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Abstract 

Alpha-1 antitrypsin deficiency (AATD) is a genetic disorder which involves the toxic aggregation 

of misfolded mutant alpha-1 antitrypsin (AAT) protein, within the endoplasmic reticulum of 

hepatocytes, where it is synthesised. AAT is a protease inhibitor, which regulates lung tissue 

turnover. Loss of AAT protection in the lung leads to pulmonary disease (COPD and 

emphysema), and accumulation of mutant AAT in the liver can lead to inflammation, cirrhosis 

and hepatocellular carcinoma. Current treatments are limited to liver transplantation and 

symptomatic relief, meaning there is an urgent need for novel therapies. This thesis study 

aimed to recapitulate the liver component of AATD in the genetic model organism C. elegans. 

The transgenic worm expressed the mutant form of the protein (ZAAT) in the muscle, which 

gave rise to a growth/motility deficient phenotype. The mutant phenotype was characterised 

using the in-house automated high-throughput imaging system INVertebrate Automated 

Phenotyping Platform (INVAPP). The capabilities of this system as a high-throughput screening 

tool are illustrated using nematode growth and motility and by screening of an open source 

(Pathogen Box) small molecule library on C. elegans. Hits included auranofin, currently 

indicated for rheumatoid arthritis, isradipine and tolfenpyrad. 

The powerful combination of the worm model of AATD displaying a growth/motility deficient 

phenotype and the ability to quantify this phenotype using the INVAPP imaging system 

allowed the development of high-throughput screening protocols to search for novel modifiers 

of AATD. Three such screens were developed and carried out in this study. A drug library 

screen was undertaken to search for small molecules which rescue the transgenic worm 

movement deficiency phenotype. A high-throughput genome-wide RNAi screen was 

performed for 2 of the 6 chromosomes of C. elegans. A chemically-induced forward genetic 

screen was also undertaken to search for novel genetic modifiers of the mutant phenotype. 

Preliminary hits from the screens were investigated and validated for their relevance to AATD. 
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Impact statement 

The work presented in this thesis study includes demonstrating the capabilities of a novel high-

throughput nematode imaging system, characterising a newly generated C. elegans model of 

alpha-1 antitrypsin deficiency (AATD) and developing and performing three new screening 

strategies on the worm model of AATD to search for chemical and genetic modifiers of disease. 

The applications of the novel high-throughput imaging system, INVertebrate Automated 

Phenotyping Platform (INVAPP) are two-fold. First, its use in screening of nematodes for new 

anthelmintic compounds was demonstrated by screening an open source library of small 

molecules and identifying compounds with such properties. Parasitic nematodes infect 

hundreds of millions of people and their livestock worldwide, therefore a system which is able 

to screen for anti-parasitic compounds rapidly is likely to prove extremely useful in drug 

discovery for these often neglected tropical diseases. Secondly, its use in chemical and genetic 

screening on nematode models of human disease could prove extremely valuable in the search 

for new therapies. Diseases which have been modelled in C. elegans ƛƴŎƭǳŘŜ tŀǊƪƛƴǎƻƴΩǎ 

ŘƛǎŜŀǎŜΣ ǎǇƛƴŀƭ ƳǳǎŎǳƭŀǊ ŀǘǊƻǇƘȅΣ IǳƴǘƛƴƎǘƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΦ thenotypic 

screening of worm models of disease has proved fruitful in bringing treatments to clinical 

trials, thus the high-throughput nature of INVAPP provides a valuable opportunity to broaden 

the scope and speed up the search for novel modifiers of disease. Indeed, there has already 

been considerable industrial interest in using the imaging system to test compounds on 

nematode models of human disease, which could result in an advantageous collaboration 

between the research group and a large pharmaceutical company. A scientific article outlining 

the capabilities of INVAPP has also been published in the International Journal of Parasitology, 

Drugs and Drug Resistance (2018) 8(1):8-21. 
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The full characterisation of a new C. elegans model of AATD offers great potential in 

elucidating key disease mechanisms and contributing to the wider research area of protein 

misfolding diseases. Such a model could also prove useful in the quest for the identification of 

small molecules or candidate drug targets with the potential to ameliorate disease. The 

development of three screening methods including a small molecule screen, a whole genome 

RNAi knock down screen and a forward mutagenesis screen using the worm model of AATD, 

provides the platform from which it is possible to discover such novel chemical or genetic 

modifiers of disease. Modifiers could then be evaluated for their clinical relevance and, where 

appropriate, be taken forward for testing in higher order animals or potentially in humans. 

Additionally, small molecules identified from in vitro screening or designed based on structural 

information from the alpha-1 antitrypsin protein can be rapidly tested on the C. elegans model 

of AATD. This facilitates the acquisition of in vivo data with relative ease and at low cost 

compared with often challenging mouse experiments. Taken together, the development of 

INVAPP, the C. elegans model of AATD and three screening strategies could (a) expand our 

understanding of this and other diseases, and (b) lead to the discovery of novel therapies for 

AATD, other diseases and the control of pathogens. 
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Chapter 1 Introduction 

1.1 The serine protease inhibitors and alpha-1 antitrypsin (AAT) 

The serine protease inhibitor (serpin) superfamily is present in both eukaryotes and 

prokaryotes and consists of around 500 intracellular and extracellular proteins, with the 

majority acting as proteinase inhibitors [1]. Inhibitory serpins regulate complex biological 

cascades such as blood clotting (by thrombin and factor Xa), fibrinolysis (by plasminogen 

activator inhibitor-1) and inflammation (by alpha-1 antitrypsin, AAT) [2]. Non-inhibitory serpins 

include the endoplasmic reticulum (ER)-localised heat shock protein (HSP)47 [3] and cortisol-

binding globulin, a hormone-transporting protein expressed in the liver [4]. 

AAT is the archetypal member of the serpin superfamily; its conserved structure, consisting of 

ǘƘǊŜŜ ʲ-sheets and nƛƴŜ ʰ-helices, allows it to inhibit a wide range of proteinases including 

trypsin, chymotrypsin, cathepsin G, plasmin, thrombin and plasminogen [5]; however its main 

physiological target is neutrophil elastase [6]. It is a 394 residue, 52KDa glycoprotein, encoded 

by the SERPINA1 gene and produced predominantly in hepatocytes [7]. It is also present in 

lung [8] and gut [9] epithelia, neutrophils [10] and alveolar macrophages [11]. It is the most 

abundant circulating serpin; a normal healthy human produces more than 2g of AAT per day 

resulting in a serum concentration of approximately 2mg/ml [12]. AAT is expressed with a 

secretion tag containing hydrophobic residues therefore targeting it to the ER for folding and 

glycan addition prior to secretion [13]. 

Wild type (M)AAT is secreted from hepatocytes into the circulation [14], from where it enters 

the lung and performs its main antiprotease function. There, it regulates the proteolytic effects 

of neutrophil elastase, protecting pulmonary tissue from destruction due to excessive elastin 

degradation [6]. 
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1.2 The structure and inhibitory mechanisms of AAT 

¢ƘŜ !!¢ ƳƻƭŜŎǳƭŜ όǎƘƻǿƴ ƛƴ CƛƎǳǊŜ мΦмύ Ŏƻƴǘŀƛƴǎ ф ʰ-helices (termed A-Lύ ŀƴŘ о ʲ-sheets 

(termed A-C) with the ƭŀǊƎŜ ʲ-sheet A defining the front face of the molecule. Analogous to 

other serpins, AAT uses a suicide-trapping mechanism to inhibit enzymes as opposed to the 

simple non-covalent lock and key mechanism employed by other proteinase inhibitors [15]. 

The suicide-ǘǊŀǇǇƛƴƎ ƳŜŎƘŀƴƛǎƳ ǊŜǉǳƛǊŜǎ ǘƘŜ ǎŜǊǇƛƴ ǘƻ ǊŜƳŀƛƴ ƛƴ ŀ ƳŜǘŀǎǘŀōƭŜ ΨŀŎǘƛǾŜ ǎǘŀǘŜΩ 

which is readily able to change conformation and allow the transfer of energy to the 

proteinase which traps the enzyme in a catalytically unfavourable conformation [16]. The 

transition from this active state to a more stable confirmation during the suicide inhibition 

demands a major conformational change involving the exposed reactive centre loop (RCL) and 

ƳŀƧƻǊ ʲ-sheet A; a feature common to most serpins [2]. 

In AAT, the exposed RCL allows the docking of neutrophil elastase. Cleavage of the RCL apical 

peptide bond follows. Elastase becomes covalently bound to the adjacent residue forming a 

covalent serpin-proteinase complex. AAT then switches from a stressed to a relaxed form, 

which modifies the configuration of the complex thereby translocating the elastase to the 

opposite pole of the AAT molecule [17]. Simultaneously, the cleaved reactive loop inserts as an 

ŜȄǘǊŀ ŎŜƴǘǊŀƭ ʲ-ǎǘǊŀƴŘ ǿƛǘƘƛƴ ŀƴ ǳƴŘŜǊƭȅƛƴƎ ʲ-pleated sheet (sheet A). This thermodynamically 

favourable conformational change traps and distorts the catalytic machinery of the enzyme, 

rendering it unable to regenerate [17] (Figure 1.2A). The protein-enzyme complex is cleared 

from the circulation by the liver via uptake by lipoprotein receptors on hepatocytes [18]. 
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Figure 1.1. The structure of alpha-1 antitrypsin (AAT). (A) View from the back of the molecule. 

(B) View ŦǊƻƳ ǘƘŜ ŦǊƻƴǘ ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŜΦ ʲ-sheets are shown in red, orange and yellow; the 

reactive centre loop is shown in purple with the cleavage site in green. The position of the Z 

mutation is represented by the ball and stick. The shutter region is the hydrophobic core of the 

ǇǊƻǘŜƛƴ ƭƻŎŀǘŜŘ ōŜƘƛƴŘ ʲ-sheet A. Structure generated using the software Chimera [19] based 

on PDB structure 1QLP [20]. 

