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Introduction

1. Introduction

Infection with parasitic worms (helminths) causes serious disease burden in both animals and
humans alike. The World Health Organisation (WHO) has designated several helminths
infections as “Neglected Tropical Diseases” (NTDs), because they are often sidelined due to
the high cost of a control strategy against them and because they affect poorer populations in
the Global South, which often gives them less priority in politics, research and public
discussion. At present, millions of people are affected by helminth infection due to either direct
infection or infection in animal husbandry, which reduces their socioeconomic capacities (1).
Soil-transmitted helminthiases are highly prevalent in developing parts of the world such as
Asia, sub-Saharan Africa, and South America (Fig. 1.1) (2,3).

0800

Proportion of children (1-15 years of age) in the country
requiring preventive chemotherapy for soil itted helminthiases —Proportion denfans (1-15ans) }
dans le pays nécessitant une chimiopr ion contre les géohelminthi /
\
D <13 - No data available — Aucune donnée disponible
Bl -2 ] nNoPC required - CP pas nécessaire
-2

Figure 1.1: Global prevalence of soil-transmitted helminthiases. This figure is adapted from (3) with
WHO reference number: WER No 25, 2011, 86, 257—-266 and is modified with www.biorender.com.

Helminths are polyphyletic and are classified into roundworms (Nematoda), flatworms
(Platyhelminthes) and acantocephalins (Acanthocephala) (4). The focus of this thesis will be

on Fasciola hepatica, or the common liver fluke, a species within Platyhelminthes.

1.1 The common liver fluke: Fasciola hepatica

Fasciola hepatica, known as the common liver fluke, is the causative agent of a vector-borne

parasitic disease, fasciolosis, a well-known veterinary problem across the world, and resides

1



Introduction

in the liver of the host (1). Fasciola hepatica is hermaphroditic in nature (5), i.e., it poses both
male and female reproduction systems in a single fluke. The most frequent type of

reproduction in flukes is cross-fertilisation, but they can also self-fertilise (6).

1.1.1 Phylogeny and epidemiology

Parasitic flatworms belong to the phylum Platyhelminthes, forming a large monophyletic group
known as Neodermata (4), which contains three classes: Trematoda, Cestoda, and
Monogenea (7). Trematodes are the largest group within Platyhelminthes and are further
subclassified into Aspidogastrea (which do not reproduce asexually) and Digenea. Digenea
have a complex life cycle involving sexual and asexual reproduction, which relies on multiple
hosts (8). There are several digenean trematodes causing debilitating diseases like
paragonimiasis, schistosomiasis, etc. The causative agents of schistosomiasis are blood
flukes (Schistosoma mansoni, Schistosoma haematobium, etc.). These organisms are close
relatives of the oriental lung fluke, Paragonimus westermani, and several other medically
important liver fluke species. These liver flukes include two carcinogenic species Clonorchis
sinensis (the oriental liver fluke) and Ophisthorchis viverrine (the southeast Asian liver fluke),
as well as the Fasciola species: Fasciola gigantica (the tropical liver fluke), F. hepatica (the
common fluke), Fascioloides magna (the giant liver fluke), alongside others. The phylogenetic

classification of F. hepatica is depicted in Fig. 1.2.

Phylum: Platyhelminthes (Gegenbaur, 1859)
Class: Trematoda (Rudolphi, 1808)
Subclass: Digenea (Carus, 1863)
rder: Plagiorchiida (La Rue, 1957)
Suborder: Echinostomata (La Rue, 1926)
Superfamily: Echinostomatoidea (Looss, 1899)
Family: Fasciolidae (Railliet, 1895)
Genus: Fasciola (Linnaeus, 1758)
Species: Fasciola hepatica (Linnaeus, 1758)

Figure 1.2: The phylogenetic classification of F. hepatica. The information on the phylogenetical
classification is collected from (9).

The global distribution of fascioliasis is illustrated in Fig 1.3, which is prevalent on every
continent except Antarctica (10). Fasciola hepatica infections are found in temperate zones,
while F. gigantica infections are found in more tropical regions, such as Asia and Africa, but
both species can also hybridise simultaneously due to globalisation and the impressive

capability to adapt to new vertebrate hosts (6).
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B Distribution of Fasciola hepatica
Distribution of Fasciola gigantica
Areas where both parasites may be present

Figure 1.3: The global distribution of fasciolosis. This figure is adapted from (11) and is modified
with www.biorender.com.

1.1.2 Life cycle and the biology of F. hepatica

The life cycle of F. hepatica (12) (Fig. 1.4) depends on certain environmental conditions and
is diheteroxenic, meaning it requires two distinct host species for its development: a gastropod
intermediate host from the Lymnaeidae family, such as Galba truncatula, and a mammalian
definitive host. Liver flukes can infect more than just ruminants like sheep and cattle, and they
can also spread to a wide variety of mammals, including humans (8). Fasciolosis infections
have also been reported in non-ruminant herbivore species, including horses, deer, donkeys,
kangaroos, and camelids, and extend to laboratory animals like mice, rats, hamsters, and
rabbits (8).
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Figure 1.4: The life cycle of Fasciola hepatica. The upper part of the figure (above the blue line)
depicts the water-bound part of the life cycle. The illustration of the figure is based on of the book
Fasciolosis (13). Credits: [Kayakova Maryia]/Adobe Stock #file no.: 489056005 (cycle, modified)
licensed on 05.08.2025. This figure is created with www.biorender.com.

Eggs excreted by mammals infected with liver flukes are in their faeces. The eggs released
from the faecal matter and under certain physio-chemical factors go through embryonation
(10). Then, the miracidium begins to develop inside the embryonated egg once the optimal
environmental conditions are met. After a three-week incubation period, the miracidium-
containing egg hatches in an aquatic environment and rapidly searches for a snail host (14).
When the miracidium attaches itself to the snail host, it penetrates the skin and develops into
a sporocyst (14). The sporocyst reproduces asexually, generating multiple rediae, from which
several cercariae emerge after approximately four to seven weeks (15). Cercariae shed from
the snail in search of a suitable surface, potentially an aquatic plant, to attach to and encyst
into metacercariae (14). In their encysted forms, metacercariae can survive up to several years
or even decades if the optimal conditions are met (15). Upon ingestion of the microscopically

small metacercariae by a mammal along with an aquatic plant (e.g., watercress) or, less
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frequently, with water, the mammal becomes infected. Once in the small intestine of the
mammal, juvenile flukes (NEJ: newly excysted juveniles) are released from the metacercariae
(13,16). Eventually, these NEJs penetrate the intestinal wall and travel through the peritoneal
cavity toward the liver (16). During the following liver-migratory phase, the fluke is not yet
sexually mature and hence is known as an immature fluke (13). The immature fluke can burrow
into the liver capsule and consume the liver parenchyma until it is sexually mature, which takes
on average six to eight weeks (14). After reaching sexual maturity, the adult fluke
transmigrates and resides in the large biliary passages (14). A single adult fluke can lay
approximately 50,000 eggs per day (17,18), which are then excreted via the faeces of the
infected mammal. Depending on the species of host, an adult fluke can survive decades
(7,8,13,14).

Adult flukes are multicellular parasites that can reach 3 cm in body length and 1.5 cm in body
width (8). All general anatomical features of an adult fluke are displayed in Fig. 1.5. Flukes are
dorso-ventrally flattened with a leaf-like shape, which is broad anteriorly and narrow
posteriorly. The fluke’s outer layer is called tegument, which is covered with numerous spines
(7) and glycocalyx (19), which shields the fluke from the host’s digestive fluids (20). The oral
sucker is the starting point of the digestive tract of the fluke, which is via a muscular pharynx
and oesophagus connected to the two branched caeca. Indigestible contents are egested
through the oral sucker, as there is no anus (21). A second sucker, the ventral sucker,
facilitates attachment to host tissue. Additionally, the flukes have a central nervous system
that consists of nerve cords that extend to the posterior portion of the fluke and cerebral
ganglia located close to the pharynx (22). Clusters of nerve cells and fibres beneath the
tegument, in the oral and ventral suckers, and in relation to the various reproductive organs
and ducts, make up the peripheral nervous system (13,20). Flukes, due to their hermaphroditic
nature, have a unique reproductive system. They contain two sets of branched testes
connected by means of vas deferens to the cirrus sac near the genital pore (it is situated
adjacent to the ventral sucker). Furthermore, the genital pore is connected to a uterus with a
smaller single-branched ovary in the anterior part of the fluke (23). The primary function of the
genital pore is to release eggs, and during copulation, there is an exchange of sperm. Liver
fluke eggs comprise an oocyte and numerous vitelline cells derived from the vitellarium (24).
The vitellarium consists of numerous vitelline follicles that occupy the posterior and lateral
edges of the fluke. A duct that gathers vitelline cells extends along both sides of the fluke and
converges with the duct from the opposite side to create the vitelline reservoir. The vitelline
duct extends anteriorly to join the oviduct and concludes in the ootype, where egg formation

OCcCurs.
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Internal structures of Fasciola hepatica

1. Oral sucker 6. Genital pore
2. Pharynx 7. Cimus sac
3. Oesophagus 8. Vas deferens
4. Ventral sucker 9. Ovary
5. Caeca 10. Uterus

11. Ootype

12. Vitelline duct

13. Testes

14. Viteline gland

Figure 1.5: General anatomical features of an adult F. hepatica covering major body structures. This
figure is adapted from the book Fasciolosis (13) and was modified with www.biorender.com and
Inkscape (25).

1.1.3 Neglected tropical disease: Fasciolosis, its economical and health impact

Fasciolosis is a highly pathogenic zoonotic disease, which may be transmitted from vertebrate
animals to humans (via a snail host) and vice versa. Fasciolosis is a widespread NTD in
tropical areas, affecting up to 90% of livestock (26). WHO also estimated that approximately
17 million people globally are infected with fasciolosis (27), with about 91 million people at risk
of infection (28).

The annual socioeconomic impact of fasciolosis infection exceeds $3 billion USD per annum
worldwide through the means of death and productivity loss in infected animals (5,10,29,30).
This includes a weight loss of the animal (31), decrease in milk yield (32,33), reduction of
protein and fat proportions in the milk content (34—36), and fertility of cattle (35,37).

The severity of fasciolosis infection on health is highly detrimental, ranging from asymptomatic
cases to life-threatening cases. The next section (1.1.4) describes the manifestation of

fasciolosis in humans as well as animals.

1.1.4 Symptoms and diagnostics

Symptoms of fasciolosis in humans can be observed as early as one month after metacercaria
ingestion. The infection can be divided into two main clinical phases: acute and chronic
(6,13,14). When the migrating immature flukes begin the mechanical destruction of the liver
tissue, the acute phase - also referred to as the invasive phase - occurs, resulting in toxic and
allergic reactions that persist for two to four months. This phase is often characterised by fever,
weight loss, abdominal pain, respiratory symptoms like coughing, shortness of breath,
haemoptysis, and chest pains, as well as gastrointestinal discomfort-like flatulence, loss of

appetite, nausea, and diarrhoea. When the flukes enter the bile ducts and mature into adult
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flukes, the chronic phase starts. The enlargement of the flukes causes inflammation,
hyperplasia, thickening and dilatation of the duct and gallbladder walls and the fibrosis of the
liver. Biliary colic, jaundice, epigastric pain, intolerance to fatty foods, nausea, pruritus, and
tenderness in the abdomen are the symptoms of this phase. The chronic phase lasts for up to
decades, overlapping with the lifespan of the liver fluke (6,10,30). Livestock exhibits both acute
and chronic symptoms that are comparable to those of human infection. However, during the
acute phase, sudden death of the animal is possible if the livestock is heavily infested with
flukes (38).

There are multiple direct and indirect methods to detect fasciolosis. The most frequently used
direct method is to detect eggs of the parasite in the faeces using the conventional
sedimentation method (coproscopical) (39). The main drawback of this method is that it is only
helpful when the infection is in its chronic phase, as only adult flukes produce eggs (40). The
commercial versions of the sedimentation method for detecting many helminths and some
protozoan infections are Flukefinder® (41) (Flukefinder® Diagnostic System, Soda Springs,
Idaho, USA), FLOTAC® (42) and mini-FLOTAC® (43).

Alternatively, several serological and immunological indirect methods have been adopted for
earlier detection of fasciolosis infection, which includes enzyme-linked immunosorbent assays
(ELISASs) of stool or serum samples and antibody detection in bulk tank milk samples (44).
These methods heavily rely on the detection of antibodies against cathepsin L-like
endopeptidase by indirect ELISAs (45). This proteinase is secreted by all Fasciola spp.
epithelial cells, facilitating the penetration of the host tissue (46,47). These techniques are
much more sensitive than direct methods, but they have a disadvantage. Because of their
lengthy half-lives, antibodies that the host secretes to combat the fluke can still be found, for
example, in milk even after effective treatment (40). Some of the commercially available ELISA
kits for detecting fasciolosis are lldana® (lldana Biotech, Ireland), IDEXX® (IDEXX, France),

and Bio-X® (Bio-X Diagnostics, Belgium).

1.2 Control and treatment of fasciolosis

Since the early 1960s, the emergence of a notable class of nitrogen heterocycles in veterinary
medicine, known as benzimidazoles, has transformed the development of a new generation
of anthelmintics (48). The usage of anthelmintic drugs is currently the principal management

intervention against fasciolosis (11).

1.2.1 Current control management systems against fasciolosis

Traditional preventative measures against fasciolosis are the same for humans as well as

livestock (14). These include avoiding fresh water and raw vegetation consumption from
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endemic areas that harbour Fasciola metacercariae, as well as breaking the Fasciola life cycle
at the intermediate host through physical, chemical, or biological means (14). Furthermore, it
is crucial to adequately inform the population residing in fasciolosis-endemic areas about the
illness, its pathogenicity, and how it spreads (8). Alternatively, farmers can opt for a more
controlled animal husbandry approach to reduce the parasite burden in their locality (40). This
strategy includes rotational grazing patterns, pasture control, quarantining infected animals
and avoiding habitats where intermediate hosts are prevalent (11). But these preventative

measurements can only reduce the transmission of the infection, not treat it.

Treatment of fascioliasis involves chemical control with anthelmintics (11). Several different
anthelmintics have shown flukicidal activity against fasciolosis (49). Some of the flukicides as
well as their effectiveness against different parasitic life stages of F. hepatica are illustrated in
Fig. 1.6.

Stage of fluke (weeks post infection)
Immature fluke stage Adult fluke stage
Flukicide used in host 1 2 3 4 5 6 7 8 9 10 11 12 12+
Albendazole
Oxyclozanide 50-70% 80 -99%
Clorsulon+lvermectin (inj)
Clorsulon (oral) 90 - 99%
Nitroxynil 50 - 90% 91-99%
Closantel 23-73% 91% 91-95% 97 - 100%
Rafoxanide ] 45 - 85% 85 - 99% 99 - 100%
Triclabendazole 90-99%

Figure 1.6: Efficacy spectrum of recommended flukicide used in host (sheep and cattle) against
different life stages of fluke. ‘Inj’ refers to the administration route of the drug via injection in the host.
The figure is adapted from the book Fasciolosis (13).

Flukicides that have been approved against fasciolosis in livestock are used abundantly by
farmers, negatively impacting the effectiveness of these flukicides. This active over-usage
pattern of monoanthelmintics in the same endemic area has contributed to a real threat of
anthelmintic resistance (50). Furthermore, this situation may exacerbate treatment failures

and potentially impact the economic stability of the farming sector.

A plethora of compounds have reportedly been used to treat human fasciolosis, but none are
as successful as the imidazole derivative TCBZ (14). WHO has also recommended TCBZ to
treat human fasciolosis, although EGATEN® (developed by Novartis Pharmaceuticals) is
currently in phase IV clinical trials (51), and it is still not approved in several countries for

treatment against human fasciolosis.
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1.2.2 Triclabendazole: mode of action and its resistance in F. hepatica

Since 1983, the incorporation of triclabendazole (TCBZ) into standard veterinary practices has
been considered the gold standard for controlling fasciolosis infection in both ruminants and
humans alike (52). This is because TCBZ is the only known flukicide that is effective against
the early pathogenic immature stage of the fluke, beginning from the second week following
infection with >90% efficacy in livestock (Fig. 1.6). TCBZ is administered in two separate
regimens against human fasciolosis in 10-12 mg/kg dosage (14). The cure rate observed after
the first dose of TCBZ is 79.2%, and the second dose is 100% without showing any side
effects, even in the case of postnatal and preschool-age children (53). Despite its efficacy,

TCBZ is not approved for human use in many countries.

