspension during the plating process, these cell 

dilutions were made up just before use and a sterile flea was added to each bottle for 

continual mixing on a magnetic stirrer. The cells were plated out manually using a 

Multidrop™ Combi (Thermo Scientific™) which had been sterilised and checked for accurate 

dispensing. The cell suspension was primed through all tubes to make sure there was no air 

in the tubing before 80 μl was added per well at high speed, resulting in 2,000 cells per well 

and a sterile lid added to the plate. The tips were continually monitored for blockages or 

bubbles which would alter the volume added per well. If either were found, they would be 

cleaned and fixed before continuing and a record made if this had altered any volumes. A 

visual check was carried out for the first plate from each cell suspension bottle as a second 

check that cells were successfully being added. Each plate was manually foil sealed using a 

PlateLoc® thermal plate sealer (Agilent) (2 seconds at 230 oC) and the sterile lid replaced. 

Both the foil seal and plate numbers were visually checked before housing in plate racks and 

incubated for 7 days at 26 oC. In addition to the assay plates, an extra plate was created with 

cells from each cell suspension bottle with a clear seal to monitor the cell growth without 

having to disturb any assay plates. Each assay (usually 4 per week) was housed in a different 

incubator, the outside of which was labelled with the assay number and date. Throughout 
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this process if any errors or issues were identified this was clearly labelled and included in 

the electronic write up of the data sheet.  

4.3.4. Anti-Wolbachia and cytotoxicity assay results characterization 

As described in more detail in Chapter 3.3.7, on day 14 (7 days after ARP cell seeding), the 

plates were re-loaded into the incubator (Liconic) on the BioCel 1800 automated system 

(Agilent Technologies) (26 oC). The BioCel system was set up with; a plate carousel, 3 x 

robotic arms, 5 x Multidrop™ Combis (Thermo Scientific™), 2 x PW 384 plate washers 

(Tecan®), a PlateLoc® thermal plate sealer (Agilent) and an XPeel® automated plate seal 

remover (Brooks Life Sciences). Using this automated system, the plates were: fixed and 

DNA stained (Hoechst, Life Technologies™), PBS (Scientific Prep Laboratory, VWR Catalyst) 

washed, permeabilised, PBS washed and blocked (PBS + 6% BSA (Sigma Aldrich®)) followed 

by an overnight incubation in the Wolbachia specific anti-wBmPAL primary antibody (30ul of 

1 in 2000). This primary antibody was removed (6-minute wash with PBS + 0.05% 

polysorbate 20) before a 1-hour incubation in the secondary antibody (30 µl of 1 in 400), 

Alexa Fluor® 680 Goat Anti-Rabbit IgG (A-21076, far red fluorescence, Life Technologies™). 

Finally, the secondary antibody was removed (2 x 6-minute PBS + 0.05% polysorbate 20 

washes) and left in 40 μl of PBS with the plates sealed with foil. Between each stage 

described above, the wells were emptied of liquid. All reagents were made by the Scientific 

Prep Laboratory, VWR Catalyst, with the exception of the addition of Hoechst and the 

antibodies immediately prior to the initiation of the run. 

The fixed antibody stained plates were read on both an acumen® (TTP Labtech) (Wolbachia 

analysis) and an EnVision™ (PerkinElmer®) (Hoechst host cell toxicity analysis) encompassed 

in two HighRes Biosolutions automated systems. One system encompassed both an 

acumen® and EnVision™, the latter of which could also be used manually. The second 

HighRes Biosolutions system incorporated the second acumen® which was fed by a plate 

stacker and robotic arm. The final read outs were: the total Wolbachia area per well 

(acumen®) and host cell fluorescence intensity per well (EnVision™). Per plate, the acumen® 

read was processed in approximately 20 minutes, whilst the EnVision™ read was obtained in 

2 minutes. The total screening time of 22 minutes per plate, using two acumen®s and an 

EnVision™ (automated and manual), allowed for the 150-plate batch to be read in 28 hours. 

Plates not being read immediately were stored at 4°C until required, at which time they 
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were brought back to room temperature for 1 hour before being loaded onto the reader 

platforms. 

4.3.5. Data analysis 

As described in Chapter 3.3.9 GeneData Screener software (Genedata) was used for all data 

management and analysis and run by the AstraZeneca staff involved with this screen. The 

readouts from both the acumen® (TTP Labtech) and EnVision™ (PerkinElmer®) were 

imported into GeneData Screener, in which data for toxicity (Hoechst read on the 

EnVision™) and Wolbachia inhibition (antibody fluorescence read on the acumen®) were 

normalised per plate. The toxicity reads were normalised based on the mean read from all 

compounds on each plate as it is assumed the toxicity level should be minimal. This mean 

represents a ‘Max signal’ (0% inhibition of the insect cell). The Wolbachia reads were 

normalised based on the ‘Max signal’ (DMSO controls) and ‘Min signal’ (doxycycline 5 μM); 

these respectively represent 0% and 100% inhibition of Wolbachia. If there was an issue 

with the on-board controls the three QC control plates included within each run were used 

for normalisation. 

The data were filtered to identify ‘hits’ that had no toxicity to the cell line. To do this the 

normalised Wolbachia data were filtered to identify compounds with greater than 80% 

reduction. These active compounds were subsequently filtered to remove those with 

toxicity to the cell line, to eliminate false positive compounds. Toxic compounds were 

classed as having greater than 60% inhibition of the normalised cell density.   

All plates were monitored for Z prime and signal to background. These data were then 

available for analysis on a per plate basis within each run but also across all runs in the 

completed screen. 

For the secondary screen analysis curve fitting was also carried out within GeneData 

Screener by AstraZeneca with the output of IC50s for both the anti-Wolbachia activity and 

host cell toxicity.  

The MMV library analysis was completed by A·WOL staff manually from the output Excel 

worksheets from the acumen® (Wolbachia analysis) and EnVision™ (host cell toxicity). A 

visual QC step was included covering: QC plate signal window confirmation, mean 

Wolbachia signal for the ‘Max’ wells should be close to 600,000 µm2 and the mean toxicity 
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read should be 4,000,000. An Excel Macro script (created by Andrew Cassidy) was then used 

to move the raw Excel sheets into template worksheets set up to normalise the test 

compounds to the mean Max controls per plate. Hits were then identified using the same 

criteria as the AstraZeneca library screen: greater than 80% Wolbachia reduction and less 

than 60% cell toxicity. QC plates were used to monitor the performance of the screen 

through analysis of the ‘Max’ and ‘Min’ controls, Z prime and signal to background data. 

4.3.6. Primary screen triaging 

Chemists from both A∙WOL and AstraZeneca triaged the 20,000 hit compounds from the 

primary screen down to ~6,000 compounds, as this was the maximum capacity for the 

secondary screening. This triaging was based on the information from AstraZeneca’s 

databases and prior chemistry experience from the A∙WOL programme. Compounds were 

excluded if they were known antibacterial structures or had previously been identified by 

A∙WOL, as well as those known by AstraZeneca to have unwanted characteristics, for 

example genotoxic or reactive metabolite substructures. After these exclusions, the 

remaining compounds were prioritised by the chemistry team based on a balance of the 

following measures: LogD, solubility, molecular weight, human microsomal data, rat 

hepatocyte data and chemotype diversity. This is more extensively described in Clare et al. 

2019a. 

4.3.7. Secondary screen triaging – including mammalian toxicity 

Mammalian cell toxicity information was provided by AstraZeneca on these compounds, 

through simultaneous screening of the selected compounds through a mammalian toxicity 

assay as well as the anti-Wolbachia dose response HTS screen. The mammalian screen was 

performed by AstraZeneca staff using the THP-1 cell line (ATCC® TIB-202) in RPMI 1640 

medium supplemented with 10% FCS and 2 mM L-glutamine. The cells were maintained at 

37°C with 95% humidity in 5% CO2 in a shaking incubator. They were passaged every 2-3 

days to ensure confluency did not exceed 1.5 x 106 cells/ml. This counter screen was tested 

in a 10-point dose response range with a top dose of 100 µM followed by a 1 in 2 dilution.  

Following the completion of the IC50 screening in the C6/36 (wAlbB) insect cell line, as well 

as assessment of mammalian toxicity, 58 clusters with at least three compounds each were 

prioritised by both A·WOL and AstraZeneca chemists. The selection of these clusters was 
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based on an overall manual assessment of anti-Wolbachia activity, mammalian toxicity, 

measured compound purity, cluster size, and chemical structure (more extensively 

described in Clare et al. 2019a). From these prioritised clusters the two most potent 

compounds with sufficient remaining stocks were provided for screening in the tertiary 

microfilarial assay (larval worm in vitro assay) described in Chapter 4.3.8 below. 

4.3.8. Tertiary screening 

Two representatives from each of the prioritised clusters were screened at LSTM in a 

B. malayi microfilarial (mf) assay at a final concentration of 5 µM. Screening in this worm 

assay confirmed activity against the target nematode Wolbachia and the necessary 

characteristics to penetrate nematode tissues. 