 

1.3 AAT polymerisation underpins alpha-1 antitrypsin deficiency 

The serpinopathy alpha-1 antitrypsin deficiency (AATD) is caused by point mutations in the 

SERPINA1 gene and is inherited in an autosomal recessive pattern. It was first described by 

Laurell and Eriksson (1963), who observed the absence of the alpha-1 band when visualising 

serum proteins by electrophoresis [21]. Presently, over 150 mutations in SERPINA1 have been 

described. The most common disease-causing allele, a glutamate to lysine substitution at 

position 342, is termed Z. Most patients with severe AATD (>95%) are homozygous for the Z 

allele, a condition which affects approximately 1 in 1600 to 1 in 2000 individuals of Northern 

European descent [22, 23]. The Z mutation allows the insertion of the flexible RCL from one 
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!!¢ ƳƻƭŜŎǳƭŜ ƛƴǘƻ ǘƘŜ ʲ-sheet of another to produce ordered multimeric assemblies, termed 

polymers, via the transient formation of an unstable intermediate (M*) during the initial fast 

phase of polymerisation [24]. The ZAAT protein polymers accumulate as insoluble aggregates 

which are retained within the ER of hepatocytes in diastase-resistant inclusion bodies [25]. The 

mechanism of polymerisation is not fully understood, though three mechanisms have been 

proposed and are described in Figure 1.2 (B, C and D). 
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Figure 1.2. Structure and binding mechanisms of AAT. (A) The mechanism of AAT docking with 

elastase and the final inverted inhibitory complex. (B) The loop-sheet model of polymerisation 

ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ½ Ƴǳǘŀǘƛƻƴ ƛƴ !!¢ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ŘŜǎǘŀōƛƭƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ǘƻǇ ƻŦ ʲ-sheet A causing 

the RCL to partially insert into this region. The change in overall structure makes it possible for 

ǘƘŜ w/[ ƻŦ ŀƴƻǘƘŜǊ !!¢ ƳƻƭŜŎǳƭŜ ǘƻ ǘƘŜƴ ƛƴǎŜǊǘ ƛƴǘƻ ǘƘŜ ƭƻǿŜǊ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ ʲ-sheet [26]. (C) 

The beta-hairpin model is a domain swap mechanism between over 50 residues of strands 4A 
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ŀƴŘ р!Φ ¢Ƙƛǎ ǎǿŀǇǇƛƴƎ ƎƛǾŜǎ ǊƛǎŜ ǘƻ ŀ ʲ-ƘŀƛǊǇƛƴ ǿƘƛŎƘ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ƛƴǎŜǊǘ ƛƴǘƻ ʲ-sheet A of 

another AAT molecule [27]. This mechanism is unlikely to underlie physiological polymer 

formation as it is not supported by electron micrograph images of polymer isolated from 

ǇŀǘƛŜƴǘǎΩ ƭƛǾŜǊǎ [28]. (D) The C-ǘŜǊƳƛƴŀƭ ƳƻŘŜƭΦ ¢ƘŜ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ƭƛƴƪŀƎŜ ƛƴǾƻƭǾŜǎ ǘƘǊŜŜ ʲ-

ǎǘǊŀƴŘǎ ŎƻƳǇƭŜƳŜƴǘƛƴƎ ʲ-ǎƘŜŜǘǎ . ŀƴŘ / ŀƴŘ ǘƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ ʲ-sheet A to accept the RCL of 

another AAT molecule [29].  ̡ -sheet A is shown in blue and the reactive centre loop in red. Taken 

from Gooptu et al. (2014) [7]. 

 

Other mutations in the SERPINA1 gene give rise to varying deficiencies of plasma AAT 

correlating with differing severity of disease. The S allele (Glu264Val) occurs in up to 1 in 5 

Northern Europeans; S homozygotes display AAT levels approximately 60% of that of M 

homozygotes, though do not result in any significant clinical disease [30]. Three rarer 

mutations resulting in the most profound plasma deficiency and hepatic inclusions are Siiyama 

ό{ŜǊроtƘŜύΣ aƳŀƭǘƻƴ όɲtƘŜрнύ ŀƴŘ YƛƴƎΩǎ όIƛǎооп!ǎǇύ [31]. The Null Hong Kong (NHK) allele 

arises due to a frameshift mutation resulting in a premature stop codon at residue 334. This 

generates a truncated form of the protein, which is efficiently degraded in the ER. Plasma 

levels of AAT are consequently undetectable [32]. 

1.4 Pathology of AATD 

¢ƘŜ ƴŀǘǳǊŜ ƻŦ !!¢5 ƛǎ ǘƘŀǘ ƻŦ ŀ ƎŜƴŜǘƛŎ άƎŀƛƴ ƻŦ ŦǳƴŎǘƛƻƴέ ŀƴŘ άƭƻǎǎ ƻŦ ŦǳƴŎǘƛƻƴέ ŘƛǎƻǊŘŜǊΦ 

Polymer inclusion within the liver underlies the gain of function phenotype. Approximately 

70% of mutant ZAAT is thought to be removed by ER-associated degradation (ERAD) [7], and 

approximately 10-15% folds correctly and is secreted; however, the remainder self-assembles 

into ordered polymers. An unknown portion of these are degraded by autophagy whereas the 

rest aggregate as inclusions within the ER [33]. ZAAT polymers which have been isolated from 

the hepatocytes of AATD patients, can be seen in Figure 1.3. The hepatotoxic polymer 

accumulation can cause neonatal hepatitis and predispose individuals to cirrhosis and 
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hepatocellular carcinoma [34]. Hepatocytes containing inclusion bodies are also more sensitive 

to exogenous factors, which increases cell death and limits regeneration [35]. Indeed, alcohol 

consumption and a high fat diet can greatly exacerbate the condition and worsen liver 

pathology. 

 

Figure 1.3. Polymeric ZAAT protein isolated from inclusion bodies from AATD patient 

hepatocytes visualised by negative stain imaging. Chains of protein polymers can be seen with 

ǘƘŜƛǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ άōŜŀŘǎ-on-a-ǎǘǊƛƴƎέ ŀǇǇŜŀǊŀƴŎŜ [36]. Image adapted from Lomas et al. 

(1992) [25]. 

 

A decrease in circulating plasma and lung levels of functional monomeric AAT is key to the loss 

of function phenotype [37]. As a result of reduced anti-proteinase activity in the lung, damage 

to parenchyma is unregulated. Prolonged over-activity of neutrophil elastase leads to 

destruction of pulmonary connective tissue and loss of alveolar units. Consequently, patients 

commonly present with emphysema [21] or chronic obstructive pulmonary disease (COPD) 

[38]. The presence of pro-inflammatory polymers in the lung has also been detected by 

bronchoalveolar lavage [39]. Polymers in the lung have been shown to be chemotactic for 

neutrophils which mediate further inflammation [40]. Smoking also exacerbates pulmonary 

disease in AATD, due to the oxidation of key methionine residues to sulphoxides by hydrogen 
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peroxide, resulting in reduced anti-neutrophil elastase activity [41]. Patients with AATD are 

also affected by asthma, granulomatosis with polyangiitis and panniculitis [42]. 

1.5 Current treatment strategies for AATD 

Currently, as there is no AATD-specific therapy, treatment of patients is aimed at controlling 

symptoms or treating the presenting condition e.g. emphysema or COPD regardless of the 

underlying cause [30]. Interventions can include smoking cessation to prevent disease 

progression [43], inhalation of bronchodilators and corticosteroids, vaccinations against 

influenza and pneumonia and oral corticosteroid and antibiotic use during periods of disease 

exacerbation. Lung volume reduction surgery can prove beneficial in some cases, although 

improvements in lung function and exercise capacity tend to be short term [44]. Lung 

transplantation is considered an option for individuals with end-stage emphysema; AATD 

patients accounted for 3.2% of lung transplants in 2009 in the International Society for Heart 

and Lung Transplantation Registry. Post-operative survival rates are comparable with patients 

who do not have AATD [30]. 

Given that a decrease in circulating functional AAT is the basis of lung disease associated with 

AATD, one therapy involves augmenting plasma protein levels via intravenous (IV) infusion of 

MAAT isolated from donor plasma. Weekly doses of 60mg/kg of MAAT are transfused into 

AATD patients to maintain plasma levels aboǾŜ ŀ άǇǊƻǘŜŎǘƛǾŜ ǘƘǊŜǎƘƻƭŘέ ƻŦ улƳƎκŘ[ [45]. AAT 

replacement therapy is only licensed in certain countries to prevent progression of lung 

disease and therapeutic preparations are available for example in the USA and Spain [46]. IV 

infusions of AAT are well tolerated with low levels of reported side effects, however 

unfortunately, there is limited evidence that replacement therapy in fact provides any clinical 

benefit to AATD patients [47]. Consequently, it is not offered as a therapy in the UK. 

Liver and lung function of AATD patients is continually monitored and if severe cirrhosis has 

developed, liver transplantation is considered, and indeed is sometimes the only therapeutic 
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option [48]. AATD patients account for 1% of all adult liver transplants and 3% of paediatric 

liver transplants, with good survival rates comparable to those of general liver transplantation 

[49]. Interestingly, the transplanted liver continues to produce AAT levels of the donor [50], 

which can also result in the improvement in lung function by the effective control of 

pulmonary neutrophil elastase degradation [51]. 

1.6 Molecular pathways involved in polymer accumulation 

1.6.1 ERAD and UPR 

Normally, misfolded protein accumulated within the ER will activate the unfolded protein 

response (UPR), as is the case with the NHK variant of AAT [32]. The triggering mechanism of 

the UPR is disputed, however it is thought that increased levels of misfolded proteins 

sequester the heat shock protein-70 chaperone BiP away from the ER stress sensor molecules 

protein kinase R-like endoplasmic reticulum kinase (PERK), inositol requiring enzyme 1 (IRE1) 

and activating transcription factor 6 (ATF6), thus releasing them from an inhibitory interaction 

[52, 53]. The purpose of the UPR is to clear proteins which are already misfolded and prevent 

misfolding of newly synthesised ones. The UPR adaptive measures include transcription of ER 

chaperone genes to promote correct folding along with genes implicated in ER-associated 

degradation (ERAD) [54]. ERAD causes degradation of misfolded proteins via the ubiquitin-

proteasome system. It involves retrotranslocation of the protein to the cytosol where the 

proteasome resides. Substrates of this process are selected based on their residence time 

within the ER; cycles of sugar moiety modifications identify proteins that have been retained in 

ǘƘŜ 9w ǘƻƻ ƭƻƴƎΦ 9w ʰ-1,2 mannosidase I (ERManI) trims mannose residues from N-glycan 

groups of AAT to trigger a signal for degradation [55]. A large proportion (around 70%) of 

mutant monomeric AAT is removed by ERAD (Figure 1.4). The rate of ZAAT folding is slower 

than that of M, potentially due to the point mutation, and so would be susceptible to a 

residence time-based ERAD mechanism [56]. Alternatively, the non-native conformation of the 



25 
 

intermediate protein prior to polymerisation could be targeted by ER quality control systems 

[28]. An unknown amount of polymerogenic AAT is degraded via autophagy [57], which is able 

to degrade much larger structures, such as polymers (Figure 1.4). Numerous autophagosomes 

were detected in mouse livers expressing ZAAT and in liver biopsies from AATD patients [58]. 

Protective degradation pathways are however not inexhaustible, and cells overwhelmed by 

misfolded ER proteins undergo the last resort of the UPR: apoptosis [59]. Indeed, the 

accumulation of ZAAT polymers has been shown to induce cell death [35]. 