The exact mode of action of TCBZ against F. hepatica is still ambiguous. What seems to stand
out is that the treatment of TCBZ in F. hepatica causes tegument disruption (54-56) and
influences apoptosis in the ovaries, testes, and vitelline tissues (23). Additionally, TCBZ
inhibits mitotic (germ cell) and meiotic (germ and somatic) cellular division in the liver flukes
(57,58). Evidently, these effects are similarly associated with other classical benzimidazoles
(BZs), as they bind to B-tubulin, inhibiting the dimerisation of the microtubule network and the
polymerisation of heterodimers in helminths (59). But Fasciola spp. are insensitive to classical
BZs and colchicine (60) because three of the six B-tubulins in Fasciola spp. contain a single
nucleotide polymorphic (SNP) mutation of F200Y, which means tyrosine (Y or Tyr) is at the
200" residue position instead of phenylalanine (F or Phe) (61). The F200Y mutation in the B-
tubulin isotype 1 allele is conjointly associated with resistance to BZs in nematodes, such as
H. contortus, A. lumbricoides, T. trichiura, etc. (62). This mutation also hinders the binding
ability of the BZ moieties in the binding site, as Tyr forms hydrogen bonds with asparagine'®®
(N or Asn) to close the binding pocket access for the ligands and glutamic acid'®® (E or Glu),
which prevents the binding of BZ ligands at the binding pocket of B-tubulin (63). Furthermore,
the study from Olivares-Ferretti and colleagues (64) modelled all six known forms of 3-tubulin
in F. hepatica and indicated that the TCBZ-binding is higher at the nucleotide binding site
compared to colchicine and ABZ binding sites. These models are computational, and further

experimental validation is still required to solve the exact mode of action of TCBZ.

The significant application, overreliance, and improper dosing of TCBZ have contributed to the
development of resistance globally (50). The first documented case of TCBZ resistance was
reported in Australia (65); subsequently, various cases of TCBZ resistance have been reported
in Europe, New Zealand, and South America (63). Recently, in northern Germany, a TCBZ
resistance case documented the death of 300 sheep in the flock due to treatment failure (66).

Nonetheless, the resistance has extended beyond TCBZ, as it has spread to other drugs
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controlling fasciolosis, such as albendazole (67), clorsulon (68), and closantel (69). And the

most distressing aspect is that fasciolosis has developed a multi-drug resistance (70).

The mechanism for TCBZ resistance in F. hepatica remains ambiguous. However, three
possible hypotheses are suggested: (a) mutation at the TCBZ tubulin binding, (b) enhanced
drug efflux, and (c) improved drug metabolism (63). It has been suspected that the mutation
of any one of the six B-tubulin binding residues may reduce the drug-tubulin interaction and is
linked to TCBZ resistance. However, no concordant evidence of a correlation between the
TCBZ-sensitive and -resistant liver fluke strains in terms of amino acid sequence or B-tubulin
expression levels has been elucidated (71,72). In cancer cells, efflux pumps such as ABC
transporters are associated with the mechanism of multidrug resistance (73). Evidently, the
ATP-binding cassette transporter glycoprotein (P-gp), belonging to the ABC subfamily of B
member 1 (ABCB1), acts as drug efflux transporter is seemingly involved in TCBZ resistance
in nematodes (74). In F. hepatica, a small study by Wilkinson and colleagues (75) reported a
SNP of T687G (change of thymine to guanine), which caused a S1144R mutation (change of
serine to arginine at the 1144 residue) in the P-gp gene, which is linked to reduced
accumulation of TCBZ. However, this SNP was not found in TCBZ-sensitive and -resistant
isolate fluke populations (76,77). Clearly, determining the function of this SNP in TCBZ
resistance requires additional research. Another mechanism of resistance may be based on
an altered drug metabolism. A previous study found that TCBZ-resistant isolates have higher
expression levels of TCBZ inert metabolites (TCBZ sulphoxide to TCBZ sulphone) than TCBZ-
sensitive flukes (78). This study demonstrated that resistant strains rapidly metabolise TCBZ
to its inactive form, which may lead to decreased active drug metabolite availability.
Furthermore, glutathione S-transferase (GST), an enzyme involved in drug metabolism, is
highly expressed in TCBZ-resistant rather than TCBZ-sensitive flukes, resulting in even lower
drug concentration accumulation (63). Furthermore, a recent study conducted by Choi and
colleagues delineated the differential transcript expression of microtubule-related genes
between TCBZ-resistant and TCBZ-sensitive flukes and they observed that TCBZ-resistant
flukes exhibited an overexpression of microtubule-related genes (79). This suggests that an
overabundance of tubulin targets likely reduces the available TCBZ, thereby hindering the
TCBZ required to disrupt microtubule polymerisation and effectively eliminating the flukes. In
the future, shedding light on all these mechanisms may improve our understanding of the

TCBZ resistance mechanisms in F. hepatica.
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1.2.3 Drug development against fasciolosis

The high cost of drug discovery and compound screening, along with the time spent bringing
drugs that are safe for both livestock and humans to the market while ensuring all regulatory
and pharmacovigilance compliance (80), contributes to the inability of
pharmaceutical companies to be vigilant against an NTD such as fasciolosis. Nonetheless,
new molecular entities or de novo compounds with known modes of action remain vital for
discovering anthelmintics. There are numerous approaches under consideration for drug
discovery and development as anthelmintics, with a primary focus on two approaches:

phenotypic screening and molecular target-based screening (81).

Phenotypical screening often constitutes the initial discovery of chemical compounds (82),
which are then identified and verified for anti-parasitic effects either in vivo or in vitro (83).
Recently traditional natural medicine and natural extracts have been pursued as an alternative
treatment for fasciolosis. For example, compounds derived from Artemisia mexicana and
several other plant extracts used in traditional Mexican medicine have been tested against
NEJs, with favourable results (84). Similarly, when a natural naphthoquinone (plumbagin)
extract from the roots of Plumbago indica was tested on NEJs and 4-week-old immature F.
gigantica flukes, it showed more detrimental effects than TCBZ at the same concentration
(85). Several natural products are currently being tested for anthelmintic properties, such as
mirazid (derived from Commiphora molmol), which has been commercially distributed in Egypt
as afasciolicide, demonstrated in a preliminary study substantial tissue damage and disruption

of egg production in TCBZ-resistant F. hepatica (86,87).

Another major aspect of drug discovery for anti-parasitic compounds is the molecular target-
based screening approach, which is the dominant strategy when compared to the phenotypic
screening (88). The premise of this strategy is based on the hypothesis that a given target is
essential for achieving a specific therapeutic aim (89); for example, identifying a chokepoint
for biological processes critical for the growth and survival of the parasite. Often, these
biological chokepoints are translated from model organisms like D. melanogaster or C.
elegans because they can be manipulated and are phylogenetically close to the target parasite
of interest. The next step involves analysing the computational structure activity relationship
(SAR) of target inhibitors or antagonists, which is followed by biochemical functional validation.
Alternatively, various mammalian families of druggable proteins, such as G protein-coupled
receptors (GPCRs), protein kinases (PKs) and ion channels, which can be regulated by the

help of small-molecule inhibitors, can also be pursued as anti-parasitic targets (89,90).

Although praziquantel (PZQ) is an effective drug against several parasitic flatworms, it lacks

efficacy against Fasciola. Recently, Marchant and colleagues recently discovered the
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resistance mechanism of PZQ (91), setting a landmark in fasciolicidal research. They found a
mutation of a single residue (threonine) at the binding site of PZQ in Fasciola instead of
asparagine (in sensitive parasitic flatworms) (92). Additionally, Marchant and colleagues
computationally discovered (by SAR) new agonists against the Fasciola transient receptor
potential ion channel, for which our lab contributed by evaluating the activities of these
agonists on Fasciola and confirming that they are more potent than TCBZ (93). Likewise, PKs
are already under investigation for their anthelmintic activities; more on this topic will be

covered in section 1.3.

1.2.4 Vaccine development against fasciolosis

Vaccination is a valuable preventive measure against any infection and limits the dependency
on drug-controlled preventive measures; hence, it controls drug resistance. Several trials have
been conducted in the past targeting the secretome of the fluke (collection of bioactive
molecules, such as proteins, lipids, and nucleic acids, that the flukes release into their
surroundings) (94,95). The lead target groups for vaccine candidates were fatty acid binding
proteins, cathepsin L, glutathione S-transferase (GST), and leucine aminopeptidase (94). In
the studies, either a combination of vaccines or a singular vaccine was administered against
the antigen. The results from most of the trials deduced a substantial reduction in the fluke
burden; for instance, targeting native cathepsin L antigen in one trial demonstrated a 34%
reduction of fluke burden in sheep (96) and a range of 42 to 69% in cattle (97), although the
result could not be replicated. The challenge in developing a vaccine for fasciolosis is to
optimise the antigen that elicits acquired immunity against the infection. This situation
continues to pose a challenge for the development of a commercially viable vaccine for long-

term efficacy against fasciolosis.

Another novel approach for vaccine development against fasciolosis may involve the use of
glycoproteins and glycoconjugates secreted by the flukes and present on the outermost part
of the tegument (19,98). The glycoproteins from flukes are involved in the T helper 2/TReg
immune response via C-type lectin receptors (99). This strategy enables the fluke to ensure

its survivability and decrease liver damage inflicted by the host’s immune response (100).

An alternative strategy employed for vaccine development against fasciolosis infection (which
is under investigation) incorporated cathepsin L mimotopes, which demonstrated reduction in

fluke burden by approx. 50% (101) and egg production in sheep (102) and goats (101-103).
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1.3 Protein kinases: an approach towards antiparasitic compounds

1.3.1 Structural aspects and classification of PKs

Protein kinases (PKs) constitute the second most intensely explored class of druggable
superfamily of essential proteins after G-protein-coupled receptors (GPCRs) and are regarded
as master metabolic switches governing a majority of cellular pathways (104). PKs function
by transferring a terminal or gamma (y) phosphate group from a high-energy molecule, such
as adenosine triphosphate (ATP) or guanosine triphosphate (GTP), to the hydroxyl group of a
serine/threonine or tyrosine residue of the target protein (105,106). PKs are involved in an
abundance of cellular processes, including transcription, translation, and signal transduction
cascades associated with cell proliferation, differentiation, apoptosis, migration and
metabolism (106—108).

Generally, PKs constitute roughly 2 to 4% of the entire proteome and are among the largest
classes of the protein-coding genes found in most of the eukaryotic proteomes. Manning and
colleagues mapped the human kinome and discovered 518 PKs (109), which encode
approximately 2% of the protein-coding genes. Among the 518 PKs, 478 are eukaryotic PKs
(ePKs), and the remaining 40 are atypical PKs (aPKs). Typically, the domain in ePKs is highly
conserved and consists of eleven of the twelve subdomains conserved (Fig. 1.7); in contrast,
aPKs share limited sequence similarity and are divergent (110). The canonical PK catalytic
domain has two main folds, known as lobes, that are connected via a flexible hinge region,
establishing a hydrophobic cleft for the ATP binding site (111). The first smaller lobe is the N-
terminal lobe, which comprises an a-helix and five B-sheet strands that are distinguished for
ATP-binding, while the subsequent larger lobe is the C-terminal lobe, which comprises six a-
helices that enable protein substrate binding and phosphorylation catalysis (112,113). The
active site, composed of the activation loop and catalytic loop that forms the ATP and substrate

binding sites, resides between the N-terminal and the C-terminal lobes (114).
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Figure 1.7: Key structural features of the catalytic domain of eukaryotic protein kinases (ePKs).
The twelve conserved subdomains are depicted in different colour codes (from | to XI), and the grey
colour represents the less conserved regions in the protein sequence. This figure is adapted from (110)
and created with IBS v2.0 (115) and aesthetically modified in Inkscape (25).

PKs are classified into two main superfamilies based on the residues they phosphorylate:
serine/threonine (STK) or tyrosine residues (PTK) (116). Although the majority of PKs
phosphorylate only a single type of residue, there are some exceptions known as “dual-
specificity kinases”, which can target both serine/threonine and tyrosine residues (117). The
“current standard classification scheme” of PKs is based on the initial scheme proposed by
Hanks and colleagues (118,119), subsequently refined by Manning and colleagues (109,120)
and accessible via KinBase (121). This classification of kinases may alter as new kinases are
identified and existing kinases are reclassified into different families and/or subfamilies based

on their structure and/or function.

PKs are classified into nine major ePK groups based on their primary sequence and conserved
structural features: AGC (protein kinase A, G, and C), CAMK (calcium/calmodulin-dependent
kinases), CK1 (casein kinases), CMGC (cyclin-dependent kinases, MAP kinases, glycogen
synthase kinases, casein kinases 2), the “Other” group (which shares weak sequence
homology to other PK groups), RGC (receptor guanylate cyclases), STE (homologues of yeast
sterile 7, 11, and 20), TK (tyrosine kinase), and TKL (tyrosine kinase-like) (109,116,122).
Alongside the nine ePKs, some other kinases show a similar prototypical-like fold and catalytic
mechanism as ePKs, albeit they lack the canonical sequence motifs features of PK catalytic
domains; thus, they are collectively termed “atypical” (aPKs) or simply referred to as “PK-like”
(PKL) (123). The aPKs group comprises divergent families, such as Alpha, ABC1 domain-
containing (ABC1), phosphatidyl inositol-3-kinase-related kinases (PIKK), and right open
reading frame (RIO) (123,124). Consequently, PK groups are split into 240 families and 128

subfamilies (http://kinase.com/kinbase/).
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1.3.2 PKs as drug targets against cancer and parasitic diseases

Considering the importance of PKs in cancer development, a multitude of small-molecule PK
inhibitors serve as therapeutic agents (125), with 94 of these inhibitors currently approved by
the USFDA for the treatment of various cancerous types (126,127). Because PK domains are
conserved and exhibit analogous roles across phylogenetically distant and divergent
organisms, they may also be considered potential targets against parasites (128). Exploring
the role of kinases in parasitic worms may help us create innovative interventions, control

strategies, and treatment approaches against parasitic worms (129).

Several kinome studies have significantly advanced the drug target research for NTDs caused
by various parasites, including cestodes [T. solium (130), D. caninum (131), etc.], nematodes
[H. contortus (132), T. trichiura (133), etc.], trematodes [S. japonicum (134), S. haematobium
(135), S. mansoni (136,137), F. gigantica (138), etc.], apicomplexans [P. falciparum & P. vivax
(139,140), T. annulate (141), etc.], kinetoplastids [L. infantum & L. braziliensis (142),
Trypanosomatida (143), etc.], etc. The emergence of kinome databases facilitates the search

for antiparasitic targets and compounds.

Dissous and Grevelding initially discussed the so-called “piggy-back” approach (144) to
repurpose PK inhibitors approved for human diseases as anthelmintics. This so-called “piggy-
back” approach was recently adopted and employed by Moreira and colleagues; they showed
the effectiveness of repurposed PK inhibitors against S. mansoni (145-147). They identified
multiple potential schistosomicidal compounds, and following the investigations using an in
vitro screening assay, they discovered two compounds that induced phenotypical changes in
the tegument and gonads as well as impairments in cell proliferation (145-147). This approach
was also utilised for malaria and leishmaniasis to uncover numerous lead compounds
(142,148,149). This strategy could potentially be extrapolated to for repurposing PK inhibitors

in a novel approach to combat fascioliasis.