The mf were obtained by peritoneal lavage of gerbils (Meriones unguiculatus) harbouring a 

patent infection of B. malayi as described in Griffiths et al. (2010). Mf were purified using a 

PD-10 desalting column (Fisher Scientific™), centrifuged (1200 rpm for 5 minutes at room 

temperature) then re-suspended in complete media consisting of RPMI (Invitrogen™) 

supplemented with 10% FCS (Fisher Scientific™), 1% Penicillin Streptomycin (Life 

Technologies™) and 1% Amphotericin B (Life Technologies™). After determining the 

concentration of mf, the stock solution was diluted in complete media to ensure a final 

concentration of 8,000 mf/well of a 96-well plate (CytoOne) (100 µl per well). Compounds to 

be tested (10 mM stock in 100% DMSO (Sigma Aldrich®)) were diluted in complete media 

and 100 µl was added to the appropriate wells of the 96-well plate containing the mf, giving 

a final concentration of 5 µM. Five replicates were used for each compound and each plate 

contained doxycycline (5 µM, Sigma Aldrich®) and DMSO controls. The assay plates were 

incubated at 37 oC for 6 days in 5% CO2, after which a visual assessment of motility was 

performed and the wells scored from 0 to 4 using the methods described by Rao and Weil 

2002 (where 0 = immotile and 4 = highly motile). The DNA of each individual sample was 

extracted using the QIAmp DNA Mini Kit (Qiagen) before quantitative PCR was performed to 

obtain the ratio of Wolbachia Surface Protein (wsp) copy number to Glutathione S-

Transferase (gst) copy number both originating from B. malayi based on modified methods 

from McGarry et al. (2004). For the gst qPCR, each reaction mixture included 1 µl of parasite 

DNA, 1.2 µl of each primer (see appendix for detail), 0.4 µl MgCl2 (Sigma Aldrich®), 6.2 µl 

nuclease free H2O (Ambion™) and 10 µl of SYBR® Green (Qiagen). The reaction mixtures 
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were heated at 95 oC for 15 minutes, then subjected to 40 cycles of 94 oC for 15 seconds, 57 

oC for 30 seconds, and 72 oC for 30 seconds, with a final extension at 60 oC for 0.5 seconds 

followed by 1 minute at 97 oC. The wsp qPCR reaction mixture included 2 µl of parasite DNA, 

1.4 µl of each primer, 0.8 µl MgCl2 (Sigma Aldrich®), 4.4 µl nuclease free H2O (Ambion™) and 

10 µl of SYBR® Green (Qiagen). The reaction mixtures were heated at 95 oC for 15 minutes, 

then subjected to 40 cycles of 94 oC for 15 seconds, 60 oC for 30 seconds, and 72 oC for 30 

seconds, with a final extension at 60 oC for 0.5 seconds followed by 1 minute at 97 oC. PCR 

cycles were performed on a C1000 thermal cycler CFX384 Real-Time System (Bio-Rad). 

The wsp:gst ratio data allowed for normalisation of the Wolbachia level to the mf biomass 

for each well. The change in wsp:gst for each compound compared to the DMSO control 

was calculated before normalisation to the doxycycline reduction of wsp:gst for the 

particular plate concerned, to allow for inter-assay comparison.  

Wolbachia time kill assays in mf were completed using the same method with the exception 

of a wash step on the required day. This was completed through transferring the samples 

into a deep well plate and diluting the samples in culture media (no compounds). The plate 

was then centrifuged at 1,000 rpm for 5 minutes before moving the pellet to a fresh plate 

and repeating the process 5 times. On the final wash 200 µl including the pellet was moved 

back to a fresh culture plate and returned to the incubator for the remainder of the assay.  

 

4.4. Results  

4.4.1. Primary screen consistency of the assay 

Using the cryopreservation method, developed for the purpose of this screening campaign, 

we gained very consistent cell recovery (Figure 4.1). From each cryovial containing 3 x 107 

C6/36 (wAlbB) cells recovered into 45 ml of media (0.7 x 106/ml) we gained a confluent cell 

layer from all flasks across the full 30 run screen. This resulted in a mean of 8.4 x 106/ml 

cells (StDev 1 x 106/ml) with a very small efficient of variation (CV 12%). This recovery rate 

suggests a doubling time of approximately 48 hours which matches work previously carried 

out at LSTM. More importantly the Wolbachia infection level is also constantly maintained 

across this screening campaign. All cryo recovered cell populations in this campaign had  
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Figure 4.1. Consistency of the assay ready cryopreserved C6/36 (wAlbB) cells across the HTS campaign. 
A|Bar chart of the cell recovery after 1 week. Each bar represents viable cell growth from a single cryo 
vial (0.7 x 106/ml in a total of 45 ml) used in each assay run, with the mean indicated by the dashed red 
line (8.4 x 106/ml, StDev 1.0 x 106/ml). B| Bar chart of the Wolbachia infection within the recovered cells. 
Using Operetta® QC analysis the texture score is used to analyse the percentage number of cells classed 
as having a Wolbachia infection (mean indicated by the dashed red line, 81.1%, StDev 10.8%).  

 

greater than 50% of the cells infected with Wolbachia (mean of 81%, StDev 10.8, CV 13%). 

Throughout this screening campaign all cell recoveries passed the QC resulting in no delays 

in the screening schedule (Figure 4.1). The cells produced consistent results within the assay 

(Figure 4.2). The Z prime across the whole screen was consistent, with means of 0.59 and 

0.62 and CV of 23% and 32% on the two acumen® machines respectively. The signal to 

background ratios (assay window) were also consistent with a mean of 27.5 and 22.5% and 

CV of 24% and 17%. 

A)                                                                            
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Figure 4.2. Screening statistics over the two-month primary HTS campaign. A| Scatter plot analysis for 
control samples. Each data point represents 1 run on one of two acumen®s for both the mean Max 
(vehicle control) and Min (doxycycline control) signals. B| Mean signal, C| Mean Z prime analysis 
and D| Mean Signal to Background data, between the two acumen® systems across the whole 
screening campaign. Z prime (black) is consistently greater than 0.4, while the signal to background is 
routinely above 20 throughout the screen. All error bars represent StDev. 

 

 

Table 4.1. Binned data from the secondary dose response HTS at AstraZeneca. 

 

 

 

 

 

 

 

Mammalian 
toxicity 

IC50 (µM) 
Wolbachia 

IC50 (µM) 
Number of 
compounds 

Number of pure 
compounds 

(>85%) (including 
compounds with 
no purity data) 

Additional 
compounds with 

unknown purity data 

Bin 1 > 0 < 10 4,863    

Bin 2 > 30 < 10 3,647 2600  951 

Bin 3 > 30 < 1 776 579 176 

Bin 4 > 30 < 0.1 162 123 36  

Bin 5 > 30 < 0.01 32 25 6 

A 

 B                                               C                                         D 
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4.4.2. Primary screen time scales for completion  

This screen was completed over 2 months (October – December 2014) in which time 3,744 x 

384-well compound plates were screened (in addition to 40 x validation and 76 x QC plates). 

This resulted in the testing of 1,298,152 compounds in singleton. From this screen 105 

plates required re-testing, all of which was due to robotic or human errors.  

4.4.3. Primary screen hits and toxicity 

From the ~1.3 million compounds tested 2.36% were classed as active based on their total 

Wolbachia area read being greater than 80% reduction (>30,000 compounds) (Figure 4.3). 

Once compounds which were toxic to the host cell line (greater than 60% reduction) were 

removed this resulted in a hit rate of 1.56% providing us with 20,255 compound hits.  

4.4.4. Secondary EC50 screen  

The 20,255 hits from the primary screen were triaged down to 6,324 compounds for 

secondary dose response screening. This triaging was initiated by the removal of 

unfavourable chemistry known to hinder successful druggable compounds. In addition, in 

order to focus on novel chemotypes, known antibacterials and structures previously worked 

on by A·WOL were excluded. The final compounds were then selected based on a balance of 

molecular weight, predicted logD, solubility, intrinsic clearance (models for human 

microsomes and rat hepatocytes) and chemotype diversity.  

Dose response screens were performed on these 6,324 compounds as 10-point curves, 2-

fold dilutions from a starting concentration of 30 µM. Curve fitting was completed by 

AstraZeneca staff using their GeneData Screener software for both Wolbachia and the 

mammalian cell (toxicity) IC50 screened in parallel (Figure 4.4). For the Wolbachia IC50s only 

23% of compounds were classed as not active (1,115 compounds with IC50>10 µM and 371 

for which curves could not be fitted). From the remaining compounds 60% (3,787) had 

minimal activity (1-10 µM IC50), 843 compounds (13%) with good activity (0.1-1 µM) and 

208 (3%) had strong activity (<0.1 µM). The latter is within the range of that seen for 

doxycycline and other known A·WOL hits.  