 

Figure 1.4. Secretion and degradation pathways of AAT. Wild type MAAT protein folds normally 

and efficiently traffics through the Golgi before secretion into the blood plasma. Soluble 

monomeric mutant ZAAT protein is secreted from the ER and is thought to be degraded by the 

proteasome via ERAD. Some polymeric mutant ZAAT protein is degraded via autophagy whereas 

the rest aggregates and accumulates within the ER. Figure adapted from Ghouse et al. (2014) 

[48] 

 

Curiously, cell line and transgenic mouse studies have shown that accumulation of polymeric 

ZAAT in the ER is not associated with UPR activation [33]. In contrast, accumulation of 



26 
 

truncated, non-polymerogenic mutant AAT (e.g. NHK variant) in the ER does induce the UPR 

[60]. The fact that polymers are structurally ordered molecules rather than misfolded 

disorganised proteins could in part explain the lack of UPR activation, however further 

elucidation of the mechanism is required. 

Retention of polymerogenic ZAAT alone is not sufficient to trigger the UPR, however the stress 

ƻŦ ŀ ΨǎŜŎƻƴŘ ƘƛǘΩ ǎǳŎƘ ŀǎ Ǝlucose depletion, tunicamycin or the presence of another misfolded 

protein causes hypersensitivity of cells to ER stress. This can in turn lead to a more marked 

UPR activation [61]. It has been shown in cell models and in ZAAT patient liver cells that the 

accumulation of polymerogenic ZAAT causes gross morphological changes to the structure of 

the ER [62]. However, the relationship between morphology and molecular mechanisms of ER 

stress and the UPR is not resolved. There is still much to be learned about the details of this 

ΨǎŜŎƻƴŘ ƘƛǘΩ ǇƘŜƴƻƳŜƴƻƴ ŀƴŘ ƛts full repercussions on the cell. 

1.6.2 The ER overload response 

Some mutant forms of AAT such as the NHK allele do indeed cause ER stress, however, 

intriguingly, the Z polymeric form of AAT induces little or no ER stress. In the absence of ER 

stress and UPR activation, the build-up of misfolded protein within the ER leads to an event 

termed the ER-overload response. The ER-overload response is distinct from the UPR in that it 

occurs when misfolded proteins accumulate and distend the ER [63]. NF-ˁ. ƛǎ ŀ ƘŀƭƭƳŀǊƪ ƻŦ ǘƘŜ 

ER-overload response and its constitutive activation has been observed in cell models of ZAAT 

ER-accumulation [61]. The mechanism by which NF-ˁ. ƛǎ ŀŎǘƛǾŀǘŜŘ ƛǎ ƴƻǘ ƪƴƻǿƴΣ ƘƻǿŜǾŜǊ ŀ 

pathway distinct from the UPR mediated by calcium has been implicated [63]. The ER-overload 

response ensues the release of the cytokines interlukin-6 (IL-6) and IL-8, both of which are 

known mediators of acute and chronic inflammation [61]. These pro-inflammatory cytokines 

could play a key role in the pathology of lung and liver damage in AATD, though the events 

leading to liver damage remain to be determined. 
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1.7 Modelling the disease AATD 

1.7.1 Cellular models of AATD 

The use of cellular models in AAT research has been informative with regard to polymer 

accumulation resulting from mutant forms of AAT. Utilising cell lines such as HEK, CHO or COS-

7 transfected with M, Z or other disease-causing mutations has provided key information on 

degradation pathways involved in disease (as previously discussed), the mechanisms of cellular 

stress and potential injury and also on the kinetics of AAT synthesis and secretion [64]. Human 

induced pluripotent stem cells (hiPSCs) provide an excellent opportunity to model AATD on a 

cellular level as they allow the expression of proteins of interest from endogenous promoters. 

Fibroblasts isolated from the skin of AATD patients have been used to generate patient-specific 

Ƙƛt{/ ƭƛƴŜǎΦ ¢ƘŜ ƭƛƴŜǎ ǿŜǊŜ ŘƛŦŦŜǊŜƴǘƛŀǘŜŘ ƛƴǘƻ ΨƘŜǇŀǘƻŎȅǘe-ƭƛƪŜ ŎŜƭƭǎΩ ǳǎƛƴƎ ŀ ƴƻǾŜƭ ǇǊƻǘƻŎƻƭ 

where pluripotency was initiated by a chemically defined medium containing olyvinyl alcohol, 

activin, FGF2, BMP-4 and a PI3K inhibitor. Differentiation was induced by incubation with 

growth factors and cytokines. The resulting cells were capable of albumin secretion and 

cytochrome P450 metabolism and recapitulated the key cellular feature of AATD: the 

aggregation of polymerised ZAAT within the ER [65]. The same study showed that the cells 

could be re-programmed to genetically correct the Z mutation [66]. Furthermore, when 

implanted into the livers of mice, the hiPSCs integrated into the organ and functioned as 

mature healthy human hepatocytes. Not only does this aid in the understanding of cell line-

specific polymer accumulation and proteotoxicty, it also potentially paves the way to a 

personalised approach of novel cellular therapeutics [67]. However, the challenge with regards 

to hiPSCs as a potential therapy is to obtain cells that are more like the fully-differentiated 

hepatocyte and which are safe to use in humans [68]. 
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1.7.2 Yeast models of AATD 

A transgenic AATD model was created using the budding yeast, Saccharomyces cerevisiae, 

engineered to express human AAT protein [69]. The model implicated a role of the ERAD 

degradation pathway in the disposal of mutant ZAAT by implicating a process requiring the 

proteasome [70] and the hsp70 homologue BiP/Kar2p [71]. A forward genetic screen using the 

mutagenizing agent ethyl methane sulfonate (EMS) was performed using the yeast model of 

AATD to search for mutations resulting in defective ZAAT protein degradation. The screen 

involved a colony-blot immunoassay to identify mutant strains which accumulate high levels of 

ZAAT. The screen identified 30 mutants which were deficient in degradation [72]. One 

interesting mutant, add3 was caused by a mutation in VPS30/ATG6, which encodes a 

component of a PI3K involved in the regulation of membrane trafficking and an essential role 

in autophagy [56]. Mutations in the autophagy specific PI3K gene, ATG14 cause the 

accumulation of ZAAT aggregates within the ER and also constitutive activation of the UPR. 

Deletions in genes known to be involved in the UPR were tested in the same AAT colony-blot 

immunoassay screen and 6 additional mutants were identified in several genes not previously 

associated with protein degradation [73]. One such mutant implicated the protein add66p, a 

cytoplasmic protein that interacts with Pba1p and associates with proteasome precursors, 

facilitating the assembly and function of the proteasome [74]. Add66p and ire1 deletion 

double mutants were found to be hypersensitive to the UPR-inducer dithiothreitol (DTT) [75]. 

Thus, both autophagy and the proteasome are implicated in ZAAT degradation. 

A yeast screen, using cellular toxicity, instead of protein accumulation as a readout, addressed 

the question of how accumulation of ZAAT protein leads to cell damage and death. The S. 

cerevisiae genome-wide deletion library was screened to search for mutants which specifically 

restricted growth of ZAAT-expressing but not MAAT-expressing or empty vector control yeast 

[76]. Five out of the 31 genes identified in the screen had human orthologues. Some of the 
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genes were previously associated with AATD degradation, such as the ERAD-associated E3 

ubiquitin ligase HRD1, known to aid clearance of misfolded ZAAT protein and hence protect 

against toxicity [77, 78]. The cellular protective roles of other genes, such as the mitochondrial 

ribosomal component, MRPL1, are not yet known, but could lead to the elucidation of novel 

mechanisms involved in cellular injury downstream of mutant ZAAT accumulation. 

As valuable as cellular-based AATD models are, there are of course limitations with regard to 

recapitulating a disease, which affects multiple systems in a whole organism. The crucial 

involvement of other cell types, tissues and organs cannot be addressed fully using cell models 

of disease. This can pose problems when attempting to translate drug candidates identified 

from in vitro studies into efficacious in vivo therapies. Insights into drug toxicity, 

pharmacokinetics and pharmacodynamics cannot be derived from in vitro studies. In order to 

better represent AATD, the use of animal models of disease is crucial. 

1.7.3 A Drosophila model of familial encephalopathy with neuroserpin 
inclusion bodies (FENIB): a serpinopathy. 

FENIB is a serpinopathy that results in the intracellular accumulation of the protease inhibitor 

ƴŜǳǊƻǎŜǊǇƛƴ ƛƴ ƛƴŎƭǳǎƛƻƴǎ ƪƴƻǿƴ ŀǎ /ƻƭƭƛƴΩǎ ōƻŘƛŜǎ ǿƛǘƘƛƴ ƴŜǳǊƻƴŀl cells [79]. It is an autosomal 

dominant dementia, where the aggregation of neuroserpin polymers causes neuronal cell 

death and results in cognitive deficits [80]. Drosophila was selected as a model organism for 

FENIB due to its close genetic orthology to humans, up to 70%, [81] as well as its fast and 

inexpensive culture in a laboratory setting. The relative ease of generating transgenic strains of 

Drosophila expressing human wild type and mutant serpins using the tissue-targeting GAL4-

UAS system is a key advantage of the fruit fly [82]. Human serpins expressed in the fly eye or 

brain have given rise to distinct phenotypes which include degenerative behavioural changes, 

developmental deficits and biochemical irregularities. Deficits in climbing correlating with 

levels of accumulation of neuroserpin polymers in the eye and brain were observed after 
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eclosion. Interestingly, there was no observed difference in median survival of flies expressing 

wild type, mutant or control neuroserpin [83]. This model reported a correlation between 

polymer load and neurological disease in vivo; however, the subtlety of the climbing 

phenotype and Drosophila culture methods could limit its usefulness for high-throughput 

chemical and genetic screening. Another disadvantage to working with Drosophila is that 

mutant strains cannot be frozen and retrieved [84]. 

1.7.4 Murine models of AATD 

The first transgenic mouse expressing human ZAAT, known as the PiZ mouse, was generated in 

ǘƘŜ ƭŀǘŜ мфулΩǎΦ Lǘ ǿŀǎ ŎǊŜŀǘŜŘ ōȅ ŎƭƻƴƛƴƎ ŀ мпΦпƪō ŦǊŀƎƳŜƴǘ ƻŦ 5b! ǘƘŀǘ ŎƻŘŜǎ ŦƻǊ ǘƘŜ ƘǳƳŀƴ 

½!!¢ ƎŜƴŜ ǿƛǘƘ нƪō ƻŦ ŦƭŀƴƪƛƴƎ оΩ ŀƴŘ рΩ ƎŜƴƻƳƛŎ ǎŜǉǳŜƴŎŜǎ ƛƴǘƻ ǘƘŜ ƎŜǊƳƭƛƴŜ ƻŦ ƳƛŎŜ [85]. 

The mice were shown to synthesise human AAT in the liver, accumulate hepatic intracellular 

ZAAT polymer within the rough ER and secrete low levels of protein into the circulation; all 

features seen in the human disease state [86]. The mice also expressed high levels of human 

ZAAT in the kidney leading to the observation that the endogenous mouse gene is also 

expressed in the kidney [85]. 