1.3.3 Role of PKs in helminth survival, growth, and signalling

Helminths often inhabit distinct biological niches within their host (150,151) and possess
unique defence mechanisms to evade host immune detection and/or attack, often
necessitating specialised signalling pathways (152—154). Nevertheless, comprehension of
these signalling mechanisms remains scarce; however, understanding these biological
chokepoints can be crucial for bolstering the anthelmintic research (155). Considering this,
PKs in parasitic helminths are important for several magnitudes of biological and medical
reasons, as they are associated with helminth development, including reproduction, growth,

cell survival, stress adaptation and apoptosis (156,157).
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Mitogen-activated protein kinases (MAPKSs) are important for helminth reproduction and stress
response and are classified within the CMGC PK group (158). Andrade and colleagues
inhibited extracellular signal-regulated kinase (ERK) in S. mansoni and established its function
in sexual maturation of the blood fluke (159). They additionally reported poorly developed
ovaries and a significant reduction of egg burden in mice infected with dsRNA-treated
schistosomula (159). The inhibition of c-Jun N-terminal kinase (JNK), another member of the
MAPK family, reduced the in vivo survival rate of blood flukes by 50% (159). Avelar and
colleagues demonstrated that knocking down Smp38 MAPK expression caused tegumental
damage and a reduced survival rate of S. mansoni (160). The study suggested that Smp38
MAPK serves as a significant defence mechanism against host oxidative stress and facilitates
the survival of the blood fluke within the host (160).

Another significant group of PKs is CAMK, which is essential for calcium signalling in
helminths. Calcium (Ca2+) is essential for various functions in helminths, including neural
activity, fecundity, motility, muscle contraction, and host attachment; therefore, it proves critical
for immediate survival within the host (161). In E. multilocularis, the CAMK group is implicated
in the regulation of larval growth, development, and survival (162). Gao and colleagues
reported that inhibiting calcium channels in Echinococcus produced significant inhibitory
effects on the parasite, its germinal layer cells, and metacestode, hypothesising the

involvement of CAMKII in the maintenance and completion of the life cycle (163).

Another subfamily of the tyrosine PK group represents receptor tyrosine kinases (RTKSs),
which are particularly significant due to their involvement in host-induced stress signalling in
helminths. Through studying the insulin signalling mechanism in S. mansoni, Vicogne and
colleagues identified an unconventional receptor exhibiting significant homological similarity
to the mammalian insulin receptor, which they designated as venus kinase receptors (VKRs),
belonging to the RTKs (164). Initially characterised in schistosomes, an additional VKR was
afterwards identified in insects, exhibiting several identical VKR domain compositions (165),
thereby establishing them as invertebrate-specific insulin-like receptors which are absent in
mammals (166—168).

1.3.4 PKs in F. hepatica and knowledge gaps

To date, only few studies investigated PKs as drug target candidates in F. hepatica. Previous
work of our lab aimed at steering the drug discovery research for F. hepatica towards PKs by
investigating the effects of the abelson tyrosine kinase 1 (ABL1) inhibitor imatinib (Gleevec®)
and the PLK1 inhibitor BI2506 in vitro against adult and immature flukes (169). They
demonstrated, utilising matrix-assisted laser desorption/ionization (MALDI) and mass

spectrometry imaging (MSI), the absorption route of the ABL1 inhibitor imatinib, predominantly
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via oral ingestion by the fluke. The accumulation of imatinib induced abnormalities in the
tegument and reproductive organs, leading to interruptions in egg production and fluke
mortality in vitro (169). Moreover, they demonstrated the effects of BI2536, which diminished
the viability of 4-week-old immature flukes (169). Subsequently, McCusker and colleagues
further characterised PLK1 through gene silencing (RNAI) in juvenile flukes and demonstrated

a rapid stunting of fluke growth and proliferation of neoblast cells (170).

Recently, Gramberg and colleagues from our research group identified PKs with preferential
expression in certain tissues by applying spatial transcriptomics. PKC 3 was expressed in the
tegument of adult flukes and treatment with the PKCf inhibitor ruboxistaurin had lethal effects
in vitro (171). This finding establishes a link for PKCp as a druggable target essential for the

survival of the liver fluke.

Although there has been recent progress in comprehending certain functions of PKs in
Fasciola, substantial challenges persist in our knowledge, resulting in a considerable gap that

necessitates extensive effort to address. The critical challenges are as follows:

(a) The absence of a kinome for F. hepatica hinders comprehensive research on PKs in this
parasite. As kinome analysis would facilitate the prioritisation of proteins associated with lethal
phenotypes of etiological agents (such as the liver fluke) for target selection upon inhibition
(172). (b) The connection between TCBZ resistance and PKs, such as MAPKs, suggests a
potential role in TCBZ resistance. The specific phosphorylation targets associated with this
resistance remain unidentified. The precise kinases that activate the drug efflux pumps remain
unknown. A recent genomics study of F. hepatica, conducted by Chio and colleagues, has
established a foundation for future research on the correlation between resistance-associated
genes in the EGFR-PISK-mTOR-S6K signalling pathway, microtubule function, and the
survival of the fluke following TCBZ exposure (79). (c) The absence of experimentally resolved
crystal structures of PKs necessitates that current drug-designing strategies rely heavily on
homology modelling of these structures, which poses a risk of host toxicity due to the high

conservation of kinase active sites.

1.3.5 Function of PIM kinase

The proviral integration site for murine leukaemia virus (PIM) kinases are an example of a PK
family not yet well studies in parasitic flatworms including F. hepatica. PIM kinases belong to
the CAMK PK group and were initially recognised in the 1980s as potent oncogenes in mouse
cells, phosphorylating serine and threonine residues (173). The PIM kinase family constitutes
three genes: PIM1, PIM2, and PIM3, which exhibit over 60% sequence similarity among
themselves (174). All PIM kinases are overexpressed in various malignancies, including

prostate cancer, myeloma, leukaemia, non-Hodgkin lymphoma, and breast cancer (175). PIM
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kinases have emerged as a focal point in cancer drug research, being extensively used to

reduce glycolysis, increase T cell longevity, and regulate tumour processes (176,177).

Human PIM kinases exhibit a distinctive characteristic: they possess shorter amino acid
sequences at both the N-terminal and the C-terminal regions, which are external to the kinase
domain and lack regulatory domains within their protein structures (178). Nearly all the kinases
and phosphatases activate and deactivate one another via phosphorylation and
dephosphorylation; however, PIM kinases are hypothesised to be constitutively active
(179,180). PIM kinases are regulated through ftranslational, transcriptional, post-

transcriptional, and proteasomal degradation (181).

PIM kinases are mainly attributed to the cell cycle (182) and have also been reported to
modulate immune microenvironments and regulate immune cells (183). The initial evidence
of PIM1 activity in cellular progression was identified in 1999 when PIM1 phosphorylated the
cell-division cycle 25A (Cdc25A) phosphatase. The G1/S phase of the cell cycle is regulated
by Cdc25A, and elevated expression of Cdc25A facilitates the transition from G1 to S phase
(184). The G1/S phase inhibitor p21 was found to be phosphorylated by PIM1, leading to the
inhibition of cyclin kinase, thereby confirming a PIM1 role in regulating cell apoptosis (185).
PIM1 also affects the M-phase of the cell cycle through the phosphorylation of nuclear mitotic
apoptosis protein (NuMA) (186). Similarly, a rapid transition to mitosis from the G2 phase was
reported when PIM1 inactivates Cdc twenty-five-associated kinase 1 (C-TAK1) and activates
Cdc25C phosphatase, with PIM kinase functioning as a regulation factor (187). PIM1 also
negatively regulates Bcl-2-associated agonist of cell death (BAD) protein, indicating that PIM1

affects cell apoptosis (188).

In addition to cell cycle regulation, PIM1 has been reported to be regulated by the Janus
kinase/Signal Transducer and Activator of Transcription (JAK/STAT) pathway (189). The
initiation of this pathway occurs through interleukins, which subsequently transduce the JAK
signal to phosphorylate STATSs, thereby enhancing the expression level of PIM1 by binding to
the promoter gene (189). Following the reduction of PIM1 expression through the feedback
mechanism, JAK activity reduces due to the phosphorylation of the SOCS protein,

subsequently blocking STAT activation (190).

All the metabolic pathways related to PIM1 can also be derived from the KEGG orthology of
PIM kinase (K04702) for the JAK/STAT pathway in cancer, specifically for the anti-apoptosis
process (map04630), as well as for the pathways in cancer (map05200) (191,192). The
pathways are depicted in the supplementary section of this thesis in supplementary figures

6.1 and 6.2, respectively.
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SGI-1776 is a pan-PIM kinase ATP-competitive inhibitor and was first introduced as an
anticancer drug for non-Hodgkin’s lymphoma, prostate cancer, and leukaemia (193,194). The
ICs0 value of SGI-1776 against human PIM1, PIM2, and PIM3 was found to be 7, 363, and 69
nM, respectively (195). Chen and colleagues reported that this inhibitor targets not only human
PIM kinases but also FLT-3 at 44 nM and haspin at 34 nM (195). CX-6258 is a second-
generation pan-PIM kinase ATP-competitive inhibitor, initially identified by Haddach and
colleagues (196). The ICs value of CX-6258 against human PIM1, PIM2, and PIM3 was found
tobe 5, 25, and 16 nM, respectively (196). This inhibitor exhibited modest activity against FLT3
at 134 nM (197) and against haspin at 10 nM (198). The current clinical trial status for both
the pan-PIM inhibitors (SGI-1776 and CX-6258) can be found in the supplementary table 6.11
Of this thesis. The 2D structures of SGI-1776 and CX-6258 can be found in the supplementary
table 6.8 of this thesis.

Recently, PIM kinases have been established as crucial drug target in cestodes, whereas their
therapeutic potential in parasitic flukes remains completely unstudied. No studies have yet
characterised this PK in the common liver fluke (F hepatica), indicating a substantial

deficiency in the molecular research of liver flukes.
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1.4 Aim of this research

Fasciolosis is a globally prevalent zoonotic NTD, infecting both humans and important
veterinary animals alike. Benzimidazoles are utilised in the treatment of fasciolosis, with TCBZ
regarded as the gold standard due to its efficacy in targeting flukes during their early migratory
phase. While TCBZ is exceptionally effective against the premature flukes, mass drug
administration (MSA) has led to the prevalent emergence of TCBZ resistance (50). Therefore,
it necessitates uncovering new control approaches and drugs, especially due to the

unavailability of efficient vaccines.

According to the hypothesis initially proposed by Dissous and Grevelding (144), repurposing
PK inhibitors from human cancer can be used for the treatment of helminthic infection. This
new strategy might potentially be a new avenue for discovering druggable interventions in
combating fasciolosis, but to target PKs, first we need to identify how many PKs do exist in F.
hepatica and which of them can be pursued as druggable targets. Therefore, the subsequent

objectives were laid out for this work:

1. Elucidating the kinome of F. hepatica through a refined genomic-bioinformatic pipeline.

2. Conduct kinome-wide comparisons among closely related parasitic flatworm species
and the human host.

3. Identify and report in vitro inhibitory data for selected commercially available small-
molecule PK inhibitors evaluated against the immature and adult life stages of liver
flukes.

4. Homology modelling of FhPIM kinase for virtual screening of a compound library to

identify additional inhibitors having fasciolicidal specificity.
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2. Materials and Methods

2.1 Materials

2.1.1 Animal model and F. hepatica strain

Alist of animals as well as the strain of F. hepatica used in this work can be found in Table 1.

Table 1: List of animals and strains.

Species, Strain Source Identifier
Rattus norvegicus, Wistar Janvier Labs RjHan:Wi
Fasciola hepatica, Italian Ridgeway https://ridgewayresearch.co.uk/parasite-
, diagnostics-laboratory/available-
strain Research :
parasites/

2.1.2 Reagents, chemicals, and media supplements

Alist of reagents and chemicals used in this work can be found in Table 2.

Table 2: List of reagents and chemicals.

Reagent/Chemical Supplier # Cat. no. Application

ABAM c.c.pro GmbH 2-18-M In vitro culture
[10,000 units/ml penicillin,

10 mg/ml streptomycin,

25 mg/ml amphotericin B]

Chicken serum Thermo Fisher 16110082 In vitro culture and
Scientific oral infection
Diethyl pyrocarbonate Carl Roth® P030.1 Buffer preparation
(DEPC)
Dimethyl sulfoxide Sigma-Aldrich® D4540 Solvent for small
(DMSO) molecule inhibitors
Disodium hydrogen Carl Roth® P030.1 Buffer preparation
phosphate (Na,HPO,)
Double distilled H,O Carl Roth® 3478.1 Buffer preparation
Ethanol Carl Roth® 9065.4 Solvent
Potassium chloride (KCI) Carl Roth® P017.2 Buffer preparation
Potassium dihydrogen Carl Roth® 3904 1 Buffer preparation
phosphate (KH,PO,)
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RPMI 1640 medium [1x] GIBCO™, Thermo 11835-030 Flukes in vitro
Fisher Scientific culture
Sodium chloride (NaCl) Carl Roth® 6885.1 Buffer preparation
TRIS Carl Roth® 4855.2 Buffer preparation

2.1.3 Buffers and solutions

Alist of buffers and solutions used in this work, which were stored at room temperature unless

otherwise stated, can be found in Table 3.

Table 3: List of buffers and solutions.

Buffer Ingredients Application
DEPC H,0O 0.1% (v/v) DEPC in ddH,0O Multipurpose buffer
PBS (10x) 1.37 mM NaCl Multipurpose buffer

27 mM KCl

65 mM Na,HPO,
15 mM KH,PO,
In dH,0O
pH=7.0-7.2

Saline solution

0.9% (w/v) NaCl with 1% (v/v)
ABAM in ddH,0O

Immature fluke harvest

Sugar water

1 g saccharose in 20 ml dH,0

Oral infection

Fluke in vitro culture

medium

RPMI 1640

5% chicken serum (not heat-
inactivated)
1% ABAM

Flukes in vitro culture

2.1.4 Commercially available small-molecule inhibitors

Commercially available small-molecule inhibitors used in this work were first dissolved in

DMSO (as recommended by the manufacturer to create a stock of 50 mM) and were stored

at -80°C for long-term storage (one year). Prior to the initiation of an inhibitor treatment

experiment, the inhibitors were stored at -20°C, and upon the conclusion of the experiment,

they were returned to -80°C for storage. The list of these inhibitors can be found in Table 4.
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Inhibitor Supplier # Cat. no. Molecular weight
(Da)
vandetanib Selleck Chemicals S1046 475.35
(ZD6474)
ruboxistaurin Selleck Chemicals S7663 505.01
(LY333531) HCI
tyrosine kinase-IN-1 MedChemExpress® HY-100315 445.53
(XL999)
foretinib (XL880) Selleck Chemicals S1111 632.65
SGI-1776 Cayman Chemical Cay16423-1 405.42
Company
CX-6258 HCI Cayman Chemical Cay16245-1 498.40
Company
triclabendazole Sigma-Aldrich® 32802 359.66

(TCBZ)

2.1.5 Software and online databases

List of software and online databases used in this thesis can be found in Table 5.

Table 5: List of software and online databases.