Out of the total compounds 84% (5,332 compounds with IC50 >10 µM) were not classed as 

toxic to the mammalian cells (over 5,000 of which actually had IC50s above 30 µM). From 

the remaining, 952 compounds (15%) had some toxicity (1-10 µM) and less than 1% had 
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Figure 4.3. Frequency plot of primary HTS results across the 1.3 million compounds. The dotted line shows 
the cut-off used in the screen to select ‘hits’ (>=80% activity as measured by total Wolbachia area).  The 
distribution can be seen centred around zero with a tail leading out towards the left (active compounds). 
The proportion of compounds falling beyond the cut-off line shown is 2.36% of the total compounds 
tested. This Figure was created by AstraZeneca. 
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Figure 4.4. Overview of the secondary screen for both the anti-Wolbachia activity and mammalian cell 
toxicity. A| Scatterplot of the anti-Wolbachia activity for all compounds. Activity is related to highly 
active (green line <100 nM IC50), good activity (orange line <1 µM IC50) and inactive above the red line. 
B| Scatter plot of the mammalian cell toxicity for the same compounds. Compounds with less than 
100 nM IC50 are highly toxic compared to no toxicity for those above 10 µM (green line).  

A           B 
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medium (17 compounds, 0.1-1 µM) or high (14 compounds, <0.1 µM) toxicity (Figure 4.4). 

Following this work, mass confirmation and purity data were obtained by liquid 

chromatography mass spectrometry (LCMS) and combined with the above data to place the 

compounds into ‘bins’ to aid prioritisation (Table 4.1). Of the 5,960 compounds that were 

available to be analysed via LCMS, 5816 (97.6%) had their mass confirmed. Of those 

compounds with their mass confirmed, 372 (6.4%) had a purity <85%. Based on the binned 

data, we gained 579 pure compounds with no mammalian toxicity (>30 µM) but anti-

Wolbachia IC50s less than 1 µM. Futhermore, 25 of these compounds were more active 

than doxycycline (IC50s <10 nM). 

4.4.5. Secondary EC50 screen triaging 

During the process of analysing our hits including ‘binning’ the data, a spin out company 

from AstraZeneca (Entasis Therapeutics) took the ownership of over 1,000 of the hit 

compounds, which included many of our highly active hits. This resulted in depleting our 

available hits from the ~6,000 down to ~4,900. The remaining ~4,900 compounds were 

clustered based on their chemical structures. Once complete, any clusters with less than 

three compounds were removed. The remaining clusters were prioritised based on a 

manual overall assessment of anti-Wolbachia activity, mammalian toxicity, cluster size and 

chemical structure as well as measured compound purity. This work was completed in 

collaboration between A·WOL and AstraZeneca chemists and resulted in 58 prioritised 

clusters containing 3-19 representatives covering in total 360 compounds. Two 

representatives from each cluster were provided by AstraZeneca for confirmation testing in 

the HCS Operetta® C6/36 (wAlbB) assay. The overall consistency between the two cell 

assays performed at two different laboratories is highly consistent (p<0.0001) (Figure 4.5). 

Therefore, to further prioritise these compounds as well as confirming anti-Wolbachia 

activity in nematodes a tertiary screen was developed to test these compounds in a larval 

worm assay (mf). 

4.4.6. Tertiary screening – in vitro mf assay 

All 115 representative compounds from the 58 clusters (2 per cluster with the exception of 1 

cluster having a single representative) were tested at 5 µM in the mf screen (Figure 4.6). 

From this we obtained a 16.5% hit rate relating to strong hits for 19 compounds (>80% 
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Figure 4.5. Scatter plot demonstrating the correlation between the HTS completed at AstraZeneca and the 
same compounds tested in the HCS at LSTM. 
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Figure 4.6. Overview of the 5 µM mf tertiary screen. All compounds to the left of the green vertical line 
have strong anti-Wolbachia activity (>80%). Compounds with reasonable activity (80-50%) fall between 
the green and orange lines. Compounds with minimal activity (50-25%) fall between the orange and red 
lines. All compounds to the right of the red line (25% Wolbachia reduction) are classed as not active. The 
total numbers of compounds per activity class are indicated above the bars.   
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reduction in Wolbachia compared to the doxycycline control). In addition, there were 11 

compounds with good activity (9.5% with activity between 50-80% Wolbachia reduction) 

and 16 compounds with some activity (14% with activity between 25-50% Wolbachia 

reduction). Although 40% of compounds presented with at least some activity, the 

remaining 69 compounds (60%) were not classed as active (less than 25% Wolbachia 

reduction) which failed to replicate the activity observed in the cell line (>80% Wolbachia 

reduction at 10 µM and EC50s less than 5 µM).  

Of all compounds screened, only 6 compounds (5%) presented with toxicity directly to the 

mf. Of these, 4 compounds had reduced motility (score of 2) and 2 compounds immobilised 

the mf (score of 0). None of this toxicity was observed for compounds with anti-Wolbachia 

activity with the exception of one compound. The latter compound SN1088844157, from 

cluster 22 had a motility score of 0 in duplicate assays, with Wolbachia reductions of 81 an 

83%. Due to the direct anti-nematode activity observed this compound was not progressed.  

The anti-Wolbachia active compounds were re-tested at 1 µM resulting in only 5 

compounds from 3 clusters having no activity (<25% Wolbachia reduction normalised to 

doxycycline) (Figure 4.7). One compound/cluster had minimal activity (31% Wolbachia 

reduction). However, both representative compounds in two clusters had good activity (63-

74% Wolbachia reduction). Most importantly, 7 compounds across 5 clusters were still 
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Figure 4.7. Mf screening at 1 µM for the most active clusters. Compounds with activity greater than 80% 
Wolbachia reduction (normalised to doxycycline) at 1 µM were tested in dose response and their EC50s 
(nM) are presented in text above each bar. The colours relate to the clusters: 30 red, 33 orange, 42 yellow, 
53 green, 64 cyan, 139 blue, 142 pink, 150 purple, 242 white and 671 grey. 
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highly active at this lower dose (>80% Wolbachia reduction). These 7 compounds were 

tested at further doses of 200 and 4 nM to gain EC50s (Figure 4.7). All bar one compound 

had activity around 200 nM (range from 153 to 229 nM) which is similar to the activity we 

see for doxycycline (117 nM) and the A·WOL lead series (Template 1, AWZ 1066S: 227 nM 

(Hong et al. 2019)). However, they are not in the same activity range as the A·WOL lead 

candidate TylAMac™ (0.584 nM) (Taylor et al. 2019). 

4.4.7. Oxazolidinones 

4.4.7.1. Oxazolidinone secondary screening - High Content Cell Screen at LSTM 

When the triaging stage was initiated, we revisited the known antibiotics which had been 

filtered out. It was found that there were no tetracyclines in the AstraZeneca library. 

However, there were: quinolones (53 hits), phenicols (9 hits), azaquinolones (12 hits), 

coumarols (1 active), mulins (1 active) and oxazolidinones (392 hits). The latter class with 

such high hit rate warranted a more detailed assessment. A compound from this class, 

linezolid, had been screened early in the A·WOL programme and presented with high cell 

toxicity, which is an issue widely experienced with this class of compounds (Bozdogan and 

Appelbaum 2004; Balasubramanian et al. 2014). 

Cheminformatics was used to investigate the 392 anti-Wolbachia active oxazolidinones 

based on physicochemical properties and anti-Wolbachia activity in the single shot screen. 

In addition, compounds with known mammalian toxicity in AstraZeneca’s historical 

screening were removed. This triaging resulted in the selection of 214 compounds, covering 

19 out of the 21 sub-clusters these compounds had been characterised by. Compound 

management at AstraZeneca created ARPs of these compounds in a dose response range 

(30 µM to 1.5 µM in a 10-point curve) which were then tested at LSTM in the HCS assay.  

From this screen only 4 compounds presented with no activity at any doses (<50% of the 

doxycycline control). However, only 17 compounds presented with activity above >90% of 

doxycycline and were therefore suitable for EC50 analysis (ranging from 63 to 740 nM). The 

remaining majority of this class had medium activity (<90% >50% of the doxycycline control 

at any dose). Furthermore, the levels of toxicity were acceptable with 51 compounds 

presenting with no toxicity at any doses and from the remaining 161 compounds the toxicity 

was only at the higher concentrations (1-10 µM). 
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Figure 4.8. Tertiary mf in vitro screening of the 20 representatives from sub-clusters of the oxazolidinone 
class. There is a range in activity between the sub-clusters but strong activity (below the dashed line) in 
sub-clusters 1 (red), 2 (orange) and 12 (black) as well as clusters 4 (green), 9 (purple) and 10 (grey) to a 
lesser extent. Sub-clusters are coloured by: 1 red, 2 orange, 3 yellow, 4 green, 5 cyan, 6 blue, 8 pink, 9 
purple, 10 grey, 11 white and 12 black. EC50s from powders supplied by AstraZeneca for sub-cluster 12 
are written in text within the bar (nM). 