The mouse is an attractive model organism for human disease studies due to its strong genetic 

and physiological overlap with humans. However, mice are very expensive to maintain, there 

are strict controls on using them for research purposes, their generation time and life span are 

long and they are not amenable to high-throughput genetic or chemical screens [87]. There 

are concerns over use of the PiZ mouse, as it contains multiple copies of the human gene in 

each cell. This overexpression of the mutant protein means it is an exaggerated model of 

polymer accumulation [88]. Liver disease in PiZ mice has been broadly characterised and has 

been found to recapitulate several features of human disease such as the development of 

fibrosis and hepatocellular carcinoma [35, 89, 90]. However, as mice express an endogenous 

murine AAT, they do not develop the pulmonary component of the disorder, making their use 
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limited to the study of liver disease in AATD. The mouse model has been valuable for a number 

of small molecule studies including the testing of autophagy-enhancing compounds for effects 

on hepatic fibrosis [91] as well as for gene therapy testing where mice were treated with viral 

vectors containing siRNAs to inhibit transcription or translation of the mutant gene [92]. 

A group led by Professor Christian Mueller recently resolved the problem of endogenous 

murine AAT activity inhibiting the study of lung disease associated with AATD in mouse 

models. Mice have five AAT genes, and the group succeeded in creating a quintuple mouse 

knock out of all five genes using Clustered Regularly Interspaced Palindromic 

Repeats/Cascade9 (CRISPR/Cas9)-mediated genome editing. CRISPR and CRISPR-associated 

(Cas9) genes function in adaptive immunity in select bacteria and archaea to protect against 

invading genetic material. The invading DNA is cut into fragments and is incorporated into a 

CRISPR locus. The loci are transcribed and processed to generate small RNAs which are used to 

guide effector endonucleases that target the invading DNA based on sequence 

complementarity [93]. The AAT-null mouse model phenotype included absent hepatic and 

circulating AAT which in turn resulted in pulmonary tissue destruction and emphysema due to 

unregulated damage by neutrophil elastase [94]. The recapitulation of the pulmonary 

component of the disorder in a mouse model paves the way for preclinical studies to 

ameliorate lung disease in AATD. Interestingly, the group is now turning its attention to 

developing a ferret model of AATD (funded by a New Foundation Grant). Ferrets only have one 

AAT gene and their lung physiology is more similar to that of a human. The collaboration 

involved Professor John Engelhardt who also developed a ferret model of cystic fibrosis [95]. 

1.7.5 C. elegans as a model organism 

Caenorhabditis elegans (C. elegans) is a non-parasitic nematode worm found worldwide. It was 

ŎƘƻǎŜƴ ŀǎ ŀ ƳƻŘŜƭ ŦƻǊ ōƛƻƭƻƎƛŎŀƭ ǊŜǎŜŀǊŎƘ ƛƴ ǘƘŜ ŜŀǊƭȅ мфслΩǎ ōȅ {ȅŘney Brenner [96]. C. 

elegans has been studied extensively with regard to its genetics and development. It was the 
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first complex eukaryote to have its genome sequenced and although each individual has only 

around 1000 cells, remarkably up to 80% of its genes have homologues in humans. The 

transparency of the worm has facilitated detailed studies of its anatomy (shown in Figure 1.5) 

and physiology and its complete cell lineage has been described [97]. It is the only complex 

organism for which the entire cell lineage is known. For this work, Horvitz, Sulston and Brenner 

were awarded The Nobel Prize in Physiology or Medicine in 2002. The nervous system of C. 

elegans is also the only one for which a complete synaptic wiring diagram is available [98] 

facilitating studies on neural signalling and nervous and neuromuscular disorders. Numerous 

biochemical signal transduction pathways are at least partially conserved between the worm 

and humans [99]; with some pathways highly conserved, such as the transforming growth 

factor-ʲ ǇŀǘƘǿŀȅ ό¢DC-ʲύ [100]. C. elegans are easy to culture and maintain in a laboratory 

setting, they have a rapid life cycle (approximately 3 days from egg to adult), a short lifespan 

(~20 days) and feed on bacteria (typically E. coli in a laboratory setting). Their small size (1mm) 

means ease of storage and a simple dissecting microscope is sufficient for visualisation. Their 

hermaphroditic reproduction, known as selfing, gives rise to genetically-identical progeny and 

mutant strains can be preserved and revived from freezing in glycerol; features facilitating 

genetic studies. 
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Figure 1.5. The anatomy of C. elegans. Major anatomical features of a hermaphrodite (A) and a 

male (B). (A) The dorsal nerve cord (DNC) and ventral nerve cord (VNC) span the entire length of 

the worm from the nerve ring. Worm body wall muscle runs along the length of the animal; two 

out of four muscle quadrants are shown. (B) The nervous system and muscles are not shown in 

this image; the intestinal system can be seen running all the way from the mouth (and pharynx) 

to the anus. (C) Cross-section through the anterior region of the C. elegans hermaphrodite 

(marked with a black line in A) showing the cuticle and epidermis surrounding the four muscle 

quadrants with the intestine and gonad residing within the pseudocoelomic cavity. Image taken 

from The WormBook [101]. 

 

The major attribute of the worm in the study of human disorders is the ease of which its 

genome can be manipulated. The creation of transgenic strains can reflect a host of disease 

states in an intact multicellular organism. Genetic changes can give rise to scorable phenotypes 

and behaviours which lend themselves to automated phenotyping technology [102, 103]. 

Worms can be treated with drugs or small molecules and this coupled with their other 
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attributes make them amenable to high-throughput compound screening. There are however 

limitations to using C. elegans as a molecular research tool and one such concern relates to its 

innate physical and enzymatic defences which allow for survival in the environment. The worm 

is somewhat inaccessible to some pharmacological molecules , meaning that high 

concentrations of drugs are often required to observe changes in phenotype [104]. However, it 

is possible to create strains, which have an increased permeability to small molecules [105]. 

Taken together, C. elegans is an organism of about the right level of complexity to provide 

molecular insight into multicellular life, and complemented by its ease of maintenance and use 

in a research setting, it is an excellent tool for modelling human disease. 

1.7.6 A C. elegans model of FENIB 

C. elegans has been used to study a large number of human diseases, including proteostasis 

mechanisms in protein misfolding and accumulation disorders [106]. One such disease is 

FENIB. In one study, a nematode model for FENIB was described where a homologous 

mutation of the endogenous C. elegans serpin, srp-2 was expressed in the worm with the aim 

of capturing the ER proteotoxicity resulting from mutant neuroserpin accumulation [107]. The 

authors proposed that the accumulation occurs in the lumen of the ER and that it recapitulates 

phenotypic and biochemical features of the human disease, most notably, altered UPR 

signalling. However, this study was directly contradicted by claims that SRP-2 lacks an N-

terminal signal peptide meaning it is instead a member of the intracellular serpin family. Using 

an ER-colocalisation marker and confocal imaging, it was suggested that wild type SRP-2 

localised to the cytosol rather than the ER. It was also shown that an aggregation-prone srp-2 

mutant formed intracellular inclusions also in the cytosol [108]. Sequence analysis suggests 

that srp-2 is not a functional homolog of neuroserpin and therefore srp-2 mutants are not a 

suitable model for the proteotoxicity observed in FENIB. These studies highlight the 
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importance of caution in using endogenous genes and proteins to model human disease, as 

they may fail to recapitulate key biochemical mechanisms. 

1.7.7 C. elegans as a model of AATD 

The genetic tractability of C. elegans has allowed the elucidation of key information on 

biochemical pathways, cellular involvement and molecular interactions in AATD [109]. C. 

elegans lack an endogenous AAT serpin but do express nine intracellular serpin proteins, 

however only SRP-1, SRP-2, SRP-3, SRP-6 and SRP-7 are translated as full length proteins 

capable of protease inhibitory activity, with the rest transcribed as pseudogenes or non-

inhibitory variants [108]. A C. elegans model of AATD has been generated, and transgenic 

worms have been shown to express wild type and mutant AAT in intestinal cells. The transgene 

is driven by the nhx-2 promoter and contains an N-terminal signal peptide linked to GFP, cDNA 

of M or ZAAT and a pharyngeal RFP co-expression marker. The model expressing ZAAT was 

found to accumulate fluorescent spots indicating ZAAT aggregation within intestinal cell ER 

whereas the model expressing MAAT displayed diffuse cytoplasmic fluorescence suggesting 

that it had been secreted from the ER [109, 110]. ZAAT accumulation resulted in several worm 

deficiency phenotypes, including growth, brood and lifespan decrease when compared to wild 

type strains or strains expressing MAAT protein. Interestingly, the abnormal phenotypes had a 

temperature-dependent effect within the range 16-27°C, with greater penetrance at higher 

temperatures. The involvement of ERAD and autophagy in the degradation of ZAAT were 

implicated by knocking out components of each pathway in the worm model of AATD and 

observing changes in fluorescence accumulation [109]. 

Using these transgenic strains, large-scale screening was undertaken in order to search for 

modifiers of ZAAT fluorescent protein accumulation. Genome-wide RNAi screens have 

identified novel candidate drug targets and molecules which act on them (discussed further in 

chapter 6) [111] and drug screens have found novel hit molecules that modulate polymer 
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accumulation [110].  The drug screen identified two such compounds: fluphenazine and 

carbemazapine [112] which were further tested in mouse models of AATD, with 

carbamazepine currently being evaluated in a clinical trial. 

This C. elegans model expressing mutant AAT has also been used to link stress and aging 

pathways with protein misfolding diseases, such as AATD. The aging component of 

conformational disease is thought to result from a progressive loss of ability to activate the 

UPR (or the heat shock response (HSR)) [113]. The insulin/insulin-like growth factor 1 signalling 

(IIS) pathway has been implicated in the regulation of cellular stress resistance and 

proteotoxicity associated with AATD, probably due to its influence on UPR, autophagy and 

ERAD. In the C. elegans model of AATD, reducing the IIS pathway was shown to significantly 

decrease misfolded AAT accumulation and led to reduced proteotoxicity as demonstrated by 

rescued mutant phenotypes. It was also shown by means of a cyclohexamide chase approach 

that the half-life of misfolded protein in daf-2 (the major receptor in the IIS pathway) mutants 

was significantly shorter than in wild type worms. This enhanced protein clearance was not 

blocked by RNAi knockdown of autophagy or ERAD pathway components, suggesting that IIS 

might clear misfolded protein via an unidentified mechanism [109]. Reducing the IIS pathway 

results in the activation of three downstream transcription factors: DAF-16/FOXO, HSF-1 and 

SKN-1/NRF [114]. Hyperactivation of these factors can lead to resistance to stress, therefore 

small molecules which act on them could be useful in protein misfolding disorders such as 

AATD. The usefulness of this transgenic worm is unquestionable, however mutant and rescued 

phenotype evaluation relies solely on observable GFP signal as a measure of polymer 

accumulation. It provides little or no whole-organism functional read out. 