Software/Online

Methodology

databases application References Website

AlphaFold v2 Molecular docking (199-201) https://www.alphafol
d.ebi.ac.uk/
Anaconda Kinome generation (202) https://www.anacond
and molecular a.org/
docking
AutoDock Vina Molecular docking (203,204) https://vina.scripps.e
v1.1.2 du/

BEDTools v 2.31.1 Kinome generation (205) https://bedtools.read
thedocs.io/en/latest/
BLAST +v2.2.24 Kinome generation (206,207) https://ftp.ncbi.nim.ni
and v2.15.0 and phylogenetic h.gov/blast/executab

tree construction

les/blast+/
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BlastKOALA

Kinome generation

(208)

https://lwww.kegg.jp/

blastkoala/

ColabFold v1.5.5

Molecular docking

(209)

https://colab.researc
h.google.com/github
/sokrypton/ColabFol
d/blob/main/AlphaFo
Id2.ipynb

EMBL-Clustal
Omega

Kinome generation
and molecular

docking

(210)

https://www.ebi.ac.u
k/jdispatcher/msalcl

ustalo

EMBOSS needle
v6.6.0.0

Kinome generation

(210,211)

https://femboss.sourc
eforge.net/apps/cvs/
emboss/apps/needle
.html
https://ssbio.readthe
docs.io/en/latest/inst
ructions/emboss.htm
#

Exonerate v2.4.0

Kinome generation

(212)

https://www.anacond
a.org/bioconda/exon

erate

Figtree v1.4.4

Kinome generation
and phylogenetic

tree construction

(213)

https://tree.bio.ed.ac

.uk/softwareffigtree/

GFFRead v0.12.7

Kinome generation

(214)

https://anaconda.org

/bioconda/gffread

HMMER v2.3.2 and
v3.3.2

Kinome generation

(215,216)

https://www.ebi.ac.u
k/Tools/hmmer/hom

e

Inkscape v1.4

Figure compilation

https://www.inkscap

e.org

InterProScan v5.63-
95.0

Kinome generation

(217)

https://www.ebi.ac.u

k/interpro/

Kinnanote v1.0

Kinome generation

(218)

https://sourceforge.n
et/projects/kinannote
/
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MAFFT v7.520 Kinome generation (219) https://mafft.cbrc.jp/a
lignment/software/
MEGA v11 Phylogenetic tree (220) https://www.megasof
construction tware.net/
MrBayes v3.2.7a Phylogenetic tree (221) https://nbisweden.git
construction hub.io/MrBayes/
MUSCLE v5 Phylogenetic tree (222,223) https://www.drive5.c
construction om/muscle/
NCBI protein sequence (9) https://www.ncbi.nlm
database .nih.gov/
Open Babel v3.1.1 Molecular docking (224) https://openbabel.or
g/index.html
OrthoFinder v3 Kinome generation (225) https://github.com/d
avidemms/OrthoFin
der
OrthoMCL v2.0.9 Kinome generation (226,227) https://orthomcl.org/
orthomcl/app
PANTHER v16 Kinome generation (228) https://pantherdb.org
/
pBLAT v2.5.1 Kinome generation (229) https://anaconda.org
/bioconda/pblat
Pfam v63.0 Kinome generation (230) https://www.ebi.ac.u
k/interpro/download/
pfam/
PyMOL v3.1 Molecular docking (231) https://www.pymol.or
g/
Python v2.7 and v3 Kinome generation (232) https://www.python.o
and molecular rg/
docking
Rv4.3.4 Kinome generation (233) https://lwww.r-
project.org/
RCSB PDB Molecular docking (234) https://www.rcsb.org
/
Smart v9.0 Kinome generation (235) https://smart.embl.d

el

25



Materials and Methods

SmartChemist Molecular docking (236) https://chemist.smart
webserver s.plus/
SUPERFAMILY v2 Kinome generation (237) https://www.supfam.
org/
SWISS-MODEL Molecular docking (238) https://swissmodel.e
xpasy.org/
Tidyverse (R Kinome generation (239) https://tidyverse.org/
package)
TLDR webserver Molecular docking (240) https://tldr.docking.or
g/
Uniprot Kinome generation, (241,242) https://www.uniprot.
molecular docking, org/
and protein
sequence database
USCF ChimeraX Molecular docking (243,244) https://www.rbvi.ucsf
v1.8 .edu/chimerax/
WormBase Parasite ~ Kinome generation (245) https://lwww.parasite.

vWBP18-19 and protein wormbase.org/index
sequence database .htmi
2.1.6 Laboratory equipment
List of laboratory equipment used in this works can be found in Table 6.
Table 6: List of laboratory equipment.
Equipment Manufacturer Application
DFC3000G Leica B&W camera for DMIL
DMC2900 Leica Colour camera for DMIL,

TL3000 Ergo and DMi8

HERACELL VIOS 160i CO2

Thermo Fisher Scientific

Flukes in vitro culture

incubator
M125C Leica Stereo microscope for fluke
scoring & imaging
TL3000 Ergo Leica Light transmitted base of

microscope (light plate) for
fluke scoring & imaging
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2.2 Methods

2.2.1 Ethical statement

Animal experiments with rats (Rattus norvegicus) as model hosts were performed, obeying
the EU-directive 2010/63/EU on the protection of animals used for scientific purposes and the
German Animal Welfare Act “Tierschutzgesetz”. To cultivate and harvest liver flukes from rats,
the Regional Council (Regierungsprasidium) Giessen approved the infection experiments
(V54-19¢20 15 h 02 GI 18/10 Nr. V 6/2023).

2.2.2 Maintenance, harvest, and in vitro culture of F. hepatica

2.2.2.1 Infection of rats with F. hepatica

One week before the initiation of the oral infection procedure, the rats were trained with freshly
prepared sugar water with a 200 pl pipette tip to get them adapted to the infection procedure.
Metacercariae of an Italian F. hepatica strain were obtained from Ridgeway Research (UK),
and the day before the oral infection, they were collected in desired numbers in a
microcentrifuge tube (eppi). The procedure to collect them is as follows: Metacercariae were
obtained on plastic sheets from Ridgeway Research (UK) and were kept in sterile refrigerated
conditions. Firstly, one sheet containing metacercariae was unrolled in a petri dish containing
autoclaved dH>O using plastic tweezers. Metacercariae were scraped (under microscopic
conditions) from the plastic sheet using a scalpel or 100 ul pipette tip. A pipette tip lined with
chicken serum (CS) was used to collect the desired number of metacercariae (20 or 25) and
to prevent them from sticking to the tip (the reason for lining the pipette tip with CS). After the
collection of the metacercariae, firstly, the sheet was rolled back and placed back in the sterile
refrigerated conditions; later, all the used equipment was subjected to bleach treatment for

sterilising them before autoclaving them.

The oral infection was conducted on Wistar rats (RjHan: WI, Janvier, France) at an age of four
to five weeks with 20 (adult flukes) or 25 (immature flukes) metacercariae. The procedure for
oral infection is similar to sugar feeding with few extra steps. Firstly, the supernatant of the
collected metacercariae was decanted, and then a fresh pipette tip was lined with CS (reason
stated above). Subsequently, freshly prepared sugar water was carefully added to the eppi
containing metacercariae, which was later fed dropwise directly into the mouth of the rat. After
feeding the suspension to the rat, the eppi was flushed with sugar water and was fed once
again to the rat. A new pipette tip was used for each rat to prevent accidental overinfection.
After four weeks (for harvesting immature flukes) or twelve weeks (for harvesting adult flukes)
post infection (p.i.), rats were subjected to cervical dislocation after CO, euthanasia. The

collection conditions of flukes are stated in the next section (2.2.2.2.).
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2.2.2.2 Harvest of immature and adult flukes

Immature flukes were collected after 4 weeks p.i. via the chopped livers of the rats, whereas
adult flukes were collected after 12 weeks p.i. from the bile ducts of the rats. The collected
flukes were cultured in RPMI-1640 medium containing 1% ABAM solution and 5% CS for one
hour to regurgitate their gut contents, followed by overnight culture in RPMI-1640 medium
containing 1% ABAM and 5% CS. Please note that the CS used for the preparation of the
fluke in vitro culture medium was not heat-inactivated. Flukes were either used to test small-

molecule inhibitors or stored in protect buffer at -80°C until RNA extraction.

2.2.2.3 In vitro culture of immature flukes

Immature flukes were cultured in a 48-well plate (one-two flukes per well) with 650 pl of RPMI-
1640 medium containing 1% ABAM and 5% CS at 37°C in 5% CO.. Before the start of an
experiment, medium was always prepared freshly under sterile conditions and then stored at
4°C. If the medium was not used within three to five days, then fresh ABAM was added to the
medium. Please note that the CS used for the preparation of the fluke in vitro culture medium

was not heat-inactivated.

Conditions for small-molecule inhibitor evaluation: First, the medium was added to the plate
under a laminar flow hood, which was incubated at 37°C for one hour to warm the medium.
Before the start of the fluke relocation, all the equipment, light plate and workbench were
sterilised with 70% ethanol to avoid the risk of contamination. Then, flukes were relocated
from their overnight culture plate to the warmed plate containing the medium; this procedure
was done with the help of spring steel tweezers. Fresh medium was replenished to a new
plate every 24 h, and after the plate was warmed to 37°C, then the flukes were transferred to
the new plate containing the medium. A motility score was assigned to each worm prior to
transferring the flukes to a new plate with fresh medium. Scores were recorded for up to 72 h
after every 24 h, after which the worms were subjected to photography and/or videography to
record their motility at the end of the experiment and later were stored in RNA protect buffer
at -80°C. Flukes were scored with a microscope (Leica M125 C) at 2x magnification and
photography and/or videography was conducted with the same microscope at 4x

magnification.

2.2.2.4 In vitro culture of adult flukes

Adult flukes were cultured in 12-well plate (one to two flukes per well) with 3 ml of RPMI-1640
medium containing 1% ABAM and 5% CS, at 37°C in 5% CO.. Please note that the CS used
for the preparation of the fluke in vitro culture medium was not heat-inactivated. The conditions
for handling the flukes were the same as for immature flukes specified in the above section
(2.2.2.3).

28



Materials and Methods

2.2.2.5 Scoring grades for the flukes

The scoring of the flukes was adapted from Morawietz and colleagues (169). Scoring grades
were as follows: 0 (no movement even after mechanical stimulation with tweezers or dead
flukes), 1 (minimal or irregular movement), 2 (slightly reduced motility than normal), and 3

(normal motility).

2.2.2.6 In vitro small-molecule inhibitor treatment on immature and adult flukes

The small-molecule inhibitors specified in table 4 were evaluated for their
anthelminthic activities on immature and adult flukes. Dimethyl sulfoxide (DMSQO) was used to
prepare stock solutions of 50 mM. At different concentrations (25 uM, 50 yM, and 100 yM),
the small-molecule inhibitors were used to treat flukes. As a negative control, DMSO was used
in the same volume as the highest concentration of a small-molecule PK inhibitor, specifically
0.2% for immature flukes and 0.3% for adult flukes. The final dilution of the DMSO in the fluke
in vitro culture medium was achieved by initially vortexing the DMSO or the small-molecule
inhibitor in an eppi with the culture medium, which was subsequently transferred to the 12- or
48-well plate. The in vitro handling conditions for immature and adult flukes, along with their

scoring grades, are specified in sections 2.2.2.3, 2.2.2.4, and 2.2.2.5 respectively.

2.2.3 Assembly of the F. hepatica kinome

2.2.3.1 Identification, prediction, and curation of the kinome

A bioinformatic pipeline developed for the generation of Schistosoma haematobium kinome
(135) was adapted and refined (Fig. 2.1) to identify, predict, and curate PKs in the proteome
of F hepatica (PRJNA179522, v2021-12-WormBase) published at WormBase Parasite
vWBP18 (245). Initially, | employed Kinannote (218) using the metazoan (-m) option on the
genome using the usage command line specified in the usage section of the program, which

generated a draft kinome containing PKs classified into groups, families, and sub-families.
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Figure 2.1: Modified bioinformatic pipeline for the kinome generation of F. hepatica. This figure
presents a detailed overview of the genomic-bioinformatic pipeline employed for the generation of the
kinome of F. hepatica. This figure is adapted and modified from Ajmera et al., 2026 (246).

Subsequently, to further curate the kinome, | employed the FastProteinExonerate wrapper
script (https://github.com/stroehleina/FastProteinExonerate) alongside the inferred proteomes
of closely related species to F. hepatica, such as Schistosoma mansoni (PRJEA36577),
Fasciola gigantica (PRJNA230515), and an additional proteome of F. hepatica (PRJEB25283),
which all were published at WormBase vWBPS18. This step augmented the existing gene
models in our query genome of F hepatica (PRJNA179522). FastProteinExonerate
necessitates the installation of pBLAT (229), BEDTools (205), Exonerate (212), and GFFRead
(214) as prerequisites. This supplementary procedure ensures the alignment of protein
sequences to the genome scaffolds of F. hepatica (PRIJNA179522) and predicts genes in the

matching regions as well as addresses the gaps in the fragmented genes.

Subsequently, | employed OrthoMCL (226,227) to define the orthologous relationship among
the protein sequences of the four previously inferred proteomes of species closely related to
F. hepatica and to provide orthologous grouping. OrthoMCL ensured efficient and accurate
functional annotation of orthologs by facilitating scalable multi-species analysis, utilising the
BLAST (206) and the Markov clustering algorithm (247). MySQL installation is a prerequisite

for OrthoMCL to perform local clustering of the protein sequences.
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Additionally, | provided functional annotations using InterProScan v5.63-95.0 (217), which
gave insights about PK domains using Pfam v63.0 (230), PANTHER v16 (228), and
SUPERFAMILY v2 (237) databases.

With the aggregated data from OrthoMCL and InterProScan, | subsequently filtered the
dataset using the Tidyverse (239) package in R v4.3.4 (233). The data filtering was carried out
to remove the redundancies and overlapping genes in the dataset. The conditions for the data
filtering can be found in sections 2.2.3.1.1 and 2.2.3.1.2. This was carried out by subsetting
the data by filtering the database domain ID/ accession numbers for Pfam “PF00069 - Protein
kinase domain” and “PF07714 - Protein tyrosine and serine/threonine kinase”, for
SUPERFAMILY “SSF56112 - Protein kinase-like (PK-like)”, and for InterProScan “IPR011009
- Protein kinase-like domain superfamily”, “IPR0O00719 - Protein kinase domain”, and

“IPR001245 - Serine-threonine/tyrosine-protein kinase, catalytic domain”.

Then, | further reduced the redundancies and overlapping genes using the “FOR” nested loop
with “IF” conditions (the code used for filtering loops are specified in the supplementary code
section of this thesis 6.3.1 and 6.3.2). The nested loop iterates to reduce the redundancies by
selecting the distinct unique sequence identifier for a single gene locus using the Tidyverse
package in R v4.3.4. The new predicted genes were given a new numeric identifier with the
prefix “FhPK_00” in the final dataset and can be found in the supplementary table 6.12 of this
thesis and the complete kinome information is accessible in the online version of

supplementary data file 1 in Ajmera et al. 2026 (246).

2.2.3.1.1 Nested loop iteration conditions for reducing the redundancies

“FOR” nested loop iteration was built on four “IF” conditions, which are as follows:

Sequence should be on the same contig.
Sequence should be on the same strand.

The start position of the sequence should be smaller or equal to the current start.

A w =

The end position of the sequence should be larger or equal to the current end.

Code for the nested loop iteration with “IF” conditions for reducing the redundancies in R v4.3.4

(233) is stated in supplementary code section 6.3.1 of this thesis.

2.2.3.1.2 Nested loop iteration conditions for reducing the overlapping genes

“FOR” nested loop iteration was built on three “IF” conditions, which are as follows:

1. Sequence should have the longest gene length on the genomic location.
2. Sequence should have the longest protein sequence length on the genomic location.

3. Sequence should have the highest overlapping ratio.
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Code for the nested loop iteration with “IF” conditions for reducing the overlapping genes in R

v4.3.4 (233) is stated in supplementary code section 6.3.2 of this thesis.

2.2.3.2 Functional annotation via KEGG pathway

Upon the complete procurement of PKs in F. hepatica, they were further subjected to functional
annotation using the KEGG metabolic pathway via the BlastKOALA (208) webserver with its

default setting and selecting the eukaryotes gene dataset.