 

4.4.7.2. Oxazolidinone tertiary screening - in vitro mf assay 

Based on further cheminformatic analysis, 20 compounds were selected. This was based on 

ranking informed by the anti-Wolbachia activity in the HCS assay and predicted Drug 

Metabolism and Pharmacokinetics (DMPK) data from AstraZeneca (solubility, rat hepatocyte 

and human microsomal clearance). These 20 compounds (covering 11 out of the 19 

originally selected sub-clusters) were tested in the mf assay at the standard 5 µM with no 

toxicity observed. Out of these 11 sub-clusters, only two compounds obtained >80% 

Wolbachia reduction when normalised to doxycycline (standard definition of a strong hit). 

These two compounds were within sub-clusters 1 and 12. The partner compound in these 

clusters both presented with >75% Wolbachia reduction (Figure 4.8). It is worth noting that 

these sub-clusters have respectively an additional 29 and 6 compounds in the AstraZeneca 

collection. A further 3 sub-clusters (2, 8 and 9) had activity between 50% to 80% Wolbachia 

reduction (classed as moderate activity) for both representatives. The remaining sub-

clusters had low activity. Oxazolidinone sub-cluster 12 was selected as one of the final 

compounds released by AstraZeneca (discussed further in the next section) for further  
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Table 4.2. Overview of screening data for the lead compounds.  

 

 

A·WOL analysis. A powder stock was used to test this sub-cluster in dose response in the mf 

screen. The resulting EC50s were in the µM range (SN1030003722: 2.7 µM and 

SN1039292614: 1.1 µM), with only the top 5 µM dose producing moderate activity (52 and 

67% Wolbachia reduction normalised to doxycycline). For this reason, the oxazolidinone 

cluster was deprioritised. 

4.4.8. Structures and DMPK data on the lead clusters 

Following the mf testing, AstraZeneca released 10 structures along with powders for 

confirmation mf testing. Table 4.2 shows this confirmation testing was successful, with the 

EC50s remaining around 200 nM. All but one compound are within 80 nM of the original 

EC50. The one exception still has a reasonable EC50 of 447 nM compared to the original 

EC50 of 229 nM. Table 4.2 also displays the comparison between the cell and mf screens. 

Cluster 30/242 (combined due to chemical similarity) and 139 show consistency across the 

different assays, as does cluster 671 except for the AstraZeneca secondary cell screen. 

However, of interest, clusters 33 and 150 are more active in the mf assay over the cell-based 

assays. 

Cluster  Sample ID  

HTS cell 
IC50 (nM) 

HCS cell 
EC50 (nM) 

mf EC50 
(nM) 

mf EC50 
(nM) powder 

  

64 
 
 

SN1089649196 
 

228 
 

68 
 

- 2227 More active against 
cells than mf 

SN1090550309* 
 

145 
 

41 
 

- 219 Consistent across all 
screens 

30  SN0036438285  111  269  
217 296 

242 
 

SN0036849356 
 

185 
 

192 
 

153 161 

139 
 
 

SN1079789248 
 

158 
 

68 
 

- 293 

SN1078536639 
 

594 
 

296 
 

- 271 Consistent within 
LSTM screens 

671 
 

SN1100209612 
 

2391 
 

242 
 

203 164 

33  SN0212745579  684  2559  
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Table 4.3. Structures and DMPK properties of the lead compounds. The five axes in the radar plots 
represent: mf EC50 values (nM) (mf), rat hepatocytes clearance (µl min-1 1 x 106 cells-1) (Rat Heps), 
human microsome clearance (µl min-1 mg-1) (Hum Mics), LogD7.4 (LogD) and log value of aqueous 
solubility in pH7.4 PBS buffer (µM) (LogS). The central blue shaded area within each radar plot, indicates 
acceptable DMPK properties for each of the five axes listed. The red (first compound in the cluster) or 
blue (second compound in the cluster) lines indicate the measured data for each compound. Comparison 
of the measured data to the acceptable DMPK properties (blue shaded area) can be used aid hit selection, 
as well as identifying areas which need to be addressed for the progression of the compound. * re-
synthesised by A·WOL. 
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In addition, experimental DMPK including: rat hepatocyte clearance (Rat Heps), human 

microsome clearance (Hum Mics), LogD7.4 (LogD) and solubility (LogS) were outsourced. 

Alongside the 10 chemical structures, Table 4.3 displays radar plots which include the 

associated DMPK data and mf EC50s. The blue shaded area in the centre of the radar plot 

indicates acceptable DMPK properties for hit selection. Compounds from cluster 139 have 

very promising DMPK properties. The remaining clusters all have just one feature which 

would require optimising as part of an SAR chemistry programme to begin to develop these 

compounds towards lead compounds and potentially candidates.  

4.4.9. Wolbachia time kill assay data in mf  

To scrutinise these compounds further we carried out a time course assessment to reveal 

any difference in activity between these compounds compared to our existing A·WOL lead 

compounds. Figure 4.9 confirmed that all these compounds reach strong activity after 6 

days but this is actually achieved by day 4. Similarly, when looking at shorter time points  
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Figure 4.9. Time course for lead compounds in the mf assay. Compounds from clusters: 30/242 (orange), 
64 (yellow), 139 (green), 150 (lilac) and 671 (pink) alongside A·WOL lead compounds doxycycline (blue), 
TylAMac™ (black) and AWZ 1066S (purple). Data represent the means with StDev error bars. The 
dotted horizontal line indicates the 50% reduction from the DMSO control. The dashed horizontal line 
indicates greater than 80% Wolbachia reduction from the DMSO control below this line (20% of the 
DMSO control).  
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there was little discrimination after 1 and 2 days of drug incubation with poor activity for all 

compounds (respective range: 0-25% and 35-50% Wolbachia reduction). 

To further discriminate compounds, wash out experiments at earlier time points were 

assessed. Figure 4.10 shows that there is little activity seen after 4 hours for any 

compounds. However, after a 12 hour exposure clusters 30/242 and 139 are beginning to 

show activity superior to doxycycline but matching that of TylAMac™ (Taylor et al. 2019) and 

A∙WOL’s back-up candidate AWZ 1066S (Hong et al. 2019). Contrary to this, at day 1 clusters 

30/242, 139 plus 64 and 671 match the good activity (50-80% Wolbachia reduction) of AWZ 

1066S, superior to TylAMac™. Washing on day 2 further emphasises this pattern with all our 

compounds displaying strong activity close to 80% Wolbachia reduction across two repeat 

assays superior to AWZ 1066S (single assay repeat). In addition, when registered 

antibacterials known to have strong anti-Wolbachia activity are assessed with this two day 

wash out, none of them reach such strong activity (Table 4.4: 34-64% Wolbachia reduction). 

The 7 compounds within 5 clusters discovered as part of this screening campaign are, 

therefore, believed to be the fastest killing compounds the A·WOL programme has 

identified. No direct acting activity on the mf was observed for any of the compounds tested 

in this Wolbachia time kill screen. 

 

Table 4.4. Wolbachia time kill assay in mf with compound wash out on day 2. These data represent the 
leading registered antibacterials with activity against Wolbachia. However, the activity is mediocre when 
tested in this assay. Low activity indicated in orange boxes (<50%) and mediocre activity in yellow boxes 
(50-80%).  

Inhibitory 
activity 

Target 
Antibiotic  

 

Mean % Wolbachia reduction 
normalised to DMSO StDev n 

 30S ribosomal subunit doxycycline 48.5 7 3 

Protein synthesis minocycline 34.1   

Presumed 50S ribosomal 
subunit TylAMac™ 

 

63.7 
11 3 

Elongation factor G fusidic acid 58.7 13 2 

DNA-directed  

RNA polymerase rifampicin 
 

38.8   1 

DNA replication 
and repair 

DNA gyrase 
moxifloxacin 

 

51.5 
  1 
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Figure 4.10. Wolbachia time kill assays in mf washed at 4, 12, 24 and 48 hours alongside the standard 6-day 
assay. The first three-time points are from the same assay with 48-hour and 6-day data presented as 
means from two separate assays (means with StDev error bars). The clusters are represented by colours: 
30/242 (orange), 64 (yellow), 139 (green), 150 (blue) and 671 (purple) alongside A·WOL lead compounds 
doxycycline (white), TylAMac™ (black) and AWZ 1066S (grey).   

 

 

 

 

 

 

 

 

 

Figure 4.11. Performance analysis of the MMV HTS screen at AstraZeneca. A| Z prime analysis. 
All assays displayed good Z primes (> 0.45, the red dashed line indicated 0.5). B|Signal window. The 
signal window are reasonably strong for all assays (>5). The assay number is indicated in the x axis 
(MMV01-009, separated by colours), with each bar representing a QC plate result. The QC plate number 
(3, 66, 132, 182) indicates the position/plate number in the 182-plate batch (with the except of 103 plate 
batch size for MMV09).  