C. elegans models of other mutant AAT variants were also generated, including two 

polymerogenic variants: Mmalton and Siiyama, which both possess mutations on helix B 

known to facilitate the mobility of the shutter region. Both mutations are associated with 
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hepatic inclusions, low plasma levels and polymer formation; however, Mmalton retains its 

inhibitory activity against neutrophil elastase. An S AAT variant C. elegans model was also 

generated. The S mutation is found in helix G and is associated with a reduction in plasma 

levels and inhibitory activity; it also forms polymers upon heating in vitro. Two null AAT 

variants were also expressed in worm models: the NHK and Saar alleles, which produce 

truncated proteins that are efficiently degraded and are associated with only deficiency 

phenotypes. All strains expressed the protein tagged with GFP in intestinal cells. The Mmalton 

and Siiyama variant worm models displayed fluorescent accumulation patterns comparable to 

that of the ZAAT-expressing strain. The S allele model displayed cytoplasmic fluorescence with 

some aggregation; however, neither the NHK nor the Saar variant worm models displayed any 

intracellular fluorescent protein accumulation. All variant strains displayed some phenotypic 

abnormalities such as slow growth, and the Siiyama and Mmalton models displayed shorter 

lifespans. Interestingly, the lifespans of S, Saar and NHK variant models were unaffected. 

Knock down assays of pathway components revealed a key role of ERAD in the degradation of 

AAT protein in all strains but of autophagy in only ZAAT, Mmalton and Siiyama, suggesting that 

autophagy is not involved in the degradation of S, Saar and NHK variants of AAT [115]. 

1.8 Pathways and challenges to therapies for AATD 

1.8.1 Improving ZAAT folding and trafficking 

A structure-based drug development approach has been employed where drug-like small 

molecules are designed to prevent polymerisation of the mutant ZAAT protein and 

theoretically improve its potential for secretion. These small molecules target a surface 

hydrophobic cavity in the ZAAT molecule for allosteric blockage of the conformational 

transition that underpins polymer formation. The cavity is open in the native molecule but is 

ŦƛƭƭŜŘ ŘǳǊƛƴƎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ʲ-sheet linkages during polymerisation. Lead molecules were 

found to block AAT inhibitory function and prevent ZAAT polymerisation in vitro and 
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additionally increased clearance of ZAAT in cell models of AATD [116]. Peptides targeting the 

RCL of AAT have also been tested and were shown to increase the rate of secretion of ZAAT in 

a cell model of disease and to decrease the ZAAT-accumulation-dependent release of PERK-

dependent NF-ˁ.Σ L[-6, IL-8 and calnexin [117]. It is important to note however, that none of 

these small molecules have been tested on animal models of disease, and so their in vivo 

safety and clinical efficacy remain to be elucidated. Furthermore, designing small molecules 

which block polymerisation of ZAAT without affecting the inhibitory activity of the molecule, 

will be key to identifying a therapeutically-relevant treatment. 

Chemical chaperones, which are thought to generally improve the intracellular folding 

environment and as a result allow the correction of cellular mislocalisation of certain mutant 

proteins, have been considered as a potential therapeutic class for AATD. Unlike 

pharmacological chaperones which bind and stabilise proteins in a substrate-specific way, 

chemical chaperones are able to facilitate the folding and trafficking of multiple misfolded 

proteins non-specifically [118]. Two such compounds, glycerol and 4-phenylbutyric acid (PBA), 

generated a substantial increase in the secretion of ZAAT in a cell model of AATD [119]. Oral 

administration of PBA also resulted in increased circulating levels of human ZAAT in a mouse 

model of AATD. However, a pilot study of ten patients with liver disease treated with PBA for 

14 days did not result in increased serum levels of AAT [120]. The length of treatment duration 

or the need for prohibitively large doses of PBA were cited as potential reasons for this 

disappointing result. However, the promising cell and animal model data could mean that 

modified PBA formulations could improve treatment efficacy for patients. 

More recently, a drug with similar chemical properties to PBA, suberoylanilide hydroxamic acid 

(SAHA), resulted in increased ZAAT secretion in two cell models of AATD. The mechanism was 

thought to occur by modulating a calnexin-sensitive proteostasis pathway via inhibition of the 

histone deacetylase HDAC7 [121]. SAHA has not yet been tested in vivo and indeed, there are 
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concerns over some of its other properties. It has been shown to cause a substantial increase 

in the synthesis of ZAAT through a transcriptional activation mechanism. It is therefore not 

known whether the increase in secretion is simply the result of increased synthesis. 

Therapeutic usefulness of SAHA is questionable, as a drug which causes an increase in ZAAT 

synthesis is likely to exacerbate mutant protein accumulation and resulting proteotoxicity. 

 

Figure 1.6. Possible therapeutic approaches in AATD indicated by arrows. (Yellow arrow) 

Targeting ZAAT transcription involves silencing the SERPINA1 gene by use of siRNAs or replacing 

it with a wild type gene via gene therapy or CRISPR/Cas9. (Orange arrow) Use of small molecules 

aimed at improving the folding and trafficking of ZAAT include drug-like peptides and chemical 

chaperones. (Blue arrow) Increasing ZAAT polymer degradation via compounds which enhance 

autophagy, for example carbamazepine. (Green arrow) Replacement of diseased hepatocytes 
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for healthy ones. Cell therapy involves using AATD patient iPSCs corrected genetically to produce 

wild type MAAT. Cells are engrafted into diseased livers where they supersede the native liver 

and secrete functional MAAT. Figure modified from Ghouse et al. (2014) [48] 

1.8.2 Enhancing degradation of ZAAT polymers 

Autophagy is known to play a key role in the degradation of ZAAT polymers [57]; thus the 

targeting of autophagic pathways represents a novel strategy to treat the hepatic inclusions 

associated with liver disease. In vitro and mouse model studies have shown that enhanced 

macro-autophagy can lower the ZAAT hepatic polymer load and can also reduce liver injury 

[122, 123]. Drugs which are known to enhance autophagy such as: rapamycin, carbamazepine, 

along with a genetic approach used to augment the expression of key autophagy regulators, 

have been shown to reduce intracellular accumulation of ZAAT and consequent proteotoxicity 

in mouse and C. elegans models of AATD [91, 112, 124]. However, in some cases, large doses 

of the drugs were necessary to observe an effect. A phase II trial led by Professor David 

Perlmutter looking at the efficacy and safety of carbamazepine in patients with severe liver 

disease is due to end in 2020 (NIH, clinicaltrials.gov). The results will be of interest as it is 

possible that up-regulating a ubiquitous mechanism such as autophagy may have multiple off-

target effects. 

1.8.3 SERPINA1 silencing 

RNA interfering (RNAi) technology is being used as an approach to target the synthesis of 

mutant ZAAT in order to prevent the accumulation of toxic polymers within hepatocytes. A 

SERPINA1 small interfering RNA (siRNA) delivered to the PiZ mouse model of AATD revealed 

complete reversal of liver injury associated with disease [125]. Alnylam Pharmaceuticals 

(Cambridge, Massachusetts, USA) undertook a phase I/II clinical trial to analyse the safety of an 

siRNA therapy called ALN-AAT which targeted ZAAT synthesis with the aim of ameliorating liver 

injury associated with AATD. Despite initially promising results, the trial was terminated in 

March 2018 due to the observation of asymptomatic, transiently elevated liver enzymes in a 
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subset of study individuals (NIH, clinicaltrials.gov). A major consideration with SERPINA1 gene 

silencing therapies, is that it would prevent all AAT production, potentially improving liver 

disease but greatly exacerbating lung disease. In order to correct for this, siRNA therapy would 

have to be used in conjunction with another therapy such as gene therapy or augmentation 

therapy to ensure supplementation of circulating and pulmonary functional AAT. The recent 

FDA approval for Patisiran (Alnylam), an RNAi therapy for transthyretin or amyloidosis in 2018 

lends confidence to the possibility of a safe efficacious RNAi therapy for AATD. 

1.8.4 Gene therapy 

Gene therapy involves replacing defective or non-functional genes within a cell by transfection 

so that the treated cell consequently functions normally. Transfection vectors are usually of 

viral origin and commonly used strategies include retroviral, adenoviral and adeno-associated 

viral systems [126]. This type of treatment has the most potential for a genetic disease such as 

AATD, as it addresses both the gain-of-function and the loss-of-function components of AATD 

in order to ameliorate liver and lung disease. One study used an adeno-associated virus 

encoding a short-hairpin RNA to silence endogenous ZAAT gene expression together with a 

codon-optimised wild type MAAT transgene cassette to treat mouse models of AATD. Mutant 

ZAAT mRNA was reduced in the mouse liver and serum by 95%, effectively reversing liver 

pathology. Concurrently, a 13- to 30- fold increase in circulating MAAT was observed in the 

same mice [127]. Another study employed a recombinant adeno-associated viral vector 

encoding microRNA to silence endogenous ZAAT expression delivered alongside a microRNA-

resistant wild type MAAT gene to treat the PiZ mouse model of AATD. Serum ZAAT levels were 

reduced by an average of 80% and knock down was also observed in the liver. Simultaneous 

increased levels of serum MAAT were again observed in the mouse models which also 

displayed improved liver profiles [92]. These results show the potential for gene therapy as a 

treatment for AATD, indeed one such therapy reached phase II in a trial [128], however 
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improvements to the design and delivery of the viral vectors were required to achieve 

therapeutic serum levels of MAAT. 

More recently, CRISPR/Cas9 technology has been employed to correct the genetic mutation in 

the livers of mouse models of AATD. The CRISPR/Cas9 system is endogenous to bacterial 

strains and confers protection against invading viruses or plasmids. It constitutes one of the 

most powerful genome technologies currently available to researchers and has great potential 

for use in genetic disorders such as AATD. In one study, two adeno-associated viruses, one 

expressing Cas9 and another encoding an AAT guide RNA homology-directed repair template, 

were delivered to neonatal and adult PiZ mice. The treatment partially restored MAAT in the 

serum of the animals and sequencing showed the gene correction in hepatocytes [129]. Similar 

approaches have been employed by other groups and results appear promising, with gene 

correction resulting in improved liver pathology in mouse models of AATD [130, 131]. Gene 

therapy using CRISPR/Cas9 to correct the ZAAT mutation could indeed prove to be an exciting 

avenue of clinical research in the near future, though it is not without its challenges. Important 

concerns over off-targeting of genome editing at non-specific loci as well as large deletions and 

unknown repair mechanisms post-editing leading to further DNA damage need to be 

addressed before it is considered as a safe human therapy [132]. 