2.2.3.3 Kinome comparison

| further collated the kinome of F. hepatica with accessible kinomes of S. mansoni (136,137),
S. haematobium (135) and H. sapiens (109,121). Initially, the PK domains of the sequences
were needed to be identified, for which | developed a Hidden Markov Model (HMM) using the
webserver HMMER v3.3.2 (215,216) utilising Pfam-A database (230) with “PF00069 - protein
kinase domain” and “PF07714 - protein tyrosine and serine/threonine kinase”. The HMM was
employed to accurately identify and classify PKs among the selected species by detecting
conserved sequence motifs within PK domains. Profile HMM encompass position-specific
residue probabilities and insertion/deletion patterns, enabling the identification of both
canonical and divergent PK sequences. This method guaranteed reliable and consistent
kinome annotation for interspecies comparative analysis. Moreover, protein sequences
containing fragmented domains, specifically those comprising of two or more domains each
shorter than 140 amino acids, were consolidated. Furthermore, sequences were grouped
utilising OrthoFinder (225). OrthoFinder clusters PK sequences into orthologues groups based
on sequence similarity and phylogenetic relationships, facilitating the identification of
conserved and lineage-specific PK families across the selected species. It employs gene tree
inference to differentiate orthologs from paralogs, yielding a more evolutionarily precise
classification of PKs. This enables comprehensive comparative analysis of kinome expansion,
contraction, and functional diversification. Subsequently, | conducted comprehensive all-vs-all
groupwise global alignment of the PK sequences utilising EMBOSS needle v6.6.0.0 (210,211).
Later, only the best alignment representation (based on the percent identity between the query
and target sequences) was selected using a self-written script in R v4.3.4 (233). Atypical PK
exhibit minimal sequence similarity to the HMM protein kinase profiles (123); therefore, |
performed the comparison utilising solely the full-length sequences via local BLAST (206). All
relevant information regarding the kinome comparison is available in the online version of

supplementary data file 1 in Ajmera et al. 2026 (246).
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2.2.4 Phylogenetic tree construction

2.2.4.1 Phylogenetic tree construction for PK groups

| constructed individual phylogenetic trees for classified PK groups of F. hepatica and the
orthologous kinases from the already available kinome of S. mansoni (136,137) excluding the
unclassified genes. For the construction of the trees, | first aligned the protein sequences of
an individual PK group with MAFFT v7.520 (219) utilising the most accurate alignment option
(L-INS-i; parameters -local -maxirate 1000), which provided a multi-sequence alignment
(MSA). Then, | further refined the MSA output from MAFFT, utilising the refine option (-refine)
in MUSCLE v5 (222,223) to boost the homologous characters in the MSA. Later, these refined
alignments were converted to a NEXUS format file using MEGA v11 (220). Then these NEXUS
format files were subjected to Bayesian Inference (BI) analysis using MrBayes v3.2.7a (221)
to estimate evolutionary relationships and assess statistical support for the inferred
phylogenetic tree clades. The Bl analysis utilised a fixed LG (Le and Gascuel) model,
incorporating empirical amino acid sequence frequencies and rate heterogeneity modelled
through an invariant sites plus gamma distribution with four discrete groups. Markov chain
Monte Carlo (MCMC) sampling was conducted for 1,000,000 generations using eight chains,
with samples taken every 100 generations. 25% of the samples were discarded as burn-in to
ensure that only samples from the stationary phase of the Markov chain were utilised. At the
start of the MCMC run (the core Bl analysis command), the chain initiates from a random initial
tree and parameter values, which are generally distinct from the high-probability areas of the
posterior distribution. In this initial phase, the probability and parameter values shift as the
chain progresses towards convergence. Additionally, the posterior probabilities for each clade
were calculated as the ratio of post-burn-in sampled trees that contained that clade. This is
how Bayes' theorem suggests the probability of that clade is based on the data and model.
The algorithm of MrBayes, with the help of majority-rule consensus, selects only the best tree
representation from the remaining trees, typically by utilising the sumt command. The
constructed phylogenetic trees were aesthetically visualised and illustrated in the program
Figtree v1.4.4 (213). The high-definition representations of all the phylogenetic trees, along
with their branched nodal support values, are available in the supplementary figure section of
this thesis (supplementary figures 6.6 to 6.15) and in the online version of supplementary data
file 2 in Ajmera et al. 2026 (246).

2.2.4.2 Phylogenetic tree construction for homologues PIM kinases

Initially, | identified homologues of PIM kinase between F. hepatica (D915 _000232) and
various selected species using BLAST (206,207), which | obtained from WormBase Parasite
(245), NCBI (9) and Uniprot (241,242). Subsequently, | constructed a phylogenetic tree for all

the procured homologues of PIM kinase sequences from the selected species and employed
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F. hepatica BRSK (D915 _001295) as an outgroup sequence. The procedure for construction

and visualisation of the tree was identical to 2.2.4.1.

2.2.5 Molecular docking calculations

For one selected PK, the Fasciola PIM kinase FhPIM (D915 _000232), | followed the aim to
identify new small-molecule inhibitors by a virtual screening approach. The complete
molecular docking calculations were conducted on a Simple Virtual Machine (SimpleVM) cloud
environment (High Performance Cluster) supplemented by the de.NBI (German Network for
Bioinformatics Infrastructure). The molecular docking calculations were performed in the
Anaconda environment (202) with Python v2.7 and v3 (232). The complete workflow of the

molecular docking calculations can be found in Fig. 2.2.
The main steps involved in molecular docking calculations studies are as follows:

1. The generation and preparation of the protein structure (FhPIM kinase)
The preparation of the ligands (the MCCC compound library)
Selection of the docking parameters, i.e., the location and the size of the binding box
and the intensity of the docking run

4. The filtration, energy minimisation, and preparation of the top-ranked docked ligands
were performed for different software-readable formats

5. Finally, the visualisation and evaluation of the docked ligands in PyMOL v3.1
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Simple Docking

Protein .
(FhPIM) + Ligands

Protein structure preparation

MCCC compound library preparation
(library contained ~85,000 ligands)

Defined docking parameter &
search box

Docking performed
via AutoDockVina
generated 20 poses per ligand

3D visualisation
of top 1000 ligands

Results
evaluation

Figure 2.2: The workflow of the molecular docking and virtual screening of MCCC library. A
simple type of molecular docking was performed, utilising the binding pocket of a protein (FhPIM kinase)
to dock ligands from the MCCC compound library for target-based drug discovery. This figure provides
a concise overview on the different processes involved in the comprehensive molecular docking
calculation procedure.

2.2.5.1 Protein structure preparation for docking calculations

The protein structure is essential for executing computer-simulated docking algorithms, which
necessitate a chemically precise model to predict how a ligand will dock in the binding pocket
of the protein. The predicted 3D protein structure often lacks hydrogen bonds and may include
crystallisation salts or unwanted water molecules at the binding site. If these issues are not
addressed during the protein preparation phase, then the docking engine will misinterpret the
electrostatics or steric boundaries, leading to inaccurate results. The critical phase in the
preparation of a protein structure encompasses the elimination of water molecules, the
incorporation of hydrogen (to establish hydrogen bond networks), the adjustment of the
protonation state of the residues (typically at 7.4 pH), the restoration of absent atoms (by filling
in missing side chains or small loops through homology modelling), and energy minimisation
(to rectify unnatural internal clashes or strained bonds formed during the protein prediction

step).

Due to the absence of an experimentally determined 3D structure for FhPIM (D915_000232)
kinase, | utilised the protein sequence of FhPIM kinase in ColabFold (209) to predict its 3D

structure, employing a num_relaxed value of 1. This procedure entailed the energy
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minimisation of the highest-ranked generated model, utilising the AMBER force field for
relaxation to rectify stereochemical violation and structural clashing in the predicted protein
structure (248). Subsequently, the predicted structure was further refined by SWISS-MODEL
(238), employing human PIM1 kinase as the template model (RCSB PDB ID: 4JX7) (Fig.
2.3.A), which exhibited a 49.4% sequence identity upon a multiple sequence alignment
between the Hs and Fh PIM kinase domains (246). This refinement adjusted the conformation
of Pheb59 in the predicted structure of FhPIM to precisely align with the conformation of Phe54
observed in human PIM1. Additionally, | employed a different 3D structure for the second
molecular docking calculation run, which was predicted from the AlphaFold database (199—
201) (Uniprot: AOAAEQYG3; AlphaFold database: AF-AOA4EORYG3-F1-v6). The second
predicted structure was further refined using the TLDR webserver (240), which also changed
the conformation of Phe59. This refinement yielded a slightly improved binding conformation
for staurosporine, the small-molecule inhibitor employed to analyse the binding pocket of
FhPIM, as staurosporine has been extensively investigated within the binding pocket of human
PIM1 (RCSB PDB ID: 1YHS) (249-251).

Please note that there were two rounds of molecular docking performed. The first round was
performed using the AlphaFold generated model with num_relaxed value 1 which was further
modified using homology modelling (SWISS-MODEL). The second round was performed by
using the FhPIM model available in AlphaFold database (AF-AOA4EORY G3-F1-v6) which was
further modified using homology modelling (SWISS-MODEL) followed by TLDR webserver.
Both the protein sequence of FhPIM and HsPIM1 kinase can be found in the supplementary

information section 6.4 of this thesis.

Upon aligning both refined structures of FhPIM, only two primary deviations were noted in the
side chains, like the conformations of residues Phe54 and Arg64 in the second model. These
conformation changes were modified by the TLDR webserver and resulted in creating more
space for ligand binding in the second predicted structure of the FhPIM kinase. However, the
overall modified structures of both FhPIM remained symmetrical and exhibited identical
conformational shifts at FhPIM Phe59; the second predicted structure, further refined through
SWISS-MODEL and TLDR webserver, produced more favourable staurosporine binding
conformations. Moreover, the slight structural discrepancies between the two modelled
structures are limited to residues located outside the binding pocket and do not influence the

binding analysis.

Subsequently, utilising USCF ChimeraX v1.8 (243,244), | selected, trimmed, and retained only
the predicted 3D structures of the kinase domains of both the FhPIM (Fig. 2.3.B). Furthermore,

| visually inspected the protonation states of histidine residues in the predicted structures of
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FhPIM using ChimeraX v1.8. Finally, | assigned the protonation states of the histidine residues
to HIE, HID, or HIP accordingly. These protonated states (HIE, HID, and HIP) refers to the
presence of a proton (hydrogen) on the delta (&) nitrogen, epsilon (¢) nitrogen, or both
nitrogens in the imidazole sidechain of histidines. The receptor (3D structures of FhPIM kinase
domain) was prepared for docking utilising the AutoDock Vina v1.1.2 (203,204) script
(prepare_receptor.py). This script eventually prepares the 3D protein structure of FhPIM
kinase for molecular docking by eliminating water molecules, non-standard ions, and existing
co-crystallised ligands and subsequently converting it to pdbqgt format, the sole input format

recognised by the docking engine (AutoDock Vina) for its operation.

Aligned human PIM1 and Binding box between human
Fasciola PIM domain PIM1 and Fasciola PIM domain

Figure 2.3: 3D models of human PIM1 and Fasciola PIM kinase. All 3D models are from N-terminus
coloured in blue to the C-terminus coloured in red (labelled according to the rainbow spectrum setting
in PyMOL v3.1 (231)). (A) The full-length 3D model of a small-molecule inhibitor (in yellow) in the binding
pocket of the human PIM1 kinase obtained from the protein database (234) (RCSB ID: 4JX7). (B)
AlphaFold generated full-length model of Fasciola PIM kinase (D915_000232) which is further trimmed
in ChimeraX v1.8 (243,244) to retain only the kinase domain with adjusted protonation states of histidine
residues. (C) Aligned 3D models of human PIM kinase and Fasciola PIM kinase domain in PyMOL v3.1
(231). (D) Location of the binding box between human PIM1 and Fasciola PIM kinase.

2.2.5.2 Ligand preparation for docking calculations

The Managed Chemical Compound Collection (MCCC) library from Nottingham is a specially
curated diverse library for lead-likeness containing approximately 85,000 compounds, which
follows Lipinski's “rule of five” (252,253). The MCCC library which was initially in 2D sdf

(structure data file) format. This format was processed and converted to individual mol2 format
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using Open Babel v3.1.1 (224) for the first iteration of molecular docking. This conversion
resulted in individual 3D structure files that contained hydrogens and the parameters
equivalent to 7.4 pH and MMFF 94 force field minimisation (254). Later, for the second iteration
of molecular docking calculation, the library was processed using Molecular Operating
Environment (MOE) 2022 (255) platform to prevent the generation of broken molecules and
incorrect protonation states of the ligands. At last, the ligand files were prepared for molecular
docking calculation using the AutoDock Vina script (prepare_ligand.py). The script verifies the
presence of polar hydrogens (specifically those attached to oxygen and nitrogen) in the ligand.
If absent, it adds them and then converts the mol2 format file to pdbqt format, the sole input
format recognised by the docking engine (AutoDock Vina) for its operation. Please note that
in the first round of virtual screening, ligands prepared with the Python script and Open Babel
were utilised. In the second round of virtual screening, ligands prepared from the MOE
platform were utilised. The rationale for employing two distinct ligand preparation approaches
was that Open Babel generated some ligands with broken molecules and unusual protonated
states across different molecules, resulting in a significant number of stranded donors that
could not be salvaged through water molecules. The MOE automates the 3D protonation
processes to ensure that ligands possess the appropriate bond lengths, angles, and electronic

characteristics necessary for precise evaluation by the docking engine.

2.2.5.3 Docking parameters

To define the size and the centre coordinates of the binding box, | aligned the HsPIM1 (RCSB
PDB ID: 4JX7) with a small-molecule inhibitor (2-[(trans-4-aminocyclohexyl)amino]-4-{[3-
(trifluoromethyl)phenyllamino}pyrido[4,3-d]pyrimidin-5(6H)-one commonly referred as 1N6) in
the binding site against the FhPIM kinase domain in PyMOL using the align function (Fig. 2.3.
C). The alignment of HsPIM1 and kinase domain of FhPIM delineated the binding box location
(Fig. 2.3. D), which had a size of x = 21, y = 20, and z = 21 and the location coordinates of the
binding box were x position = 20.52, y position = -38.76, and z position = -1.82. The
exhaustiveness parameter was set to 32, which resulted in the generation of pdbqt files

(approximately 85,000 files in total), yielding 20 conformer poses for every docked ligand.

2.2.5.4 Energy minimisation of the docked ligand files

Five custom-made bash scripts (written under the guidance of Dr. Jamal Shamsara) were built
in Python v3 and were utilised for energy minimisation of the ligand. The scripts and their

functions can be found in Table 7.
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Table 7: List of custom scripts and their functions which were used for the preparation of docked
ligands for visual inspection.

Scripts Function

1 Converted the AutoDock Vina output results from pdbqt to sdf format

2 Extracted binding affinity energy (kcal/mol) for all the docked ligand conformers,
i.e., filtered out only the best conformer pose from the 20 conformer poses for

every docked ligand

3 Filtered out only the top 500 ranked compounds. This filtration step involves
selecting them based on the lowest binding affinity energy and a lower root-mean-

square deviation (RMSD) value

4 Converted the top 500 ranked compounds from sdf to mol2 format

Energy was minimised for the top 500 ranked ligands using ChimeraX v1.8, and
then the individual mol2 files were concatenated into one file and prepared into a

suitable file format for visual inspection in PyMOL

Molecular docking calculations were conducted separately with both predicted structures of
FhPIM, yielding in total the top 1000 compounds (500 compounds each from both first and
second molecular docking iterations) for visual evaluation. The criteria for evaluating the

docked ligands is explained in the next section 2.2.5.5.

2.2.5.5 Visualisation and evaluation criteria for docked ligand poses

The visualisation of docked ligand poses was performed in PyMOL v3.1 (231). The evaluation
criteria were taken from published guidelines (256,257). In detail the ligand poses were graded
from A to D/X, which are described in Table 8. A more detailed explanation on the selection
criteria of the docked ligands is also available on the wiki website of AG-Kolblab from the
Institute of Pharmaceutical Chemistry at the University of Marburg (https://kolblab-

wiki.pharmazie.uni-marburg.de/index.php/Compound_evaluation).
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Table 8: Evaluation criteria for docked ligands.

Scoring grade

Criteria

A

Absolutely no intramolecular clashes, no internal strain, and no stranded
hydrogen bond donors (like nonpolar amide groups) or hydrogen bond
acceptors (etheric oxygen) and must look plausible (aromatic-aromatic

stacking)

No intramolecular clashes, one or fewer stranded hydrogen bond
donors/acceptors with some rational expectations (can be fine-tuned
with +/-)

C*

More than one stranded hydrogen bond donor/acceptor and charge-

charge mismatches

D/X*

Bad clashes with multiple stranded hydrogen bond donors/acceptors,

abnormal protonation states, broken molecules, twisted amides etc.