A                                                                                             B 
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4.4.10. MMV library screening 

In addition to the screening of the AstraZeneca library we were given the opportunity to 

screen the remaining compounds from a 500,000-compound library from the Medicine for 

Malaria Venture (MMV) started using our previous screening strategy. After transferring this 

library and re-formatting the plates to create an assay ready format with the aid of 

AstraZeneca’s compound management group, we were able to successfully complete this 

screen within just one month. Similar to the HTS library, we obtained good cell recoveries 

throughout the 9 assay runs (182 x 384-well batches), with Wolbachia levels above 50% of 

cells being infected. Throughout the screen we maintained good Z primes (>0.45) and signal 

window greater than 5, satisfying that we were confident in the results obtained (Figure 

4.11). 

The screening of this library had been initiated at LSTM on prioritised plates utilising the HCS 

cell assay. These plates had been prioritised based on iterative cheminformatic analysis with 

the aim of testing compounds which are different from that previously tested within the 

A·WOL programme. This method screened 51,725 compounds at 5 µM over 18 months with 

a primary hit rate of 0.44% (231 compounds). The remaining ~495,000 compounds screened 

at 10 µM within AstraZeneca resulted in 1,071 hits (0.22%). This 2-fold reduction in hit rate 

within the larger screening at AstraZeneca suggests a lot of the hits were identified by 

priority testing especially when considering the testing dose was double that of the HCS 

screen. In addition, the hit criterion for the HCS is much more stringent (>90% Wolbachia 

reduction) than the HTS assay (>80% Wolbachia reduction).  

Following confirmation testing of the 231 hits from the HCS assay, 71 compounds 

maintained activity (31% confirmation rate), resulting in a reduction in the overall hit rate to 

0.14% (~10-fold less than the AstraZeneca 1.3 million compound library). For the HTS assay, 

confirmation testing was not carried out due to the logistical challenge of manually sourcing 

hits from the original plates. Therefore, priority testing was used to select 80 compounds of 

interest to test in the HCS assay, of which only 5 maintained activity (confirmation rate of 

6%). This is further evidence that the primary hit rate in the HTS is an over estimation 

compared to the HCS assay due to the lower testing dose and more stringent hit criteria.  
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4.5. Discussion 

The successful completion of this screening campaign covering 1.3 million compounds was 

achieved due to the robust development and validation of this assay. The assay ready 

cryopreserved (ARC) method resulted in a stable cell and Wolbachia recovery, as well as 

highly consistent proliferation within the 7-day assay period for all 30 runs over a two-

month period. This stability was repeated in the 1-month screening of the MMV library as 

well as the follow up dose response secondary screen of the AstraZeneca library hits. This 

stability is not only valuable to avoid assay failures, but also maintains consistency between 

assay runs, aiding the comparison across screens. This is important as work at LSTM has 

found that the Wolbachia level within cells can shift the EC50 results. The stability of this 

ARC method was reflected in the robust assay statistics with all assays presenting with a 

mean Z prime above 0.6 and signal to background greater than 20.  

Across the AstraZeneca screen, no assays failed due to cell based rational with the low plate 

failure rate of 3% being due to either robotics or human errors. When considering the 

complexity of this assay including 2 weeks of cell proliferation, this demonstrates the robust 

development and validation of this assay.   

The quality of the initial hit rate of >30,000 compounds was improved through the removal 

of 1/3 of the hits due to host cell toxicity. This showed the value of including the cell host 

toxicity read out, which although incurred time (2 minutes per plate) and cost penalties 

(Hoechst reagent) removed ~10,000 hits which were likely to be false positives. These false 

positives would have had a much greater time and cost penalty further down the pipeline 

line if they had not been removed at this primary screening stage. This final hit rate of 1.56% 

was just above the 1.28% hit rate predicted as part of the validation of the screen.  

A further saving in attrition was the triaging early in the campaign to take forward only 

novel (no known antibacterials or structures previously worked on by A·WOL) compounds 

with good drug like properties. This cheminformatics analysis so early on in the process 

maximized the potential to identify diverse hits, as well as, steering the selection towards 

promising compounds for the initiation of a medicinal chemistry programme. 

Following the secondary cell screen, a high hit rate was maintained, with 579 of these being 

pure (by LCMS) and not toxic to mammalian cells (IC50 >30 µM), but with anti-Wolbachia 
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activity at less than 1 µM concentration. One major set back was the loss of ~1000 (18%) of 

our active compounds to Entasis Therapeutics, a newly formed AstraZeneca spin-off 

company. The hits we lost access to may have been extremely interesting, especially when 

considering they were selected by a company who are working on next generation 

antibacterial therapies. 

The further assessment of an mf screen was an important criterion to assess the hits in a 

more biologically relevant system. B. malayi whole worm screens applicable to drug 

discovery have been developed through automated analysis of motility (Marcellino et al. 

2012; Storey et al. 2014; Lu et al. 2018). However, motility assessment does not indicate 

anti-Wolbachia activity, as the latter does not cause direct activity to the worm in the short 

term. 

Although the cell line screening model is an extremely useful tool for hit identification at a 

medium to high throughput (which is not possible with mf), the further validation of these 

hits in the mf assays is of great value to reduce attrition. Firstly, it confirms activity against 

the nematode Wolbachia which is representative of that in the human parasite (wBm strain 

in B. malayi), rather than insect derived (wAlbB). Secondly, testing within a whole worm 

rather than the insect cell line eliminates compounds with indirect insect cell activity or 

barriers to drug penetration into the nematode. These disparities between the assays 

highlight the value of the tertiary mf screen to avoid attrition latter in the drug discovery 

pipeline with progression to more complex and time consuming in vivo studies. Work to 

date within the A·WOL Consortium displays a strong correlation between this mf in vitro 

assay and in vivo animal model testing. Therefore, even before the time kill data are 

considered, these compounds are extremely promising lead hits as they have good anti-

Wolbachia activity which is predicted to correlate with in vivo models. In addition, the 

employment of cheminformatics has prioritised good chemical starting points as these hits 

are: pure, promising chemical structures, in cluster sizes greater than 3 and without toxicity 

in the mammalian cell counter-screen.   

The final screen utilising a Wolbachia time kill assay revealed the most progressive data on 

these top 5 chemotypes. Activity after 2 days drug exposure is unprecedented with the 

exception of the A·WOL back-up lead candidate, AWZ 1066S (Hong et al. 2019). Therefore, 

the finding that one compound potentially has superior activity to AWZ 1066S after not only 
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24 hours but as early as 12 hours, suggests that we have found the fastest acting anti-

Wolbachia compound identified to date. If this translates down the drug screening pipeline, 

it could result in a drug with a shortened treatment period than the A·WOL target product 

profile (TPP) of less than 7 days. Finally based on the cheminformatic analysis this fast-acting 

activity is shared by 5 distinct series, dramatically increasing the chemical diversity of the 

A·WOL drug portfolio.  

These compounds have also been tested at LSTM against tuberculosis (TB), malaria and a 

small library of bacteria. These compounds show no activity in these assays suggesting they 

are Wolbachia specific. The benefit of this specificity would be to minimise ‘off target’ 

effects on microbiota and other bacterial pathogens. The next steps for these lead 

compounds is further prioritisation through cheminformatics as well as PKPD modelling to 

prioritise progression into in vivo models. In addition, investigations into the mode of action 

are on-going to further validate the improved Wolbachia kill dynamics. 

The success of this project could not have been achieved without the close collaboration 

between AstraZeneca and A·WOL, through the sharing of knowledge and resources but also 

structural and additional data on these compounds. To put this HTS campaign into context, 

the screening of the primary 1.3 million compounds alone took just 2 months. The 

equivalent screen would have taken 35 years to complete in the A·WOL HCS assay. This 

project has created a paradigm shift in the number of compounds screened and hits 

identified, resulting in the discovery of superior lead compounds based on their kill rate in 

multiple diverse compound series.   

 

This study was published in Nature Communications (Clare et al. 2019a).   
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4.6. Summary 

• Through collaboration with AstraZeneca, our validated HTS assay was successfully 

deployed against their approximately 1.3 million compound library.  

• This primary screen identified greater than 20,000 hit compounds.  

• Cheminformatics were utilised to prioritise 6,000 compounds for secondary dose 

response screening, with the majority of these compounds maintaining good 

activity. 

• From this secondary screen, 58 clusters were selected based on an overall manual 

assessment of anti-Wolbachia activity, mammalian toxicity, measured compound 

purity, cluster size, and chemical structure.  

• Larval worm (mf) in vitro screening resulted in 5 clusters with similar EC50s to 

doxycycline and other A·WOL lead compounds.  

• When further assessed in a Wolbachia time kill assay in mf with compounds 

removed on day 2, the ~70% Wolbachia reduction is maintained for these 

compounds in comparison to doxycycline which reduces to just ~50%.  

• When tested after 24 hour of drug exposure all but one cluster maintains >25% 

reduction in Wolbachia compared to doxycycline at less than 10%. 