1.8.5 Cell therapy 

Cell transplantation has been proposed as a potential therapy for AATD, as transplanted 

hepatocytes are able to repopulate a diseased liver. Interestingly, wild type MAAT-expressing 

donor hepatocytes transplanted into the liver of a transgenic mouse model of AATD replaced 

20-98% of the mutant host hepatocytes. Repopulation was also accelerated by injection of an 

adeno-vector expressing hepatocyte growth factor [133]. Due to the proliferative advantage 

that the transplanted hepatocytes have over the native hepatocytes and indeed their ability to 
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supersede the endogenous liver, this type of cellular replacement therapy could prove a 

plausible therapeutic option to ameliorate lung and liver disease. 

Another potential treatment opportunity for AATD could be a combination of gene-targeting 

and cell-based therapy. As previously discussed, hiPSCs from a patient homozygous for the 

ZAAT mutation were shown to be corrected by a combination of zinc-finger nucleases and 

transposon technology. The cells were then transplanted into the liver of a mouse model of 

AATD where they engrafted and functioned as normal MAAT-expressing hepatocytes [66]. This 

strategy could prove clinically beneficial in correcting the ZAAT mutation in patients if it could 

be adapted for human application. It would address both the liver and the lung components of 

the disease and would have the added advantage of not requiring patient immunosuppression 

[48]. 

1.8.6 Hypothesis 

The novel high-throughput automated imaging system INVAPP/Paragon, can accurately 

quantify nematode motility and can be used to screen compounds for anthelmintic activity. It 

is also possible to use the platform to screen C. elegans models of human disease. A novel C. 

elegans model of the genetic disease AATD which displays a movement deficient phenotype 

could be used to screen for chemical and genetic modifiers of disease. 

1.8.7 Aims 

1. To describe and validate the capabilities of the imaging platform INVAPP/Paragon by 

screening a panel of known anthelmintic compounds and a library of drugs, The 

Medicines for Malaria Venture Pathogen Box, on the nematode C. elegans for their 

ability to block nematode growth/movement. 

2. To phenotypically and biochemically characterise a newly generated transgenic C. 

elegans strain expressing the human mutant protein ZAAT and to evaluate its 
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usefulness in high-throughput genetic and chemical screening using INVAPP/Paragon 

to search for novel modifiers of the disease AATD. 

3. To develop and carry out three screening strategies using the transgenic C. elegans 

model of AATD to search for ameliorating modifiers of disease: a small molecule 

screen, an RNAi knock down screen and a forward chemical mutagenesis screen. 
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Chapter 2 Methods 

2.1 Preparation of NGM plates 

Stock C. elegans strains were maintained at 20°C on nematode growth medium (NGM) agar. 

NGM agar was made by first autoclaving a solution containing 3g NaCl, 17g agar, 2.5g peptone, 

975ml deionised (DI) water in a 2L flask. The flask was cooled to 55°C and 1ml 1M CaCl2, 1ml 

5mg/ml cholesterol in ethanol, 1ml 1M MgSO4 and 25ml 1M KPO4 were added. 5ml NGM agar 

was then poured aseptically into 60mm petri plates using a peristaltic pump. The plates were 

left to dry then stored at 4°C until required [96]. 

2.2 Preparation of bacterial food supply 

The E. coli strain OP50 was used to feed C. elegans grown on NGM plates. OP50, a uracil 

auxotroph, has limited growth on NGM plates, thereby largely restricting the worms to a 

defined bacterial lawn. OP50 was streaked onto Lysogeny broth (LB) agar (10g Bacto-tryptone, 

5g Bacto-yeast, 5g NaCl, 15g agar in 1L DI water, pH 7.5) and left to grow overnight at room 

temperature. A single colony was used to inoculate 100ml LB (1 litre: 10g Bacto-tryptone, 5g 

Bacto-yeast, 5g NaCl, DI water, pH 7 using 1M NaOH) at 37°C overnight. The OP50 solution was 

stored at 4°C until required. To seed the lawn, approximately 50µl of OP50 solution was placed 

and spread onto the NGM plates. 

The E. coli strain HB101 (used as a food source in the liquid culture of C. elegans) was cultured 

as described with minor modifications. HB101/pUC (HB101 E. coli contained a plasmid 

encoding an ampicillin resistance gene) was selected by ampicillin (100µg/ml) addition to the 

LB agar. A single colony was then used to inoculate 2x 25ml starter cultures of LB+100µg/ml 

ampicillin. The cultures were agitated at 200rpm, 37°C for 6h before distribution between 4X 

2L flasks containing 500ml terrific broth, 2ml glycerol, 100µg/ml ampicillin. The cultures were 
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then shaken at 200rpm, 37°C overnight. 2X 50ml portions of the cultures were centrifuged at 

3059 X g, 10min and the remaining pellets frozen at -20°C until required. 

2.3 Preparation of C. elegans liquid culture 

To prepare the large quantities of C. elegans needed for chemical and genetic screens, 50ml 

worm cultures, were prepared following the protocol outlined in The WormBook; 

Maintenance of C. elegans [134] but using E. coli HB101 instead of OP50. Briefly, the S-

complete components (25µl of 100mg/ml ampicillin, 50µl of 5mg/ml cholesterol in ethanol, 

500µl of trace metal solution (1.86g disodium EDTA, 0.69g FeSO4 ω7 H2O, 0.2g MnCl2ωп I2O, 

0.29g ZnSO4 ωт I2O, 0.025g CuSO4 ωр I2O, H2O to 1 litre DI H2O), 500µl of potassium citrate, 

150µl of CaCl2, 150µl of MgSO4) were added to one pellet (approximately 2g) of bacteria and 

the mixture made up to 50ml with S-basal (500ml: 2.9g NaCl, 0.5g K2HPO4, 3g KH2PO4). Well-

fed worms were then washed off 1-2 small uncontaminated NGM plates and added to the 

liquid mixture. Cultures were agitated at 200rpm, 20°C. 

2.4 Synchronisation of C. elegans cultures 

The C. elegans liquid cultures were synchronised at the first larval stage (L1) using the 

following bleaching protocol. First, 50ml mixed stage cultures containing many adults were 

pelleted by centrifuging for 2min, 1195 X g and bleached with a solution prepared by 

combining 1.5ml 4M NaOH, 2.4ml NaOCl, 2.1ml and DI water. The mixture was repeatedly 

pipetted for 4min before washing 3x with 50ml S-basal medium. The eggs were incubated at a 

range of temperatures between 20-27°C whilst being agitated at 200rpm overnight to allow 

the eggs to hatch. Worm development was thereby arrested at the L1 stage until re-feeding. 

2.5 C. elegans cultured in 96-well plates 

To facilitate chemical and genetic screening C. elegans were cultured in a 96-well plate format. 

Larvae at the L1 stage were diluted to approximately 10-20 worms per 50µl in S-basal medium. 
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The components of S-complete were added to a pellet of HB101 E. coli which was then added 

to the worm culture (1:50v/v). The worm containing solution was then dispensed into 96-well 

plates, 50µl per well, using an automated plate dispenser. Plates were incubated at a range of 

temperatures (20-27°C) before imaging.  

2.6 Temperature shift of ZAAT C. elegans cultures  

To assess the effect of temperature on the motility of C. elegans when shifted to a higher 

temperature at different developmental stages, liquid cultures in 96-well plates were shifted 

from 20°C to incubation at either 25°C or 26°C at various stages of culture in flasks or 96-well 

plates. Initial investigation of the temperature shift involved shifting to 25°C immediately after 

bleaching the cultures (A) or immediately after the cultures were re-fed with E. coli (B). Shifting 

the cultures to 26°C immediately after bleaching was also investigated (C). The effect of 

temperature on worms cultured on agar plates was probed by picking 3 gravid adults to a fresh 

plate then incubating them at 20/25/26°C before imaging plates with the imaging platform on 

day 6 or 7. Temperature in the incubators was accurately measured using a calibrated 

Traceable® thermometer (VWR International). 

2.7 Crossing in mutant C. elegans strains to the transgenic ZAAT 
strain (rrf-3, fem-1) 

An alternative to using FUDR to prevent appearance of progeny in assay plates is to cross a 

strain which is sterile at higher temperatures e.g. fem-1, rrf-3 [135] with the AAT-expressing 

worms. Successful crosses contain both the mutation which causes sterility at high 

temperatures and the AAT transgene. ZAAT-expressing male C. elegans (Z3 or Z10) were 

produced by heat shocking 40 L4 ZAAT-expressing hermaphrodites, 30°C, 3h. Males were 

picked from the progeny of the hermaphrodites and mated with hermaphrodites of the strain 

desired to be crossed in (rrf-3, fem-1) by placing 6 AAT-expressing males and 2 rrf-3/ fem-1 

hermaphrodites on a plate and incubating at 20°C. Several days later, the plate was examined 
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for F1 offspring that displayed fluorescence which indicates AAT expression due to the RFP 

labelling of the protein. Approximately 5 fluorescent F1 hermaphrodites were selected and 

allowed to self-fertilise on a separate plate. 16 fluorescent F2 offspring from these individuals 

were selected and allowed to reach adulthood at 20°C in order to lay a number of eggs. 

Subsequently, the selected F2s were transferred to continue egg-laying at 25°C and their 

offspring observed for the sterile phenotype. Sterility was confirmed by the lack of fertility 

from the offspring of the F2s. Plates which contained low numbers of worms were noted and 

the corresponding worm strains on plates incubated at 20°C were genotyped. 

 

Figure 2.1. The crossing map of ZAAT and fem-1 indicating the steps necessary when 

attempting to cross the transgenic strain ZAAT and the sterile strain fem-1. Male ZAAT worms 

are mated with fem-1 hermaphrodites. F1 progeny of this cross which display RFP fluorescent 

accumulation indicative of ZAAT heterozygosity are picked and allowed to self. F2 progeny are 

then selected based on RFP fluorescent accumulation and genotyped for the homozygous fem-

1 mutation by sequencing. 

 

2.8 Testing drugs/drug screen 

C. elegans were grown in 50ml liquid cultures until many L1s were present. The cultures were 

pelleted (1195 X g, 2min, brake speed ~2) then re-suspended in 25ml S-basal. The worm 

solution was filtered using a 10µm filter to isolate only L1 larvae. The L1-containing solution 
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was then diluted to approximately 10-20 animals per 50µl of S-complete medium with 

approximately 1% w/v HB101 E. coli. Drug assay plates (96-well) were prepared with 49µl of S-

basal and 1µl of DMSO or compound in DMSO. 50µl of L1 suspension was added to each well. 

Plates were incubated at a temperature range between 25-26°C for 7 days before imaging. 

2.9 Single worm PCR 

In order to amplify DNA from C. elegans strains to assess genomic DNA and identify the 

presence of mutations such as rrf-3 and fem-1, a PCR protocol which first involves lysing a 

single worm, was used (modified from the Chin-Sang lab protocol: 

http://post.queensu.ca/~chinsang/lab-protocols/single-worm-pcr.html ). A single gravid adult 

C. elegans worm was picked into a PCR tube containing 3µl of PCR buffer (95µl PCR reaction 

buffer, 5µl 20mg/ml (w/v) proteinase K). The tube was immediately frozen at -80°C overnight. 