Fine-tuning (+/-)

Unsatisfied hydrogen bond donors/acceptors in the hydrophobic pocket
of the binding site of the target receptor often have high desolvation
value. Therefore, for donors, one unsatisfied hydrogen bond or below,
and for acceptors, three or below, are accepted. However, priority is
given to the donor, as rejecting a donor can incur greater penalty than

an acceptor.

(*) grades of C
or D/X

These molecules are eliminated due to greater strain energy or lack of
key interactions in the binding site of the receptor or unrealistic
interactions (having a longer interaction distance range (in A) than

average than suggested (256,257))

2.2.6 Statistics

Statistical analyses were conducted using the programming language R v4.3.0 (233). A non-

parametric analysis of variance was conducted using a Wilcoxon rank-sum test. P-values less

than 0.05 were considered statistically significant. All relevant statistical data for the SGI-1776
and CX-6258 PIM kinase inhibitors are stated in supplementary tables 6.1 and 6.2. All the

remaining statistical data for the small-molecule PK inhibitors used in this thesis at section

3.1.4 are stated in supplementary tables 6.3 t0 6.7.
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3. Results

The results part of this thesis has been divided into two main parts. The first part (3.1) covers
the generation of kinome and in vitro activity of the selected small-molecule PK inhibitors on
immature and adult flukes. The data presented in this part has been published in Ajmera et
al., 2026 (246). The second part (3.2) covers the druggability aspect of targeting Fasciola PIM

kinase, which is planned to be published in the future.

3.1 Generation of the Fasciola hepatica kinome

This section of the results presents the kinome generation, with all the required data
accessible in the supplementary files of Ajmera et al., 2026 (246), in the supplementary

section of this thesis, or as otherwise stated.

3.1.1 Kinome prediction and curation

A preliminary run of Kinnanote (218) made use of the proteome of F. hepatica, resulting in the
creation of a draft kinome. This draft kinome comprised 212 PKs, of which 200 were ePKs that
are categorised into various groups, families, and subfamilies (Table 9). Furthermore,
Kinnanote identified four aPKs, and the remaining eight PKs were classified as unclassifiable
(STK).

Table 9: Summary of draft and curated kinome of F. hepatica.

Distribution of PK group

PK group Draft kinome Curated kinome in the curated kinome
AGC 26 34 14.11%
Atypical 4 4 -
CAMK 35 38 15.77%
CK1 5 8 3.32%
CMGC 41 43 17.84%
Other 30 35 14.52%
RGC 4 4 1.66%
STE 18 20 8.30%
TK 29 33 13.69%
TKL 12 14 5.81%
STK (unclassifiable) 8 12 4.98%
Total 212 245 100%
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| subsequently employed a bioinformatics pipeline (135) originally established for the kinome
generation of S. haematobium, which | later adapted (mentioned in the method section 2.2.3
and Fig. 2.1) to predict, identify, and curate the PK sequences within the proteome of F.
hepatica. | also minimised redundancies and overlapping genes by employing the "FOR"
nested loop with "IF" conditions. After manually curating the dataset, | successfully integrated
29 additional PKs, resulting in a total of 241 ePKs and four aPKs. The curated kinome
comprises 245 PKs, accounting for 2.15% of the 11,217 protein-coding genes in the

F. hepatica genome.

The ePKs were further categorised into nine major groups of PKs (AGC, CAMK, CK1, CMGC,
Other, RGC, STE, TK, and TKL), which were subsequently divided into families and sub-
families (supplementary data 1 of the online version of Ajmera et al., 2026). Kinnanote was
unable to classify 31 PKs into their corresponding PK families but recognised them in their PK
groups. 19 of the 31 PKs were subsequently classified to their respective PK families through
pairwise alignment of F. hepatica and S. mansoni protein sequences. Subsequently, |
constructed phylogenetic trees for each individual PK group of the F. hepatica kinome (which
has 233 classified PKs) and the polished kinome of S. mansoni (which has 263 PKs) as a
reference. The constructed phylogenetic trees further bolstered the classification of these
remaining unassigned PKs into their respective PK families and subfamilies within the ACG
group (two PKs), CAMK (five PKs), and TK group (twelve PKs); this information can be found
in supplementary data 1/table S2 of Ajmera et al., 2026 (246), and | will elaborate more on

these genes in the 3.1.1.2 section of this thesis.

| further compared the distribution of the PKs in the curated kinome of F. hepatica with other
published kinomes of various species (Fig. 3.1). The majority of the ePKs within the helminths
were clearly distributed in a similar pattern across multiple helminth species. On average, the
CMGC within helminths possesses the highest number of PKs. In nematodes, the highest
number of PKs are found within the CK1 PK group. G. lamblia, an excavate protozoan, is an
outlier in the Other group, possessing 226 PKs, which is more than double the number of PKs
found in all the compared species (Fig. 3.1). Both mammals (H. sapiens and M. musculus)
possess the highest average number of PKs across all groups, excluding the Other, CK1, and
RGC groups. Notably, the compared protozoan species, G. lamblia and L. major, both lack
RGC, TK, and TKL PKs.
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Figure 3.1: PKs distribution in F. hepatica across ten distinct PK groups and a comparison with
the selected kinomes of various species. The information for the kinomes of S. mansoni (136,137), S.
haematobium (135), S. japonicum (134), and H. contortus (132) is obtained from readily published
kinomes, and the remaining kinomes (C. elegans, D. melanogaster, S. cerevisiae, G. lamblia, L. major,
M. musculus, and H. sapiens) are obtained from KinBase (121).

After the creation of individual PK group phylogenetic trees, | assembled all the trees into a
singular comprehensive figure (Fig. 3.2) and eliminated all gene identifiers, branch nodal
support, and posterior probabilities to produce a cleaner version. The original high-resolution
phylogenetic trees, which include their gene identifiers, branch nodal support, and posterior
probabilities, are available in supplementary data 2 of Ajmera et al., 2026 (246), and in
supplementary figures 6.6 to 6.15 of this thesis.
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Figure 3.2: The kinome of F. hepatica includes phylogenetic tree analyses of PKs between F. hepatica
and S. mansoni across all ten major PK groups, which are indicated by different colours.
Comprehensive phylogenetic trees exhibiting posterior probabilities, nodal support values, and gene
identifiers can be found in supplementary figures 6.6 to 6.15 of this thesis. This figure is reproduced
from Ajmera et al., 2026 (246).
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3.1.1.1 Eukaryotic PKs in the kinome of F. hepatica
The largest ePK group is CMGC (n = 43), which constitutes 17.84% of the ePKs distribution

within the kinome. The CMGC group is depicted in a muted green-cyan colour (Inkscape
colour code: 6ea092ff) as a branch of Fig. 3.2. The CMGC PK group comprises four members:
cyclin-dependent kinases (CDKs), mitogen-activated protein kinases (MAPKSs), glycogen
synthase kinases (GSKs), and CDC-like and dual-specificity tyrosine-phosphorylation-
regulated kinases (CLK/DYRKs). CMGC kinases are crucial in cellular signalling pathways,
including proliferation, differentiation, and apoptosis (258). Mammalian MAPKs comprise of
three key PKs: extracellular signal-related kinases (ERKs), which are generally activated by
growth-related signals; c-Jun N-terminal kinases (JNK); and p38, both of which are triggered
by stress stimuli (258). The curated kinome includes the following CMGC PK family members:
16 cyclin-dependent kinases (CDKs), eight dual specificity tyrosine-phosphorylation-regulated
kinases (DYRK2), seven MAPKSs (which include four ERKs, one JNK, one p38, and one NMO
kinase), three cyclin-dependent kinase-like kinases (CDKL), three GSK-3, two dual specificity
protein kinases (CLK), two casein kinase Il subunits (CK Il), one serine-arginine protein kinase

(SRPK), and one male germ-associated kinase (MAK).

The second largest ePK group is made up of calcium- and calmodulin-regulated kinases
(CAMK) (n = 38), which constitutes 15.77% of the ePKs distribution within the kinome. The
CAMK group is depicted in a dark teal/green colour (Inkscape colour code: 288240ff) as a
branch of Fig. 3.2. CAMKSs play a crucial role in helminth biology, such as muscle contraction
to nerve impulse transmission (161,259). The group comprises nine CAMKs (CAMK1 and
CAMK?2), 16 calcium- and calmodulin-regulated kinase-like (CAMKL) members, three myosin
light chain kinases (MLCK), three death-associated protein kinases (DAPK), and one
representative from each of the families doublecortin-like and CAM kinase-like (DCAMKL),
calcium/calmodulin-dependent serine protein kinase (CASK), proviral integration site for
murine leukaemia virus-1 (PIM), MAP kinase-associated protein kinase (MAPKAPK),
checkpoint kinase 2 (RAD53), protein kinase D (PKD), and phosphorylase kinase (PHK). The
five CAMKs, which Kinannote could not classify, were later classified via the pairwise
alignment and the phylogenetic tree analysis. The unclassified CAMKs included
D915_000952, D915 003510, and FhPK_0029, which are identified as CAMK1;
D915_003510 as CAMK2; and D915_004391 as myosin light chain kinases (MLCK).

A marginally smaller group (n = 35), which constitutes 14.52% of the ePKs within the kinome,
is classified as “Other” due to distinct sequence characteristics that differentiate it from the
eight major ePK groups. The Other group is depicted in a purple colour (Inkscape colour code
7f6cafff) as a branch of Fig. 3.2. These PKs include five Unc-51-like kinases (ULK), five SCY1-

like protein 1 (SCY1) members, four pancreatic eukaryotic translation initiation factor 2 alpha
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kinase 3 (PEK) members, four NIMA-related kinases (NEK), three numb-associated kinases
(NAK), two aurora kinases (AUR), two polo-like kinases (PLK), and one family member each
representing a sugen kinase 071 (SGKO071), calcium/calmodulin-regulated kinase kinase
(CAMKK), dual specificity protein kinase TTK (TTK), tousled-like kinase (TLK), histone H3-
associated protein kinase (HASPIN), inositol-requiring kinase (IRE), WEE1-G2 checkpoint
kinase (WEE), nuclear receptor-binding protein (NRBP), cell division control 7 (CDC7) kinase,

and a with-no lysine kinase (WNK).

The AGC is the next ePK group composed of Ser/Thr PKs and derives its name from three
representative families: protein kinase A, G, and C (260). The ACG group is depicted in a
bright red colour (Inkscape colour code: ee393aff) as a branch of Fig. 3.2. This group (n = 34),
which constitutes 14.10% of the ePKs within the kinome, comprises 13 families: five ribosomal
protein S6 kinases (RSK), five protein kinases G (PKG), five protein kinases A (PKA), five
myotonic dystrophy protein kinases (DMPK), four protein kinases C (PKC), three G-protein
coupled receptor kinases (GRK), two nuclear DBF2-related kinases (NDR), and one family
member each representing microtubule-associated serine/threonine kinase (MAST), protein
kinase B (AKT), serum and glucocorticoid responsive kinase (SGK), protein kinase N (PKN),
and phosphoinositide-dependent protein kinase 1 (PDK1). The two AGCs, which Kinannote
could not classify, were later classified via the pairwise alignment and the phylogenetic tree
analysis. The unclassified AGCs included D915 002893 and FhPK 0023, which were
identified as PKA and DAMK, respectively.

The fifth ePK group is the TK, comprising 13.70% of the ePKs distribution within the kinome.
The TK group is depicted in a sky-blue colour (Inkscape colour code: 5290cdff) as a branch
of Fig. 3.2. This group (n = 33) is functionally divided into receptor TKs (RTKs) and non-
receptor TKs or cytoplasmic TKs (CTKs). The RTKs consist of 18 PKs, which include four
fibroblast growth factor receptors (FGFR), three epidermal growth factor receptors (EGFR),
two venus kinase receptors (VKR), two insulin receptors (INSR), and one family member each
representing ephrin receptor (EPH), receptor tyrosine kinase-like orphan receptor (ROR),
receptor-like tyrosine kinase (RYK), muscle and skeletal associated receptor tyrosine kinase
(MUSK), colon carcinoma kinase 4 (CCK4), sevenless tyrosine kinase (SEV), and
tropomyosin receptor tyrosine kinase (TKR). The other 15 TKs were classified into cytoplasmic
TKs (CTKs), which included five SRC proto-oncogene non-receptor tyrosine kinases (SRC),
two activated Cdc42-associated tyrosine kinases (ACK), two spleen-associated tyrosine
kinases (SYK), two abelson murine leukaemia homologs (ABL), and one family member each
representing feline encephalitis virus-related kinase (FER), focal adhesion kinase (FAK), tec
protein tyrosine kinase (TEC), and C-terminal SRC kinase (CSK). The 12 TKs, which

Kinannote could not classify, were classified via the pairwise alignment and the phylogenetic
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tree analysis. The unclassified TKs included FhPK_0008 as VKR, FhPK_0023 as SEV,
D915 001277 as SRC, D915 003307 as CCK4, D915_003399 as SRC, D915 003619 as
FGFR, D915_004177 as SRC, D915_005671 as SYK, D915_005801 as SRC, D915_006326
as TRK, D915_006582 as SRC, and D915_008445 as MUSK.

The sixth ePK group is the STE, comprising 8.30% of the ePKs distribution within the kinome.
The STE group is depicted in a magenta colour (Inkscape colour code: a84599ff) as a branch
of Fig. 3.2. This group (n = 20) consists of several PKs involved in the MAPK cascade, such
as 13 MAP kinase kinase kinase kinases (MAP4K) homologous to yeast Ste 20 (STE20), four
MAP kinase kinases (MAP2K) homologous to yeast Ste 7 (STE7), and three MAP kinase
kinase kinases (MAP3K) homologous to yeast Ste 11 (STE11).

The seventh ePK group is the TK, comprising 5.80% of the ePKs within the kinome. The TKL
group is depicted in a lime green colour (Inkscape colour code: 97c840ff) as a branch of Fig.
3.2. This group (n = 14) consists of seven serine/threonine kinase receptors (STKR), four
mixed lineage kinases (MLK), one LIM domain kinase (LIMK), one kinase suppressor of Ras1
(KSR), and one rapidly accelerated fibrosarcoma proto-oncogene serine/threonine kinase
(RAF).

The eighth ePK group is the CK1, comprising 3.32% of the ePKs within the kinome. The CK1
group is depicted in an orange colour (Inkscape colour code: f8983cff) as a branch of Fig. 3.2.
This group (n = 8) consists of five CK kinases (CK1-A, D, and G), two tau tubulin kinases
(TTBK), and one vaccinia-related kinase (VRK).

The smallest ePK group is the RGC, comprising 1.65% of the ePKs within the kinome. The
RGC group is depicted in a dark brown colour (Inkscape colour code: 2e1212ff) as a branch

of Fig. 3.2. This group (n = 4) consists of four RGC members.

Please note for additional classification into the subfamilies of PK groups, please refer to
supplementary data 1 of Ajmera et al., 2026 (246). And the “current standard classification

scheme” is subject to change, as mentioned in the introduction section (1.3.1) of this thesis.

3.1.1.2 Atypical, unclassified, and twilight PKs in the kinome of F. hepatica

In cohort to the ePKs, four atypical PKs (aPKs) were identified, comprising two right open
reading frame kinases (RIOK-1 & 2) and two ABC1-domain-containing kinases (ABC1-A & D)
(123,124). The aPKs group is depicted in the shade of blue colour (Inkscape colour code:
515da9ff) as a branch of Fig. 3.2.

Moreover, Kinannote identified 12 additional genes as serine/threonine PKs (STK) but was
unable to classify them into specific PK groups. These PKs included FhPK_0032, FhPK_0028,
FhPK_0019, D915 009626, D915 008949, D915 007212, D915_006916, D915 _006252,
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D915 004196, D915_004132, D915 003160, and D915_002076. Although these 12 PKs
scored below the threshold cut-off HMM value for the classification into PK groups or families,
they were included in the final kinome to ensure a comprehensive analysis. To further
corroborate the results from Kinannote, | performed the domain architecture analysis for these
STK genes via the SMART webserver (235) and noticed that all 12 aforementioned genes

have a PK catalytic domain with unclassified specificity (supplementary figure 6.3).