• Two clusters reduce Wolbachia by >25% after just 12 hours of treatment.  

• These results suggest that we have identified compounds with a faster rate of kill 

and potential different mode of action to current lead A·WOL compounds.  
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Chapter 5 : Summary and conclusions 

5.1. Evolution of the A·WOL screening assays  

This thesis has described the development and validation of two in vitro cellular screening 

assays (High Content Screen (HCS) Chapter 3 and High Throughput Screen (HTS) Chapter 4) 

and an in vitro Wolbachia time kill assay in mf. The development of these assays has 

provided improvements in the throughput and capacity of the original qPCR based in vitro 

cell screen developed at the beginning of the A·WOL Consortium in 2007. This assay was 

used to initiate a drug discovery programme through the creation of a stably infected 

Wolbachia cell line, C6/36 (wAlbB). This cell line was utilised as the starting point in the 

development of both the HCS and HTS assays. Through the HCS assay development, an 

increase in the Wolbachia load within the cells was established by increasing the FCS 

content of the media. This increase in Wolbachia load proved consistent and was important 

to achieve a robust screening assay through increasing the signal window between infected 

and uninfected cells. The visual microscopy element of the HCS screen was beneficial in 

enabling this development, as it allowed for the rapid assessment of Wolbachia loads within 

individual cells, compared to a time-consuming qPCR readout representing the overall cell 

population. In addition, this rapid Wolbachia load assessment allowed for cell populations 

to be either checked or selected before the initiation of the assay, thus reducing the number 

of failed assays providing a saving in both cost and time. During the HTS validation, the 

stability of the Wolbachia load was further progressed by creating a large-scale 

cryopreserved batch of cells, achieved through optimised methodology. This provided 

assay-ready cells, with consistent post-recovery host cell growth and Wolbachia loads. This 

improved stability has subsequently been built back into the ongoing screening in the HCS 

assay.  

Although the cell line stability allowed for the development of both assays, the most 

important outcomes were the increase in throughput achieved by both screens. The original 

qPCR method initiated the A·WOL screening work, yet the throughput was low and labour 

intensive. Table 5.1 demonstrates the throughput of the BioFocus screen, which used this 

qPCR read out, with 10,000 compounds taking 12 months to be completed both in a primary 

screen with follow up secondary confirmation testing (Johnston et al. 2017). The monthly  
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Table 5.1. Throughput of the evolving A·WOL in vitro cell line screens. Primary screening is indicated by a 
*, with ** indicating secondary screening. 

  

throughput of this work was 833 compounds completed by two/three FTEs due to the 

requirement for manual DNA extraction and qPCR analysis. In comparison, the employment 

of the HCS assay to screen 56,000 compounds from the MMV library at LSTM, in both 

primary and secondary dose response took 18 months by < 1 FTE. The increased screening 

of 3,111 compounds per month, scaled up the throughput 4-fold. In addition, the labour-

intensive nature of this assay was reduced through the single staining method followed by 

automated imaging and analysis, which could now routinely complete dose response 

analysis. The completion of these 56,000 compounds would have taken over 5 years to 

complete in the qPCR screen. 

The HTS assay, although more labour intensive (4 FTE) than the HCS assay, allowed for a 

dramatic shift in screening at a 139-fold increase in throughput from the HCS, through the 

completion of ~1.3 million compounds in just 3 months, including both primary and 

secondary dose response testing. To complete just the primary screen of the ~1.3 million 

compounds would have taken 35 years in the HCS assay. The throughput is further 

emphasised by the completion of the remaining MMV library in a single month, which 

would have taken over 13 years based on the time scale of the first 56,000 compounds. 

Within the A·WOL drug discovery pipeline, hits from the primary cell assays described above 

are progressed into an in vitro worm assay. Historically, this utilised an in vitro Onchocerca 

gutturosa or Brugia malayi adult worm 5-day assay with qPCR and motility read outs. This 
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pipeline was later refined to maximise throughput by progressing hits from the HCS assay 

directly into newly validated in vivo B. malayi larval and adult mouse models (Johnston et al. 

2014b). The nematode in vitro assays were subsequently removed to streamline the 

screening pathway as there was high consistency in activity from the primary HCS cell assay 

through to in vitro and in vivo nematode screens. However, once the A·WOL Consortium 

progressed to identifying new chemical entities the correlation became less consistent. Re-

introduction of an in vitro mf nematode screen described in Chapter 4.3.8 identified that the 

disconnect was often between the cell line and nematode assays. This discrepancy could 

either be related to the origin of the Wolbachia (insect versus nematode) or related to the 

difference in the Wolbachia host e.g. the need to penetrate the cuticle of nematodes. The 

advantage of this B. malayi mf screen is the greater availability of mf from the in-house 

lifecycle over adult worms, thus providing a higher throughput over the previous in vitro 

adult worm screens. Reintroduction of this in vitro nematode screen avoids the unnecessary 

resources of progressing poor quality hits into low throughput in vivo screening (Taylor et al. 

2014; Johnston et al. 2014b).  

Although the standard in vitro mf screen can identify compounds with improved activity 

over 'gold' standards, it cannot predict compounds with a faster acting profile. The 

development of a Wolbachia time kill assay based on modifications of the cell line HCS 

assay, were unsuccessful due to the variable growth rates of Wolbachia between time 

points and compound treatments. As part of the HTS screen discussed in Chapter 4, this 

work was successfully revisited using B. malayi mf. Using the principles of the standard B. 

malayi mf screen, this novel Wolbachia time kill assay was able to assess for the first time 

compounds with more rapid activity compared to standard anti-Wolbachia drugs. This assay 

identified that after 2 days of treatment, followed by a 4 day wash out period, doxycycline 

reduced Wolbachia by less than 50% compared to a greater than 50% reduction for the 

A·WOL lead compounds TylAMac™ (Taylor et al. 2019), fusidic acid, moxifloxacin, AWZ 

1066S (Hong et al. 2019) and the AstraZeneca lead series. This assay is now being utilised 

more readily, although limited to lead compounds, due to the low throughput of this screen, 

as it requires labour intensive wash steps as well as the prerequisite EC50 data from the 

standard mf screen. This time kill assay would therefore not replace the standard mf screen 

in the A·WOL pipeline.  
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In summary, the most recent evolution of the A·WOL screening funnel now includes a 

Wolbachia time kill screen prior to in vivo testing. This enables the identification of hits with 

equal or improved properties to the lead fast acting candidate AWZ 1066S. These improved 

hits are then tested at clinically relevant doses (informed by PK studies, as discussed in 

Chapter 1.3) in vivo, preliminary in a short term, L3-L4 larval B. malayi assay. Compounds 

with promising data are progressed into the longer-term adult B. malayi screen. Within the 

latter, the completion of further dose and time course refinement studies can ultimately 

inform clinical testing, with the ultimate aim of a less than 7 day, orally bioavailable and safe 

treatment. To address the requirement for a safe compound, in parallel further DMPK and 

toxicology studies are completed where necessary, providing information required for 

application for human trials.  

 

5.2. Alternative anti-Wolbachia in vitro drug discovery assays 

Another cell based ‘high-throughput’ assay for screening anti-Wolbachia drugs has been 

described in the literature (Serbus et al. 2012). In this assay a Wolbachia infected Drosophila 

cell line (JW18) was used, with the detection of Wolbachia reduction via fluorescent staining 

and whole cell imaging in a 384-well format. This is followed by customised software 

analysis which identifies “infected cells” based on the cytoplasmic DAPI fluorescent units 

per cell being above a determined threshold. A number of issues with this assay resulted in 

a lack of validation and concerns of the suitability of this assay for anti-Wolbachia drug 

discovery. Firstly, the lack of efficacy of doxycycline against the Wolbachia in this assay, 

suggests a problem either with the cell or Wolbachia strain. Furthermore, this results in the 

subsequent use of a Wolbachia uninfected cell population for the negative control rather 

than an anti-Wolbachia treatment control. Secondly, 'edge' effects appear to not have been 

taken into consideration and potentially compromise the outputs were controls are 

included in these outer wells. Thirdly, the misinterpretation of Z prime factor calculations 

suggests some of their plates would not be classed as valid. Finally, the use of 

concentrations of 100 µM are likely to deliver off-target toxicity and a high rate of false 

positive outputs. An example of this includes the false positive activity of albendazole 

sulfone, which is inactive in the HCS assay described in this thesis (Turner et al. 2017). 



Chapter 5 – Summary and conclusions 
 

- 111 - 
 

5.3. Comparison of the A·WOL screens to drug discovery for other fastidious 

bacteria 

Mycobacterium tuberculosis (Mtb) is one of the top 10 causes of global mortality. The WHO 

estimates around 10 million new cases and 1.6 million deaths annually (World Health 

Organization 2018f). In several respects Mtb shares many of the challenges associated with 

drug screening against Wolbachia, such as a slow growing intracellular population, but has 

the added challenge of requiring containment facilities (Christophe et al. 2009; Zuniga et al. 