The next day, the tube was heated (65°C, 60min) to lyse the worm and release genomic DNA. 

The proteinase K was inactivated by heating the tube to 95°C for 15min. 

The PCR was performed following the 50µl reaction NEB protocol for OneTaq® 2X Master Mix 

(https://www.neb.com/protocols/2012/09/06/protocol-for-onetaq-2x-master-mix-with-

standard-buffer-m0482). Briefly, the following components were added to the tube containing 

the lysed worm: 1µl of 10mM both forward and reverse primers (0.2µM final concentration), 

25µl One Taq 2X Master Mix, 20µl nuclease-free water. Mineral oil was added to top the 

reaction mixture before placing in a PCR thermocycler. The PCR conditions are shown in Table 

2.1. 
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Step Temperature/°C Time 

Initial Denaturation 94 30s 

30 Cycles 94 

45-68 

68 

15-30s 

15-60s 

1min/kb 

Final Extension 68 5min 

Hold 4-10 Indefinitely 

 

Table 2.1. Cycling conditions for single worm PCR protocol 

 

2.10 DNA gel electrophoresis 

PCR products were mixed with 3µl gel loading dye (6X) (NEB, Ipswich, Massachusetts) loaded 

into wells of agarose gels (2% agarose, 1x Tris-acetate-EDTA (TAE) buffer, 0.5% v/v ethidium 

bromide) in TAE buffer. A Quick-Load® 1kb DNA ladder (NEB, Ipswich, Massachusetts) was 

included in the first lane (5µl). The DNA gel was run at 65V for approximately 2h before 

observation under UV. Bands were excised and extracted using a MinElute® Gel Extraction Kit 

(Qiagen, Hilden, Germany) as per the manufacturerΩs protocol. 
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Chapter 3 Development and validation of a novel high-
throughput screening system, INVAPP/Paragon 

3.1 Introduction 

3.1.1 Phenotypic and target-based screening 

Traditionally, drug discovery has typically engaged a phenotype-based approach where the 

effects of small molecules are screened on observable characteristics of an animal, tissue or 

cell model. As a result of rapid developments in genetics (especially the sequencing of the 

human genome) and molecular techniques, a target-based approach to drug screening has 

been deployed [136]. Once the molecular target of a disease is known, drug discovery can 

benefit from the use of tools such as crystallography, computational modelling, binding 

kinetics and biochemistry and molecular pharmacology [137]. Additionally, target-based 

approaches are often simpler to execute, faster, easier and less costly than phenotypic ones 

[138]. 

The development of such approaches has enabled high-throughput identification and 

optimisation of molecules with specific desired properties leading to the discovery of effective 

drugs for a number of human diseases [139]. For example, target-based approaches such as in 

silico methods and molecular interaction prediction tools [140] have been widely employed in 

the tuberculosis drug discovery efforts to identify novel small molecules which ameliorate 

disease [141]. One such drug candidate, PBTZ169 entered clinical trials (however later failed to 

enter phase II) [142]. Detailed molecular knowledge about G protein-coupled receptors 

(GPCRs) has also propelled the development of next-generation drugs such as pimavanserin, 

identified by a target-based approach [143]. Its target is the 5-HT2a receptor, known to be 

involved in psychosis [144]. The potential pitfall of target-based approaches however, are that 

recombinant systems often fail to capture the biological system as a whole and molecular 

interactions and complex mechanisms are not taken into account. This can often lead to the 
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fruitless pursuit of a lead compound that will ultimately fail in a whole organism system [137]. 

The tuberculosis drug, PTBZ169 is a classic example of this danger. 

Whereas target-based approaches require some prior knowledge of disease pathways and 

molecular targets with potential to ameliorate disease, phenotypic screening by contrast 

allows for an unbiased approach to finding novel targets and compounds. Due to the 

complexity of many diseases, the promise of finding first-in-class drugs [139] and the 

development of advanced screening tools and technologies, there has been a resurgence in 

phenotypic screening for drug discovery. Phenotypic screening typically involves the use of cell 

or animal based-models with measurable phenotypes to recapitulate certain aspects of 

disease in large-scale chemical or genetic screens. Such screens can often be more 

physiologically relevant than in vitro target-based assays and have led to the identification of 

several clinically relevant drugs. For example, daclatasvir, an anti-hepatitis C virus drug, was 

discovered phenotypically by expressing the virus replicon in engineered human cells and 

scoring for clinically relevant genotypes. Daclatasvir also led to the elucidation of the 

previously unknown viral protein NS5A as a drug target [145]. Interestingly, drugs can even be 

approved for use without full elucidation of the target, as was the case with ezetimibe (Zeita). 

It was identified as a cholesterol absorption inhibitor in a high cholesterol mouse model and 

approved for use as a cholesterol-lowering drug [146]. Later, it was found that it acted on the 

NPC1L1 cholesterol transporter [147].  

Phenotypic-based approaches are of course not without their limitations, there are still a 

number of obstacles in the translation from drug discovery to clinical therapy. Challenges 

include problematic hit validation and target elucidation and the cost of the processes involved 

[148]. However, it remains a powerful approach to exploit unknown or undrugged targets in 

diseases where mechanisms are poorly understood. Realistically, target-based and phenotypic-
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based approaches should be viewed as complementary, where employment of both efforts 

strengthens the overall aims of drug discovery. 

3.1.2 Large-scale phenotypic screening with C. elegans 

The nematode C. elegans is a powerful genetic model organism that can be used to 

phenotypically recapitulate human diseases and also can be used to model parasitic 

organisms. These attributes are discussed in further detail in chapter 4. Large-scale phenotypic 

screens using C. elegans can be a powerful aid to drug discovery, since parameters such as 

growth, movement, egg laying and death can be scored. Manual scoring of such parameters 

has been effective and used to screen libraries of up to 67,000 compounds [149-151]. 

However, this approach can be slow, repetitive and laborious and may result in researcher 

fatigue and inaccuracies [152]. It is therefore desirable to develop automated phenotyping 

platforms which allow for high-throughput screening of nematodes to robustly capture 

sometimes subtle changes in observable phenotype or behaviour. The whole-organism 

phenotypic screening approach using C. elegans has also benefitted from the wealth of genetic 

knowledge surrounding the worm. The targets of small molecules, or the identification of 

genetic modifiers can be rapidly elucidated using powerful genetic tools, such as forward 

mutagenesis (utilising random mutagenic agents, discussed further in chapter 7) and reverse 

mutagenesis or RNAi, discussed further in chapter 6 [153]. 

3.1.3 Automated systems for phenotypic screening of models of parasites 
and human disease 

Automated phenotyping systems offer the potential of higher throughput and greater 

reliability of small molecule or genetic screening. Such approaches include indirect assessment 

of viability by using the xCELLigence System; assessment of metabolic activity via colorimetric 

assays such as resazurin, MTT, and acid phosphatase activity; assessment of motor activity via 
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isothermal microcalorimetry and quantification of movement-related light scattering [154-

158]. However, these systems are limited to cell-based or in vitro assays. 

Imaging-based systems for the quantification of whole-organism motility or growth have also 

been developed. The principle of such imaging systems relies on the ability to record and 

measure movement of organisms such as C. elegans in assay plates [159]. An automated 

system for measuring worm swimming, or thrashing, was developed along with an algorithm 

which was capable of quantifying nematode movement using covariance [160]. This system 

facilitated large-scale chemical and genetic screening of C. elegans displaying phenotypes with 

a reduced thrashing frequency and had applications in human disease drug discovery and the 

search for novel anthelmintic treatments [152]. Indeed, most nematode phenotype imaging 

platforms are currently employed in the search for new compounds against human or plant 

parasites. The ά²ƻǊƳ!ǎǎŀȅέ ǎȅǎǘŜƳ quantifies the motility of macroscopic parasites such as 

Brugia malayi adult worms [161]Φ ¢Ƙƛǎ ǎȅǎǘŜƳ Ƙŀǎ ōŜŜƴ ŦǳǊǘƘŜǊ ŘŜǾŜƭƻǇŜŘ ƛƴǘƻ ά¢ƘŜ 

WorminŀǘƻǊέΣ ǿƘƛŎƘ ǉǳŀƴǘƛŦƛŜǎ ǘƘŜ Ƴƻǘƛƭƛǘȅ of smaller nematode species and developmental 

stages and has been validated by quantifying the activity of several anthelmintics [162]. This 

system has a reported scan time of 30s per well, hence a throughput of around one and a 

quarter 6-well plates per hour.  A system based on single-well imaging and thresholding of 

motile pixels with a throughput of around five 96-well plates per hour has also been reported 

[163]. Its utility has been demonstrated by the successful screening of a 522-compound kinase 

inhibitor library and the 400-compound Medicine for Malaria Venture Pathogen box on 

Haemonchus contortus larvae [164, 165]. A notable recently-described screen of the effects of 

26,000 compounds on Caenorhabditis elegans growth/survival used WormScan, a system that 

uses a conventional flat-bed scanner to capture two frames of images of whole plates and then 

uses an algorithm based on the image differences to assign a value to each well that reflects 

motility/growth [166, 167]. This led to the identification of several compounds with previously 
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unreported anthelmintic activity, including compounds targeting PINK-1 and MEV-1. The 

authors reported a throughput of approximately 25-40 96-well plates per hour. 

3.1.4 Developing a new robust motility/growth quantification system 
focussed on rapid, high-throughput chemical screening 

It is clear that recent developments in phenotypic screening of parasitic and model nematodes 

have led to an acceleration of the discovery of potential novel anthelmintic compounds. Given 

the large sizes of drug-like compound libraries and the need to efficiently identify the hit 

compounds therein that have the potential to be developed into potent and selective 

anthelmintic lead molecules, it is desirable that nematode phenotypic screening be further 

accelerated. This study will describe the development of the Invertebrate Automated 

Phenotyping Platform (INVAPP) used in conjunction with the Paragon algorithm to quantify 

nematode motility and growth with a throughput of approximately 100 96-well plates per 

hour, with a robust and unbiased approach [168]. The imaging system was validated by 

quantifying the activity of a panel of known anthelmintics on C. elegans, a parasite model and 

then by screening, in a blinded fashion, the Medicines for Malaria Venture Pathogen Box for 

compounds that block or reduce nematode growth. 

3.2 Aims 

1. To describe and validate the imaging capabilities of the novel high-throughput imaging 

system INVAPP/Paragon. 

2. To screen a panel of known anthelmintic compounds on C. elegans to confirm the 

ability of the imaging system to identify anti-parasitic drug activity. 