Lastly, the six remaining genes, D915 _007708, D915_005953, D915 _003717, D915_003040,
D915 001945, and FhPK_0010, were classified as twilight hits (218), i.e., PK subdomain-
containing proteins, which can be potential distant homologs of ePKs. These twilight hits are
excluded from the final kinome but can function as seed sequences for illustrating novel PK-
like families. Their domain architecture analysis via the SMART webserver (235) can be found

in the supplementary figure 6.4.

3.1.2 Functional annotation associated to KEGG metabolic pathways

To enhance the functionality of the curated kinome of F. hepatica, | used the BlastKOALA
webserver (208) with the default setting on the 245 PKs. A total of 110 PKs, constituting 49.4%
of all the PKs, were functionally annotated according to human orthology using the KEGG
metabolic pathways. In the first level of functional annotation, the PKs were assigned to eight
categories of metabolic pathway (Table 10). The relevant genes can be found in
supplementary data 3 of Ajmera et al., 2026 (246).

Table 10: Functional level one of KEGG-associated metabolic pathways of F. hepatica annotated

via BlastKOALA (208). Associated genes can be found in the supplementary data file 3 of Ajmera et al.,
2026 (246).

Number of associated

KEGG pathway categories pathways
Environment information processing 61
Metabolism 22
Genetic information processing 9
Cellular processes 8
Organismal systems 7
Human diseases 1
Nucleotide metabolism 1
Carbohydrate metabolism 1

Subsequently, | extracted the second level of functional annotation for these 110 annotated

PKs (Fig. 3.3). According to the KEGG-associated terms, the majority of PK functions were
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linked to the cancer pathways (24.54%) (Table 11), the endocrine system-associated
pathways (20%), the immune system-associated pathways (15.45%), the cell growth and
death-associated pathways (9.10%), the nervous system-associated pathways (8.20%), the
transport and catabolism-associated pathways (7.29%), the development-associated
pathways (6.36%), the cell communication-associated pathways (4.54%), the genetic
information processing-associated pathways (2.72%), and the cell motility and folding, sorting,

and degradation-associated pathways (0.90%), respectively.

M Cancer
Folding, sorting and degradation
Immune system

[l Cell growth and death

[ Cell communication

B Endocrine system

B Nervous system

[l Development

[l Cell motility

M Transport and catabolism

M Genetic information processing

Figure 3.3: Functional level two of KEGG-associated metabolic pathways of F. hepatica annotated
via BlastKOALA (208). This figure is adapted, and the associated genes can be found in supplementary
data 3 of Ajmera et al., 2026 (246).

Table 11: KEGG orthology terms for cancer metabolic pathway of F. hepatica annotated PKs. The
other remaining KEGG associated pathways and KEGG orthology (KO) terms can be found in
supplementary data 3 of Ajmera er al., 2026 (246).

KEGG orthology (KO) term  KEGG pathways (2nd F. hepatica gene identifiers

level)
KO2087 Ve D915 002458
K0O2206 Pic, Vc, Gc, Pc, Sclc FhPK_0027
KO2211 Tmic D915 _000509, D915_001553,
D915 002174
KO2216 Ve D915 002663
KO2677 Pic, Mic, Pgic, Ccra, Cmic, D915 002081, D915 006901
Hce, G, Nsclc
KO3083 Pic, CC, Hcc, Gc, Bec, Pc, D915 003190, D915 006277
Ec, Bc
KO3097 PPcpic D915 000427, D915 004801
K0O4345 Pic, Pgic, Ccra, Vc D915 000165, D915 004618,

D915_006227, FhPK_0017
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KO4361

Pic, Mic, Pgic, Ccra,
Ccros, Ccmic, Cmic,
PPcpic, Coc, Panc, Hcc,
Gc, G, M, Blc, Pc, Endc,
Bc, Nsclc

FhPK_0030

KO4365

Pic, Pgic, Ccros, Coc,
Panc, Hcc, Gce, G, Tc, Aml,
Cml, M, Rcc, Blc, Pc,
Endc, Bc, Nsclc

D915_006185

KO4368

Pic, Mic, Pgic, Ccra,
Ccros, Ccmic, Cmic,
PPcpic, Coc, Panc, Hcc,
Gc, G, Tc, Aml, Cml, M,
Rcc, Blc, Pc, Endc, Bc,
Nsclc

D915_001287, D915_002477

KO4371

Pic, Mic, Pgic, Ccra,
Ccros, Vc, Ccmic, Cmic,
PPcpic, Coc, Panc, Hcc,
Gc, G, Tc, Aml, Cml, M,
Rcc, Blc, Pc, Endc, Bc,

Nsclc

D915_001614, D915_006871

KO4373

Ccra

D915_000217, D915_004859

KO4432

PPcpic

D915_005833

KO4440

Pic, Ccros, Cmic, Coc,
Panc

D915_006573

KO4441

Pgic, Ccros, PPcpic

D915_005042

KO4443

Vc

D915_007665

KO4456

Pic, Pgic, Ccra, Ccros,
Ccmic, Cmic, PPcpic, Coc,
Panc, Hce, Ge, G, Aml,
Cml, M, Rcc, Pc, Endc, Bc,
Sclc, Nsclc

FhPK_0014

KO4514

Pic, Mic, Pgic

D915_002343

KO4515

Pic, Pgic, G

D915_001189, D915_002206

KO4688

Pic, Pgic, Ccra, Cmic,
PPcpic, Coc, Panc, Hcc,
Gc, Aml, Bc

D915_009964, FhPK_0026

KO5733

Rcc

D915_006992, FhPK_0036

50



Results

KO5869 G D915_007891
KO6272 Ec FhPK_0009

KO8794 G D915_002235, D915_007740
KO8957 Hcce, Ge, Be D915_001641, D915_007708,

D915_010101, FhPK_0025

KO18050 Mic D915_000022

Vc = Viral carcinogenesis, Pic = Pathways in cancer, G¢c = Gastric cancer, Pc = Prostate cancer, Sclc =
Small cell lung cancer, Tmic = Transcriptional misregulation in cancer, Mic = MicroRNAs in cancer, Pgic
= Proteoglycans in cancer, Ccra= Chemical carcinogenesis - receptor activation, Cmic = Choline
metabolism in cancer, Hcc = Hepatocellular carcinoma, G = Glioma, Nsclc = Non-small cell lung cancer,
Cc = Colorectal cancer, Bcc = Basal cell carcinoma, Ec = Endometrial cancer, Bc = Breast cancer,
PPcpic = PD-L1 expression and PD-1 checkpoint pathway in cancer, Ccros = Chemical carcinogenesis
- reactive oxygen species, Ccmic = Central carbon metabolism in cancer, Coc = Colorectal cancer, Panc
= Pancreatic cancer, M = Melanoma, Blc = Bladder cancer, Endc = Endometrial cancer, Tc = Thyroid
cancer, Aml = Acute myeloid leukemia, Cml = Chronic myeloid leukemia, Rcc = Renal cell carcinoma.

3.1.3 Kinome comparison and a basis for drug repurposing?

After the curation of the Fasciola kinome, | compared it with the kinome of its closely related
parasitic flatworm species (S. mansoni (136,137) and S. haematobium (135)) and H. sapiens
(109,121) to provide understanding of evolutionary relationships and functional similarities
with trematodes and the human host and to identify potential trematode-specific PKs. The
kinomes comprised 233, 263, 265, and 518 PKs for F. hepatica, S. mansoni, S. haematobium,

and H. sapiens, respectively.
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Figure 3.4: Comparison of trematode and human kinomes. The number of kinases per group is
indicated. This figure is adapted and modified from Ajmera et al., 2026 (246).

A PK group-level analysis showed the quantity of the PKs identified for the nine ePK groups
and the aPK group in the kinomes of F. hepatica, S. mansoni, S. haematobium, and H. sapiens
(Fig. 3.4). The PK group sizes were predominantly similar across all three trematode species,
with CMGC and CAMK representing the largest groups. Nevertheless, the PK group sizes
within the human kinome distinctly varied from those of the trematodes. In humans, the Other
and TK groups constitute larger proportions (16% and 18%, respectively) in the kinome,
whereas the CMGC group represents a smaller proportion (12%) compared to the trematode
kinomes; the CMGC group represents the largest fraction (18% for Fh, 19% for Sh, and 19%
for Sm). Additionally, the total number of PKs in humans exceeds that in trematodes across

all PK groups, highlighting the enhanced diversity of the human kinome.

A comprehensive global-pairwise comparison of the PK domains across the four kinomes
identified 67 PKs in Fasciola for which either no human homologs were identified or the
sequence identity of the human PK domains were notably low (> 30%). The majority of these
PKs possessed a homolog in one or both of the schistosome species. An instance in the TK
group, where the human homolog was absent, is the VKR genes (FhPK_0008, D915 003706,
Smp_019790, Smp_153500, ShRTK, and ShVKR2). Upon comparing these PKs with the
means of reciprocal BLAST, the closest homologs within the human kinome were the insulin
receptors, bolstering the assertion by Vicogne and colleagues that VKRs are invertebrate-

specific insulin-like receptor genes that are absent in mammals (164,166—168).

After the analysis of ePK comparison within the trematode and the human kinomes, only four

PKs were identified in Fasciola that lack homologs in schistosome species as well as the
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human host: D915_005277 (STE), FhPK_0027 (CMGC), D915 001682 (CAMK), and
FhPK_0018 (Other).

The path of identifying trematode-specific PKs and those with a minimal sequence identity and
similarity to the human homologs is advantageous, as it allows for therapeutic targeting without
the risk of off-target effects in the humans. | identified the closest human homolog for
F. hepatica PKs through global-pairwise analysis and acquired percentages of sequence
identity and sequence similarity for the PK domains. | have compiled the top five PKs (Table
12), which exhibit notably low conservation of PK domains between F. hepatica and humans
(< 30% sequence identity). Please note that a total of 23 PKs were identified with the highest
sequence divergence compared to human orthologs; however, only the top five PKs are
presented in Table 12. The Other PK group exhibited the lowest identity and similarity values,
specifically in the SCY1-like pseudokinase 3 (SCYL3), with an identity and similarity of 8.5%
and 13.1%, respectively. In total, | identified 23 PKs exhibiting a low level of conservation with
human PKs (data can be found in table 2 of Ajmera et al., 2026 (246)).

Table 12: Summary of PK domain sequence identity of less than 30% among the top five F. hepatica
PKs in comparison to the most closely related Hs PK hits. Please note a total of 23 PKs were identified

with the highest sequence divergence compared to human orthologs; however, only the top five PKs
are presented in this table.

% Sequence % Sequence
PK group Fh identifier Hs identifier identity similarity
Other D915_009688 SCYL3 8.5 13.1
Other D915_007882 PRPK 13.5 18.7
AGC D915_002893 LATS1 14.7 21
AGC D915_008016 LATS1 16.2 19.3
AGC FhPK_0023 PKG2 17.8 25.9

In contrast, notable sequence similarity between human and trematode PKs may facilitate a
drug repurposing strategy, allowing existing inhibitors of human PKs to demonstrate
substantial efficacy against the trematode PKs. | have compiled the top five PKs (Table 13),
which exhibit notably high conservation of PK domains between F. hepatica and humans (>
75% sequence identity). Please note that a total of 16 PKs were identified with the highest
sequence convergence compared to human orthologs; however, only the top five PKs are
presented in Table 13. The highest identity and similarity values (84.1% and 94%, respectively)
were identified for a microtubule affinity regulating kinase 1 homolog (MARK1, D915_002194),
a constituent of the CAMK group. In total, | identified 16 PKs exhibiting a high degree of

conservation with the human PKs (data can be found in table 3 of Ajmera et al., 2026 (246)).
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Table 13: Summary of PK domain sequence identity of more than 75% among the top five F.
hepatica PKs in comparison to the most closely related Hs PK hits. Please note a total of 16 PKs were
identified with the highest sequence convergence compared to human orthologs; however, only the top
five PKs are presented in this table.

% Sequence % Sequence
PK group Fh identifier Hs identifier identity similarity
CAMK D915_002194 MARK1 84.1 94.0
CMGC D915_004801 CK2a1 83.9 92.7
AGC D915_000165 PKACa 81.6 91.8
STE D915_001478 PAK3 80.6 90.9
CK1 FhPK_0002 CK1g3 80.3 89.0

3.1.4 In vitro testing of PK inhibitors on immature and adult flukes

To identify whether a drug repurposing strategy could effectively deliver a PK inhibitor with
fasciolicidal activity, | employed small-molecule PK inhibitors that are either FDA-approved for
human use or have advanced to clinical trials 1l or further for the treatment of human diseases,
for which homologues to the human host can be found in the curated Fasciola kinome dataset
from the previous sections 3.1.2 and 3.1.3. All the clinical data relevant of the small-molecule

PK inhibitors used in this thesis can be found in supplementary table 6.11.

| selected four small-molecule PK inhibitors to target both the immature and the adult life
stages of the liver fluke: vandetanib (ZD6474) (261), ruboxistaurin (262), foretinib (XL880)
(263), and tyrosine kinase-IN-1 (XL999) (264). Vandetanib inhibits human endothelial growth
factor receptor (VEGFR 2/3), RET, EGFR, and FGFR and is an FDA-approved small-molecule
inhibitor for the treatment of medullary thyroid cancer (261,265-269). Foretinib is an
investigational small-molecule PK inhibitor in clinical phase Il trials involved in cancer
development, targeting PDGFR-B, MET, VEGFR2, RON, FLT3, and ERK (263,270,271).
Tyrosine kinase-IN-1 is an inhibitor that targets multi-RTKs (FGFR 1/3, KIT, FLT3, VEGFR2,
and PDGFR a/B) (264). Ruboxistaurin is a selective inhibitor of the PKCf isoform (262). In the
curated kinome of F. hepatica, | annotated D915_006901 as PKC. All the putative targets in
F. hepatica were linked to cancer pathways according to the KEGG functional analysis (data

can be found in supplementary data 3 of the online version of Ajmera et al., 2026 (246)).

The parameters for in vitro treatment and motility assessment of the liver flukes are mentioned
in sections 2.2.2.3, 2.2.2.4, 2.2.2.5, and 2.2.2.6 of this thesis. The motility score assessment
for the fluke ranges from 3 to 0, where 3 = normal moatility, 2 = slightly reduced motility than
normal, 1 = minimal or irregular movement, and 0 = no movement even upon mechanical

stimulation with tweezers or dead flukes. | also utilised TCBZ to treat the fluke under identical
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conditions, which served as the positive control, whereas the negative control comprised
medium containing the drug solvent DMSO. For each different condition (25 uM, 50 uM, and
100 pM), | employed 4 flukes (n = 4, both immature and adult flukes). Subsequently, |
evaluated their survival and motility every 24 h over a total of a 72 h culture period, with each
experiment condition replicated three times. All the statistical data related to the selected

small-molecule PK inhibitors is available in supplementary tables 6.3 t0 6.7.

For all inhibitors and concentrations, immature flukes (Fig. 3.5 B and D) exhibited more
sensitivity than adult flukes, as their motility was significantly reduced (score 0.5 and 1)
compared to the control group (score 3). After 24 h, vandetanib at 25 yM concentration
exhibited the highest potency against the immature flukes, followed by ruboxistaurin. Both
inhibitors lowered the motility of the flukes by 50% when compared to the control group.
Following a prolonged duration of 72 h, vandetanib, ruboxistaurin, and foretinib significantly
lowered the motility to a minimal level, whereas tyrosine kinase-IN-1 exhibited reduced
efficacy. At a concentration of 50 uM, ruboxistaurin exhibited the highest efficacy in reducing
the motility of the flukes and eventually killing them within 24 h, whereas the others followed
after 48-72 h. TCBZ (the reference drug) required higher concentration and/or extended

treatment duration to attain the equivalent effect.