2015). The main driver for Mtb drug discovery is also similar to Wolbachia, where the goal is 

to find faster acting treatments, which can be delivered in much shorter timeframes than 

the current lengthy 4-drug 6-month regimen. 

Target-based screens have been widely used to identify new compound classes active 

against Mtb but have had limited success when translated to whole cell screens due to a 

variety of reasons relating to permeation, efflux and target accessibility (Payne et al. 2007; 

Ollinger et al. 2019). Phenotypic screens have been developed for Mtb drug discovery. 

These have exploited the availability of non-pathogenic related species such as 

Mycobacterium smegmatis or Mycobacterium aurum and fluorescent reporter strains of 

Mtb (Ollinger et al. 2019). The latter strains have allowed for the development of HTS assays 

utilising a variety of different culture conditions to try and mimic the complex environment 

inhabited by Mtb including nutrient starvation, stress and low oxygen (Ollinger et al. 2019). 

HTS campaigns completed at the Tuberculosis Antimicrobial Acquisition and Coordinating 

Facility (Ananthan et al. 2009; Maddry et al. 2009), have achieved the testing of 100,000 and 

200,000 compounds against extracellular Mtb, using a single fluorescent read out. These 

HTS campaigns identified novel classes of compounds that display significant anti-Mtb 

activity, providing new leads for drug development. 

Mtb drug screening activities have identified differences between extracellular and 

intracellular populations (within macrophages), including their growth rates, related drug 

efficacy as well as drug specificity (Christophe et al. 2009; Sundaramurthy et al. 2013; 

Stanley et al. 2014; Aljayyoussi et al. 2017b). These findings are of importance, as although 

the intracellular forms of Mtb are estimated at just 5% of the bacterial population in 

patients with an advanced disease state, this intracellular population is believed to cause 

the persistent form of this disease (Aljayyoussi et al. 2017b). This intracellular population is 
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at highest risk of developing drug resistance, due to the necessity for a longer treatment 

course required to kill this slower growing form. Consideration of the pathogen’s 

environment has proved to be crucial to inform real life clinical implications for novel drug 

treatment (Christophe et al. 2009; Aljayyoussi et al. 2017b).  

Overcoming the initial challenge of culturing Mtb (growth conditions in a category 3 

laboratory) has allowed for the identification of novel compounds, using HTS methods, 

against extracellular Mtb. These achievements have also been aided by the benefit of 

minimal complexity in the read outs available for these assays, due to the ease of staining 

extracellular Mtb or availability of fluorescent strains. As previously discussed, however, hit 

compounds from extracellular screens should be tested against intracellular Mtb. Triaging of 

these extracellular hits could be built into the secondary screening phase of a drug discovery 

campaign, although this runs the risk of excluding compounds with a higher efficacy towards 

intracellular Mtb. Therefore, increasing the throughput of the HCS Mtb screens could be of 

great benefit to identify novel targets against persistent Mtb. HTS or HCS screening against 

other Mycobacteria such as the species causing leprosy (Mycobacterium leprae) and Buruli 

ulcer (Mycobacterium ulcerans) would also be of benefit, especially considering their 

reliance upon rifampicin within multidrug treatments (Scherr et al. 2016; Cambau et al. 

2018; World Health Organization 2019a; 2019b). 

The requirements of drugs to treat another persistent group of bacteria, Chlamydia, have 

similar properties to Wolbachia, related to their intracellular and intravacuolar lifestyle. 

These requirements include the need for the compounds to penetrate tissues and, pass 

through several eukaryotic membranes to reach the vacuoles harbouring the bacteria (Hahn 

et al. 2002; Hanski and Vuorela 2016). New treatments are required against this challenging 

bacterium, due to its propensity for persistence. Clinically Chlamydia trachomatis species 

replicate in both mucosal and conjunctival epithelial cells. The mucosal replicating form is 

the cause of the most common sexually transmitted disease (STD) worldwide (Dean 2009, 

World Health Organization 2016). The conjunctival infection causes trachoma, which is the 

most common form of preventable infectious blindness (Bhosai et al. 2012, World Health 

Organization 2019c). The airborne species, Chlamydia pneumoniae is responsible for 5-10% 

of community-acquired pneumonia cases and respiratory tract infections. This species is 

believed to infect the majority of people at least once in their lifetime, across both 
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developed and developing countries (Hahn et al. 2002, Hanski and Vuorela 2016). The intra-

cellular/vacuolar complexity alongside the long development cycle and genetic intractability 

of Chlamydia pneumoniae has made large-scale drug discovery screening unattractive, slow 

and technically demanding (Hanski and Vuorela 2016). This has led to more focused and 

hypothesis-driven approaches. Following similarity searches to other bacterial genes, 

Alvesalo et al. (2006) used the crystal structure of a protein (ermC) from Bacillus subtilis 

which was homologous to a selected target for C. pneumoniae, which mediated essential 

functions in ribosomal methylation and structure. This homologous crystal structure was 

used to complete virtual screening of 300,000 compounds. From this screening 33 

compounds were selected for growth inhibition assays on C. pneumoniae, resulting in eight 

previously unknown active compounds. Another virtual screening approach was undertaken 

by Karhu et al. (2016), based on the cheminformatic analysis of previously identified plant-

based anti-chlamydial compounds, which identified 19 compounds clustered by 

physiochemical properties. Similarity searching of these properties was then carried out on 

a small natural product library. These prioritised compounds were subsequently tested in 

vitro, resulting in six new anti-chlamydial compounds, including mycophenolic acid (a 

clinically approved drug with known antibacterial activity). These virtual screening examples 

demonstrate the benefit of alternative approaches when HTS or HCS assays are not 

practical. Advances in computational screening of ultra-large virtual libraries have 

demonstrated the benefits of this approach in improving the efficiency and reducing the 

timeframes and costs associated with early stage conventional drug discovery (Gloriam 

2019; Lyu et al. 2019).  

A more recent global concern relating to fastidious bacteria, is the increased global 

distribution of scrub/bush typhus (Izzard et al. 2010; Balcells et al. 2011; Maina et al. 2016; 

Jiang and Richards 2018). This global disease is caused by intracellular bacterium Orientia 

tsutsugamushi, as well as newly identified Orientia species, which are transmitted through 

the bite of an infected larval Leptotrombidium mites (Luce-Fedrow et al. 2018; Centers for 

Disease Control of Prevention 2019; Tilak and Kunte 2019). Timely treatment with 

doxycycline leads to recovery, with more severe cases requiring rifampicin and azithromycin 

(Luce-Fedrow et al. 2018; Centers for Disease Control of Prevention 2019; Tilak and Kunte 

2019). These drugs not only overlap with the treatment of the fastidious bacteria discussed 
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above but are also known to have anti-Wolbachia activity (doxycycline and rifampicin). 

Again, resistance is of concern and new drugs are required. Drug discovery is limited by the 

restriction to category 3 laboratories, and the requirement for intracellular culture (Luce-

Fedrow et al. 2018). These challenges relate to those faced by anti-Wolbachia, Mtb and 

Chlamydia screening. However, there are many lessons that can be learned from the drug 

discovery discussed for these three bacterial groups. Firstly, the challenges of intracellular 

culture in a category 3 laboratory, does not make HTS screening for Orientia unfeasible, as 

seen by the completion of HTS campaigns for Mtb (category 3 laboratory) and Wolbachia 

(intracellular). Secondly, virtual screening can be utilised, for example through virtual 

screening of compounds against a crystal structure of a known target (Alvesalo et al. 2006) 

or computational screening of well characterised targets with ultra-large virtual libraries 

(Lyu et al. 2019). Alternatively, cheminformatics can be used to prioritise and limit the 

number of compounds to test in vitro (Karhu et al. 2017). The latter approach has been 

successfully implemented by the A·WOL Consortium as discussed in this thesis to prioritise 

the MMV library screening (Chapter 4.4.10) as well as the triaging of hits from the HTS 

screen (Chapter 4.3.7 and 4.4.5). Finally, there is the possibility that the similar niches 

(intracellular/intravacuolar) and slow growing nature of these fastidious bacteria, may 

provide an overlap in the activity of novel drugs or conserved drug targets. One example 

includes the anti-Orientia and anti-Chlamydia activity (Kock et al. 2018; Shima et al. 2018) 

for a novel compound, Corallopyronin A, which has known anti-Wolbachia activity 

(Schäberle et al. 2014). Testing of a selection of compounds from the A·WOL portfolio 

against phenotypic whole cell screens for Orientia, Chlamydia and Mycobacteria may prove 

fruitful and vice versa. Furthermore, although the diseases cause by these bacteria are 

principally an issue within developing countries, pharmaceutical development of such drugs 

could also be of benefit to pneumonia and the leading STDs, which are public health 

problems in developed countries.  