3. To screen an open source drug library the Medicines for Malaria Venture Pathogen 

Box for compounds which have anthelmintic activity, denoted by a blocking in C. 

elegans growth and/or movement. 
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3.3 Methods 

3.3.1 INVAPP/Paragon system 

The INVAPP / Paragon system consists of a fast high-resolution camera (Andor Neo, resolution 

2560x2160, maximum frame rate 100 frames per second) with a line-scan lens (Pentax 

YF3528). Microtiter plates (96 wells) are placed in a holder built into the cabinet and imaged 

from below. Illumination is provided by an LED panel with acrylic diffuser. Movies were 

captured usƛƴƎ ˃aŀƴŀƎŜǊ [169]. The desirable movie frame length and duration of filming 

depends on the particular organism under study. To image C. elegans, recordings constitute 

200 frames for a total of 7s. Movies were analysed using MATLAB scripts. Briefly, movies were 

analysed by calculating the variance through time for each pixel. The distribution of these pixel 

variances was then considered, and pixels whose variance was above the threshold (typically, 

those greater than one standard deviation away from the mean variance) were considered 

ΨƳƻǘƛƭŜΩΦ aƻǘƛƭŜ ǇƛȄŜƭǎ ǿŜǊŜ ǘƘŜƴ ŎƻǳƴǘŜŘ ŀƴŘ ŀǎǎƛƎƴŜŘ ōȅ ǿŜƭƭΣ ƎŜƴŜǊŀǘƛƴƎ ŀ ƳƻǾŜƳŜƴǘ ǎŎƻǊŜ 

for each well. The movement index is an arbitrary measurement of movement for a single well 

in a 96-well plate. The source code for this software has been released under the open source 

MIT license and is available at https://github.com/fpartridge/invapp-paragon. A further 

MATLAB script has been provided for batch processing of movies. 

3.3.2 Caenorhabditis elegans motility and growth assays  

C. elegans strains were maintained at 20 °C on nematode growth medium (NGM) agar seeded 

with the E. coli strain OP50. To obtain worms for screening, a mixed-stage liquid culture was 

prepared by washing well-fed worms from one small NGM plate into a medium of 50 ml S-

complete buffer with a pellet of approximately 2-3 g E. coli HB101. Cultures were agitated at 

200 rpm, 20 °C, until there were many adults present, then synchronised at the L1 stage by 

bleaching. Fifty millilitre cultures were pelleted and bleaching mix (1.5 ml 4M NaOH, 2.4 ml 

NaOCl, 2.1 ml water) added. Mixing for 4 minutes led to the release of embryos, which were 

https://github.com/fpartridge/invapp-paragon
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washed three times with 50 ml S-basal medium. The cultures were incubated in 50 ml S-basal 

at 20 °C and agitated at 200 rpm overnight to allow eggs to hatch and arrest as a synchronous 

L1 population.  

For the growth assay, C. elegans were cultured in a 96-well plate format. Synchronised L1 were 

diluted to approximately 20 worms per 50 µl in S complete medium with around 1% w/v 

HB101 E. coli. Assay plates were prepared with 49 µl of S-basal and 1µl of DMSO or compound 

in DMSO solution per well. Next, 50 µl of the L1 suspension were added to each well. Plates 

were incubated at 20°C before imaging using the INVAPP / Paragon system 5 days later. Prior 

to imaging, worm motion was stimulated mechanically by inserting and removing a 96-well 

PCR plate into/from the wells of the assay plate. Whole-plate 200 frame movies were recorded 

at 30 frames /s (7 seconds total). 

For the adult motility assay, synchronised L1 were refed as a bulk 50 ml culture and cultured at 

20 °C until they developed into young adults. Worms were washed in S-basal and dispensed, 

approximately 20 worms per well, into 96-well plates with compound dissolved in DMSO, or 

DMSO alone and then incubated for 3 hours. Whole-plate 200 frame movies were recorded at 

30 frames /s (7 seconds total). 

3.3.3 Pathogen box screening 

The Pathogen Box library was obtained from the Medicines for Malaria Venture as 10 mM 

solutions in DMSO, and then diluted in DMSO to 1 mM. It was then screened in the C. elegans 

growth assay as described (final concentration 10 µM, n=5, 1% v/v final DMSO). Solid material 

for confirmatory screening of actives was obtained from Sigma-Aldrich (tolfenpyrad) and Santa 

Cruz Biotechnology (auranofin). Solid samples of MMV007920, MMV020152, MMV652003 and 

MMV688372 were obtained from the Medicines for Malaria Venture. 
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3.4 Results 

3.4.1 INVAPP/Paragon: a high throughput assay for quantifying nematode 
motility and growth 

In order to develop and test a novel assay for large-scale chemical and genetic screening on 

the motility and growth of diverse parasites, a high-throughput and automated system was 

established. The INVAPP/Paragon imaging and analysis system was developed in the 

Sattelle/Lomas laboratory (key contributors: Dr FA. Partridge, Prof. SD. Buckingham and Prof. 

DB. Sattelle). A schematic of the INVAPP hardware is shown in Figure 3.1A. This allows 

recording of movies of entire microplates (96 wells) at high frame rate, reducing the per plate 

acquisition time to 10-30 seconds. Tens of thousands of compounds or conditions can 

therefore be readily screened per day. 

 

Figure 3.1. The INVAPP / Paragon system with its movement index algorithm is fully-automated 

and enables high-throughput screening.  (A) Schematic of the INVAPP setup (B) Principle of the 

algorithm: thresholding of moving pixels by statistical analysis of variance of each pixel through 

time. Histogram shows the distribution of pixel variance over time. Blue vertical line indicates 

mean pixel variance. The green vertical line indicates mean plus standard deviation of pixel 

variance; the blue shaded portion of the histogram indicates pixels that exceed this threshold so 

are deemed to be motile. (C) Image of 96-well plate containing C. elegans adults processed by 

the INVAPP / Paragon movement index system. Dark pixels are those categorized as moving by 

the algorithm. 
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A statistical approach was taken to quantify motility. The variance through time for each pixel 

in the plate was calculated and the distribution of the variances examined. Pixels whose 

variance is greater than a threshold of the mean plus typically one standard deviation are 

ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ άƳƻǘƛƭŜέ όFigure 3.1B). An example of this thresholding model is shown in 

Figure 3.1C, which shows analysis of a 96-well plate containing adult C. elegans. Dark pixels are 

those that have been determined to be motile. Once the motility threshold has been applied 

ǘƻ ǘƘŜ ŘŀǘŀΣ ΨƳƻǘƛƭŜΩ pixels are assigned by well to their plate location and counted. All analysis 

is fully automated via a set of MATLAB scripts, available at 

https://github.com/fpartridge/invapp-paragon. 

 

Figure 3.2. The INVAPP / Paragon system is able to determine motility and growth rate. (A) 

Increasing the number of C. elegans worms per well leads to increase in reported movement 

index. Boxplot bars indicate 95% confidence interval. (B) Movement index algorithm is able to 

quantify C. elegans growth in 96-well plates. Movement index increases with growth. 

Synchronized L1 population refed on day 0. Decrease in movement index in 25°C group on Day 

4 reflects completion of the C. elegans lifecycle and exhaustion of the bacterial food source. 

Boxplot notches indicate 95% confidence interval, n=192. 

 

This approach was able to determine motility. To illustrate this, plates containing a variable 

number of synchronized adult C. elegans worms were analysed. As expected, quantified 

https://github.com/fpartridge/invapp-paragon
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movement increased with the number of worms per well, reflecting a larger number of 

ΨƳƻǘƛƭŜΩ ǇƛȄŜƭǎ ƛƴ ǘƘŜ ǊŜŎƻǊŘƛƴƎ όFigure 3.2A).  

The system was also able to quantify nematode growth. To test this, C. elegans were 

synchronised at the L1 stage, before re-feeding them in plates at two temperatures commonly 

used in C. elegans culture (20 °C and 25 °C). Plates were then analysed using INVAPP / Paragon 

every 24 hours. The results are shown in Figure 3.2B. The quantified movement index 

increases as worms develop from L1 to adult stage. The drop in motility in the 25 °C group on 

day 5 reflects growth of L1 progeny leading to exhaustion of the bacterial food source and 

starvation. Thus, INVAPP/Paragon is able to quantify nematode growth and motility. When 

animals are cultured in plates from L1 and imaged once several days later however, it is not 

possible to separate quantification of growth and motility, therefore the movement index 

could represent both. 

When establishing a high-throughput assay it is important to consider the issue of edge effects 

[170]. Systematic biases across the plate are particularly common around edges. Typical causes 

are evaporation, which is often worse at the edges, or temperature inhomogeneity. In our 

assay, given that it involves imaging of whole plates, it was important to exclude the possibility 

of systemic bias caused by optical distortion. To address these concerns, a 1920-well C. elegans 

growth dataset was analysed. This was chosen because the long four-day incubation time gave 

the maximum possibility of confounding evaporation differences. Wells on the outer rows and 

columns of the plate were classified as being outer wells, and their quantified motility was 

compared to the inner wells (Figure 3.3A).  There was no significant difference between these 

groups (Mann-Whitney-Wilcoxon test, P=0.77), and therefore no evidence of problematic edge 

effects in this assay. To further exclude the possibility of assay inhomogeneity across the plate, 

a heat map was calculated showing average normalised motility for each well (Figure 3.3B). 

Again, this showed no evidence of systemic bias by plate position. 
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Figure 3.3. No systematic bias or edge effect was detected in our screening assay. (A) Absence 

of edge effects in this assay ς analysis of a 1920-well C. elegans growth dataset shows no 

difference of the normalised movement score for 96-well plate outer edge wells (the wells found 

in columns 1 and 12 or rows A and H) compared to the score for inner wells (the other wells in 

the plate). Movement index for each well is normalised by dividing by the mean movement index 

for all wells of that plate. The blue bar indicates median. (B) No edge effects or other 

inhomogeneity across the plate ς heat map shows average normalised movement index for each 

well location. 

3.4.2 Validation of the INVAPP / Paragon system using existing commercial 
anthelmintic standards 

Having set up this high-throughput, motility and growth assay, it was necessary to validate its 

utility by examining the effects of a panel of known anthelmintics. Nine anthelmintics were 

selected with a variety of reported mechanisms of action. Piperazine is a GABA agonist that 

acts at the neuromuscular junction [171]. Diethylcarbamazine has been proposed to have a 

similar mechanism, although other mechanisms including targeting host arachidonic acid 

metabolism are also thought to be important [172]. Levamisole, oxantel and pyrantel are 

nicotinic acetylcholine receptor agonists that induce spastic paralysis [173]. Mebendazole is an 

inhibitor of beta-tubulin polymerisation [174]. Ivermectin is a positive allosteric modulator of 

glutamate-gated chloride channels although other targets have also been suggested [175]. 

Trichlorfon is a member of the organophosphate group of acetylcholine esterase inhibitors. 

Praziquantel is thought to act by disrupting calcium ion homeostasis but its target is unclear 






















































































































































































































































































