 

5.4. The A·WOL drug portfolio expansion: 10 years on 

Over the last decade the A·WOL drug portfolio has expanded dramatically. In 2007 the 

portfolio consisted of only doxycycline as a proof of concept (POC) treatment, as well as the  
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Figure 5.1. The A·WOL portfolio in 2017 highlighting the use of the HCS assay 

 

 

 

Figure 5.2. A·WOL Consortium's drug portfolio 2017 highlighted by drug target. Green boxes indicate 
compounds with predicted inhibition of protein synthesis. Yellow boxes indicate compounds with 
inhibition of DNA replication and repair, whilst those in grey boxes have unknown drug targets.  
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initiation of screening of medium sized compound libraries. By 2017, as seen in Figure 5.1, 

doxycycline had progressed to a policy drug alongside 4 new POC drugs: rifampicin (Specht 

et al. 2008), rifapentine, moxifloxacin and minocycline (Sharma et al. 2016). Furthermore 

the portfolio also has multiple candidates: high dose rifampicin (Aljayyoussi et al. 2017a), 

rifampicin in combination with albendazole (Turner et al. 2017), fusidic acid and the first 

designer macrofilaricidal drugs TylAMac™ ( Taylor et al. 2019) and the back-up lead 

candidate AWZ 1066S (Hong et al. 2019). These designer drugs, as well as 6 additional lead 

series, have all been discovered through the paradigm shift in compound screening which 

the A·WOL Consortium has completed, soon to reach 2 million compounds resulting in over 

21 anti-Wolbachia active chemical series. This growth of the portfolio has been accelerated 

by the new screens developed as part of this thesis. The HCS assay identified two lead series 

(pyrazolopyrimidine and pyrazolopyridine) and two candidates (fusidic acid and AWZ 1066S) 

from the screening of the MMV and BioFocus libraries (Figure 5.1). In addition, the ability for 

the HCS assay to be able to routinely produce EC50 analysis allowed for the initiation of a 

medicinal chemistry campaign as part of A·WOL II, which aided the progression of the lead 

candidate (TylAMac™ (Taylor et al. 2019)) as well as AWZ 1066S (Hong et al. 2019). The 

ability to create EC50 data also permitted PKPD modelling, which was used to recommend 

dosing regimens for the in vivo studies (as well as potential human trials) for A·WOL 

candidates (high dose rifampicin (Aljayyoussi et al. 2017a), rifampicin+albendazole (Turner 

et al. 2017), proof of concept drugs (rifampicin, rifapentine, moxifloxacin and minocycline 

(Sharma et al. 2016) and the policy drug (doxycycline). The future benefit to the portfolio of 

the HTS assay is clear with the identification (as discussed in Chapter 4.4.8) of 9 new 

chemical series, almost doubling the number of A·WOL series discovered over the last 10 

years. In general, and in common with many antibiotic classes, the target for most anti-

Wolbachia drugs in the A·WOL portfolio is the inhibition of protein synthesis (Figure 5.2). 

The tetracyclines (doxycycline and minocycline) target protein biosynthesis via the inhibition 

of the 30S subunit whilst the 50S subunit is predicted to be targeted by TylAMac™ (modified 

from the macrolide tylosin). The rifamycins (rifampicin and rifapentine) inhibit the early 

transcriptional stage of protein synthesis through DNA directed polymerase. However, 

fusidic acid inhibits the elongation factor G, later in the protein synthesis pathway (Figure 

5.3). The only other known target within the A·WOL portfolio is the inhibition of DNA 

replication and repair identified through the quinolones (POC drug and lead series). 
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Figure 5.3. Predicted drug targets for registered antibiotics within the A·WOL drug portfolio. 

 

However, the breadth of the portfolio drug targets maybe much wider as the drug target is 

unknown for the remaining candidate AWZ 1066S, all of the lead series except quinolones 

and the early stage series. Furthermore, the identification of the fast-acting series including 

AWZ 1066S and the AstraZeneca lead series, is suggestive of bactericidal activity. 

Experimental confirmation of this bactericidal activity is required and is likely to reveal a 

novel mode of action. 

 

5.5. Future prospects for the A·WOL drug portfolio 

A·WOL compounds which have progressed through to the drug candidate stage are awaiting 

progression for clinical development by DNDi. These product development partnerships 

(PDP) have become more common since the turn of the millennium. This model for the 

latter stages of the drug discovery process have certain advantages including spreading the 

financial cost and risk across a number of partners. In addition, as the return on investment 

is lives saved and not money made, commercial viability will not cause the failure of a drugs 

progress or cut short promising candidates. The final benefit is the collaborative aspect, 

which brings together knowledge from a variety of sources both academic and commercial 

as well as different expertise (Chatelain and Loset 2011; Burrows et al. 2014).  
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One of A∙WOL’s lead candidates, TylAMac™, has successfully completed phase I clinical trials 

and is progressing to phase II in a partnership between LSTM, Abbvie and DNDi (Taylor et al. 

2019). The back-up drug candidate AWZ 1066S (Hong et al. 2019) is currently undergoing 

pre-clinical development.  

Although target confirmation (fusidic acid, rifampicin and TylAMac™) or identification (AWZ 

1066S) for these candidates is not a formal requirement, this work is currently being 

investigated within A·WOL to enable resistance management and monitoring. Protocols 

developed as part of this work for anti-Wolbachia target identification could subsequently 

be utilised against other A·WOL candidates or lead series. Target identification would be of 

interest to further profile A∙WOL’s “Fast Acting” lead chemotypes. These fast-acting 

chemotypes include AWZ 1066S and the 5 series discovered from the A·WOL-AstraZeneca 

screening campaign discussed in Chapter 4. All five of the A·WOL-AstraZeneca series show 

higher Wolbachia reduction after 2 days of treatment compared to all other A·WOL 

candidates. This difference in activity of the fast-acting compounds, as well as their 

chemically diversity suggests a potentially novel drug target. If a new anti-bacterial target is 

identified this could have benefits to the wider antibiotic discovery community. 

The selection of additional candidates to the A·WOL portfolio would now be bench marked 

against the fast-acting back-up lead candidate AWZ 1066S. Work to date on the 5 series 

discovered from the A·WOL-AstraZeneca collaboration fall into this category. Progression of 

these hits will require PKPD modelling, followed by in vivo larval and adult B. malayi efficacy 

testing. These in vivo studies require the production of additional compound; therefore, 

prioritisation on the most promising candidates is necessary. As discussed in this thesis and 

by Clare et al. (2019a), cluster 139 (Cluster 5A in Clare et al. 2019a) is currently being 

prioritised. The prioritisation of Cluster 5A is due to its favourable chemistry for SAR and 

suitable all-round properties, including lower solubility and moderate metabolic stability, 

which are amenable to medicinal chemistry development. Progression of this series would 

first focus on the production of analogs to identified and further improved compounds from 

this series. Scale up in the quantity of the compounds would then allow testing in the in vivo 

screens.   
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5.6. Conclusion 

This thesis presents the development of a HCS and HTS screen in a stably Wolbachia 

infected cell line, as well as the adaptation of a B. malayi in vitro assay to provide time kill 

data for the discovery of faster-acting anti-Wolbachia compounds. These assays have 

provided the tools to accelerate the A·WOL drug discovery programme. The HCS and HTS 

assays have increased the throughput of compound screening capabilities, which in turn has 

allowed for the expansion in the quantity of compounds being screened from thousands to 

millions. As well as providing abundant hits (>20,000) from the primary screening, these 

assays have provided EC50 data which has improved potency outputs to prioritise in vivo 

studies, but also the PKPD modelling to aid dosage predictions for in vivo studies and clinical 

trials. The development of the Wolbachia time kill assay in mf, has identified a new group of 

“Fast Acting” series including the 5 series from the final output of the HTS screening 

campaign. These 5 series have utilised all three assays and through cheminformatic 

prioritisation are predicted to further reduce the timeframe of anti-Wolbachia treatments. 

The progression of these 5 fast-acting series of compounds will require additional medicinal 

chemistry and in vivo screening. Novel anti-Wolbachia treatments, especially those with a 

fast-acting profile (< 7 days) would be an important tool in three scenarios. Firstly, providing 

an alternative strategy for areas where existing MDA implementation is restricted e.g. co-

endemicity with Loa loa. Secondly, in areas of high prevalence, hard to reach locations and 

in populations with evidence of sub-optimal responses to MDA drugs, where transmission 

hotspots required enhanced programmatic approaches. The curative nature of anti-

Wolbachia treatments would dramatically shorten the number of rounds of treatments 

required in these settings and increasing the chances of elimination success. Thirdly, a 

curative drug regimen would improve 'mop-up' strategies in the endgame of during 

surveillance of endemic areas following the cessation of MDA programmes and provide a 

point-of-care treatment for individual cases.  
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Appendix 

 

Primer design for the qPCR analysis in the tertiary screen developed by A·WOL. The primers are 
based on either Brugia malayi wsp (surrogate for Wolbachia quantification) or Brugia malayi gst (surrogate for 
worm quantification). 

 

 

 