On adult flukes, all inhibitors, including TCBZ, resulted in a minor decrease in the motility
(scores 1.5 and 2.5) at 25 uM, (Fig. 3.5 A and C). At a concentration of 50 yM, ruboxistaurin
significantly reduced the motility of the flukes after 24 h and proved lethal to the flukes after
72 h. At the same concentration, TCBZ was sublethal (score 1) and exhibited more potency in
reducing the motility of the flukes than vandetanib (score 1.5). Foretinib and tyrosine kinase-
IN-1 exhibited less efficacy, resulting in a late reduction in motility after 72 h for foretinib and
an overall small effect (score 2) for tyrosine kinase-IN-1. At a concentration of 100 uM,
ruboxistaurin proved lethal within the first 24 h, succeeded by vandetanib, tyrosine kinase-IN-

1, and TCBZ after 48 h. Conversely, the flukes tolerated foretinib treatment even after 72 h.

At the low concentration, all the selected small-molecule PK inhibitors exhibited more efficacy
than TCBZ (the reference drug) against the immature flukes. Conversely, in adult flukes, only

ruboxistaurin exhibited a significant reduction in the motility against TCBZ.
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Figure 3.5: Heatmaps depict the motility scores of flukes following the treatment of PK inhibitors
compared to TCBZ at different concentrations of 25 yM, 50 uM, and 100 pM. (A) lllustrates the motility
scores of adult flukes. (B) lllustrates the motility scores of immature flukes. The flukes were cultured for
72 h, and the motility scores were recorded every 24 h for the different time points of 24 h, 48 h, and
72 h. After the scoring, the media was replenished with fresh media with 1% ABAM and 5% chicken
serum. DMSO, which served as a drug-dissolving vehicle, was used as a negative control and was
added during the culturing of the control flukes. The scale bar represents the motility scores from 0 to
3 (3 = normal movement, 2 = slightly reduced movement, 1 = severely reduced movement, and 0 = no
movement/dead). For each condition of PK inhibitor treatment as well as TCBZ against adult and
immature flukes, the number of biological replicates was four (n = 4). (C) Representative images of the
adult flukes treated with selected PK inhibitors at a concentration of 50 uM after 72 h time point (scale
bar = 1000 uM). (D) Representative images of the immature flukes treated with selected PK inhibitors
at a concentration of 50 uM after 72 h time point (scale bar = 500 yM). This figure is adapted, and the
statistical data related to this figure is available in supplementary data 2 of the online version of Ajmera
et al., 2026 (246) as well as the supplementary tables 6.3 to 6.7 of this thesis. Please note that the
representative images of the adult flukes (C) and immature flukes (D) are related just to the 72 h time
point and 50 uM PK inhibitor concentration.
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3.2 Assessment of the druggability of PIM kinase in the common

liver fluke

In this section of the thesis, | will examine the druggability aspect of PIM kinase in the common

liver fluke.

Koike and colleagues screened several commercially available small-molecule PK inhibitors
and observed the adverse effects of the pan-PIM kinase inhibitors (SGI-1776 and CX-6258)
on E. multilocularis (272). Additionally, Koike and colleagues conducted molecular docking
with several compounds to establish a potential affinity for targeting EmPIM kinase. In my
work, | aimed to foster the exploration of the FhPIM kinase, identified as D915 000232 in the
curated kinome of the common liver fluke (246), for the identification of novel compounds. In
the subsequent sections, | will elucidate the druggability of PIM kinase in the common liver
fluke. Additionally, to identify the orthologues of Fasciola PIM kinase, | performed reciprocal
BLASTp searches of FhPIM kinase (D915_000232) against model organisms and related
species in WormBase (245), NCBI (9), and Uniprot (241,242).

3.2.1 Transcriptomics data of PIM kinase in liver flukes

Characterising the transcriptomic profile of a potential drug target is crucial for validating its
therapeutic efficacy in the complex, multi-stage life cycle of the common liver fluke. This
parasite undergoes significant physiological transformations between its intermediate snail
host and definitive mammalian host. Furthermore, delineating these expression patterns at
the cell-type level and within essential tissues facilitates the prediction of physiological
outcomes from inhibition and assesses the availability of the target for potential
chemotherapeutic agents. This transcriptomic evidence provides a biological justification for
exploring a gene as a prospective target for fascioliasis treatment. Therefore, | obtained gene
expression data, single-cell RNA-seq data, and spatial transcriptomic data to investigate the
expression of PIM kinase in liver flukes, which are detailed in the subsequent sections of this

thesis.

3.2.1.1 PIM kinase expression data in different life stages of liver flukes

To explore the expression data across the different life stages of the liver fluke, | used the
published life stage gene expression data that was furnished from the raw reads produced in
(5,273). The data was analysed and remapped by Dr. Oliver Puckelwaldt in our research

working group at the institute.

The gene expression data (Fig. 3.6) revealed elevated levels of transcripts per million (TPM)
of PIM kinase in adult flukes compared to other life stages of the liver flukes. The expression

of PIM kinase is nominally expressed in the egg and metacercaria but significantly increases
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post-excystation of newly excysted juveniles (NEJs) after 3 hours, subsequently declines after
24 hours, remains constant during the immature stage, and then markedly increases after

reaching sexual maturity.

D915_000232
FhPIM

¢

|

T

Average Expression [TPM]

Immature Metacercaria NEJ_1hr NEJ_24hr NEJ_3hr

Figure 3.6: The expression plot of Fasciola PIM kinase. RNA-seq of different Fasciola life stages of
PIM kinase (D915 _000232) encoded in the F. hepatica genome. Raw reads were produced by (5,273),
which were remapped (by Dr. Oliver Puckelwaldt) to the genome used in this work. TPM = transcripts
per million, and NEJ = newly excysted juvenile.

3.2.1.2 Single-cell RNA-seq gene expression data of PIM kinase in liver flukes

The single-cell RNA-seq gene expression data for the liver fluke was generated and analysed
by Dr. Oliver Puckelwaldt in our research working group at the institute. He delineated a total
of 15 clusters identified subsequent to his analysis (Fig. 3.7 A). The clusters were mapped to
cells associated with the following tissues: testes (3 clusters), gut (1 cluster), ovary (2 clusters),
stem cells (1 cluster), muscle and muscle-associated (2 clusters), vitellarium (2 clusters),

Mehlis gland (1 cluster), and three clusters for which no annotation was found (274).

The expression pattern of PIM kinase is distributed among various cell types, as illustrated in
figure 3.7 B, predominantly expressed in female germ cells (oocytes) and to a lesser extent in
the early vitellocyte cell cluster. The observed expression in the unidentified cluster 3 may be
attributable to the oocytes and most likely be a background expression signal. Of note, some

muscle cells appear also positive.
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Figure 3.7: Single-cell RNA-seq gene expression pattern of PIM kinase in F. hepatica. (A) Uniform
Manifold Approximation and Projection (UMAP) of scRNA-seq analysis of 19,581 cells of the liver fluke.
Clusters are coloured, and labels are added. (B) UMAP feature plot for FhPIM kinase (D915 _000232).
The images for this figure were generated by Dr. Oliver Puckelwaldt.

3.2.1.3 Tissue expression of PIM kinase in liver flukes

The spatial transcriptomic data for the liver fluke was produced in our research working group
at the institute and can be accessed via the following link (https://www.uni-
giessen.de/haeberlein-lab/en/info). Furthermore, Gramberg and colleagues (171) published

the spatial transcriptomic data of F. hepatica.

The spatial transcriptome of F. hepatica corroborated the findings observed in the single-cell
RNA-seq data, indicating that PIM kinase is primarily expressed in oocyte cell clusters.
Alongside the insights from the single-cell RNA-seq data, the spatial mapping (Fig. 3.8 B)
demonstrated that the transcripts were specifically enriched in the parenchyma, as well as

within the areas of ovaries, gut, and tegument (Fig. 3.8 C).
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Figure 3.8: Tissue expression of PIM kinase in F. hepatica. (A) H&E-stained tissue section (left) and
spatial projection of spots covering the tissue modified from Gramberg et al. 2025 (171), g:
gastrointestinal tract, ov: ovary, par: parenchyma, teg: tegument, te: testis, ut: uterus, vit: vitellarium.
(B) Spatial projection and overlay sections illustrating the prediction of expression clusters of PIM kinase
in the spatial transcriptome of the liver fluke. Gene expression is indicated by colour (blue = low, red =
high). (C) DotPlot illustrating the expression profile of PIM kinase (D915 _000232) in selected tissue
markers of different clusters. The colour of the dot represents the average expression level (Z-score
scaled counts; grey = low, blue = high) across all spots within a cluster. The size of the dot represents
the percentage of spots within a cluster that have captured this transcript. The images for this figure
were generated by Dr. Oliver Puckelwaldt.

3.2.2 Phylogenetic analysis of PIM kinases

Upon identifying the orthologs of FhPIM kinase, | determined the orthologous relationships of
FhPIM kinase (D915_000232) with other PIM kinases across various selected species. |
conducted a phylogenetic analysis using the Bayesian Inference (Bl) method from MrBayes
(221) on the amino acid sequences of different vertebrate and invertebrate PIM kinases.
Consequently, | constructed a phylogenetic tree using MrBayes v3.2.7a for all the PIM kinases
(Fig. 3.9) across various selected species. The PIM kinases for vertebrates, PIM1, PIM2 and
PIM3 (shown in the pure blue box in Fig. 3.9), are classified within the same clade; notably,
each distinct PIM kinase occupies separate branches. The Holothuria leucospilota (sea
cucumber) PIM kinase, although classified within the invertebrate clade (shown in the patriarch
purple box in Fig. 3.9), is anticipated to share similarities with vertebrates, as H. leucospilota
is part of the phylum Echinodermata, which is phylogenetically closer to Chordata
(vertebrates) than the more distantly related protostome invertebrate species such as
Rhipicephalus sanguineus, Aplysia californica, and Biomphalaria glabrata that were used in
the phylogenetic tree construction. All remaining PIM kinases of the flatworm species (shown
in the grass green box in Fig. 3.9) are grouped within the same clade of the flatworms in the
phylogenetic tree (shown in the cyan box in Fig. 3.9), forming different branches for
trematodes (shown in the cyan box in Fig. 3.9), cestodes (shown in the reddish orange box in
Fig. 3.9), and planarians (shown in the dark blue-violet box in Fig. 3.9) with a strong nodal

support (100%). Furthermore, the F. hepatica PIM kinase was grouped in the same tree node
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as the F. gigantica PIM kinase (FGIG_09449) in the trematode branch of the flatworm species
clade of the phylogenetic tree with a strong nodal support (100%). The BR serine/threonine-
protein kinase (BRSK) of F. hepatica was used as an outgroup to establish the root of the

phylogenetic tree (Fig. 3.9).

F. hepatica BRSK (D915_001295)
D. rerio PIM2 (Q9YHZ5)
i H. sapiens PIM2 (Q9P1W9)
M. musculus PIM2 (Q62070)
65 D. rerio PIM3 (E7FB10)
i H. sapiens PIM3 (Q86V86)
. M. musculus PIM3 (P58750)
a3 D. rerio PIM1 (QO8BCO)
Ty H. sapiens PIM1 (P11309)
M. musculus PIM1 (P0B803)
100 H. leucospilota PIM1 (KAJ8047603.1)

_E R. sanguineus PIM1 (AOA9D4QFJ9_RHISA)
R. sanguineus PIM3 (XM_037672987.2)

. A. californica PIM1 (XP_005098997.1)
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Figure 3.9: Bayesian Inference (Bl) tree of F. hepatica PIM kinase, comprising homologous PIM
kinases from various selected species. The selected species included three vertebrates: D. rerio, H.
sapiens, and M. musculus (shown in the pure blue box, Inkscape colour code 0000ffff), as well as 16
invertebrates, such as H. leucospilota, R. sanguineus, A. californica, and B. glabrata (shown in the
patriarch purple box, Inkscape colour code 800080ff). The remaining twelve species are
flatworms, grouped into trematodes, cestodes, and planarians (shown in the grass green box, Inkscape
colour code 008000ff). Trematodes include T. regenti, S. japonicum, S. mansoni, S. haematobium, C.
sinensis, O. viverrini, F. buski, F. hepatica, and F. gigantica (shown in the cyan box, Inkscape colour
code 00ffff66); cestodes include E. multilocularis and E. granulosus (shown in the reddish orange box,
Inkscape colour code ff3d0066); and planarians include S. mediterranea (shown in the dark blue-violet
box, Inkscape colour code 13009b66). F. hepatica BRSK (D915_001295) served as the outgroup to
root the tree. Percentage posterior probabilities/bootstrap values are displayed at the nodal supports of
the branches in the tree. The gene identifiers for each species are indicated in the tree.
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3.2.3 Effect of pan-PIM kinase inhibitors on immature and adult flukes

After gathering the promising data promising, | thought of using the pan-PIM inhibitors (SGI-
1776 and CX-6258) to evaluate their effects on immature and adult liver flukes. The control
comprised a medium containing the drug solvent DMSO. For each different condition (25 uM,
50 uM, and 100 uM), | employed 4 flukes (n = 4, both immature and adult flukes).
Subsequently, | evaluated their survival and motility every 24 h over a total of a 72 h culture
period. All the statistical data related to the selected small-molecule PK inhibitors is available

in supplementary tables 6.1 and 6.2 of this thesis.

Immature flukes (Fig. 3.10 B and D) exhibited greater sensitivity to both inhibitors compared
to adult flukes. At a concentration of 25 uM of both the inhibitors, the immature flukes exhibited
only a slight reduction in their motility after 24 h; however, after 72 h, SGI-1776 impaired the
motility of the immature flukes, in contrast to CX-6258, which only slightly reduced their motility.
At a concentration of 50 uM, both the inhibitors exhibited severe motility reduction within 24 h
and proved lethal to the immature flukes after 72 h. At a concentration of 100 uM, both the

inhibitors exhibited lethal potency to the immature flukes within 24 h.

Adult flukes (Fig. 3.10 A and C) exhibited no significant reduction in their motility after 72 h at
a concentration of 25 yM. At a concentration of 50 uM, CX-6258 exhibited slight reduction in
the motility of the adult flukes, whereas SGI-1776 exhibited a significant impairment in their
motility. At a concentration of 100 uM, SGI-1776 was lethal to the adult flukes within 48 h;
conversely, CX-6258 exhibited significant motility impairment but was not lethal to the adult

flukes.
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Figure 3.10: Motility score of flukes treated with CX-6258 and SGI-1776 at different concentrations
of 25 yM, 50 uM, and 100 uM. (A) lllustrates the motility scores of adult flukes treated with CX-6258.
(B) lllustrates the motility scores of immature flukes treated with CX-6258. (C) lllustrates the motility
scores of adult flukes treated with SGI-1776. (D) lllustrates the motility scores of immature flukes treated
with SGI-1776. The flukes were cultured for 72 h, and the motility scores were recorded every 24 h for
the different time points of 24 h, 48 h, and 72 h. After the scoring, the media was replenished with fresh
media with 1% ABAM and 5% chicken serum. DMSO, which served as a drug-dissolving vehicle, was
used as a negative control and was added during the culturing of the control flukes. The motility scores
are recorded from 0 to 3 (3 = normal movement, 2 = slightly reduced movement, 1 = severely reduced
movement, and 0 = no movement/dead). (E) Representative images of the adult flukes treated with CX-
6258 and SGI-1776 at a concentration of 50 uyM after 72 h time point (scale bar = 500 uM). (F)
Representative images of the immature flukes treated with CX-6258 and SGI-1776 at a concentration
of 50 uM after 72 h time point (scale bar = 1000 pM). For each condition of CX-6258 and SGI-1776 of
immature and adult flukes, the number of biological replicates was four (n = 4). The statistical values
for all the conditions are stated in the supplementary tables 6.1 and 6.2. Please note that the
representative images of the adult flukes (E) and immature flukes (F) are related just to the 72 h time

point and 50 uM concentration.
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3.2.4 Multi-sequence alignment and KLIFS domain architecture of Hs and Fh PIM

kinases

Upon comparing the kinome of all four species mentioned in section 3.1.3, | found a 49.4%
sequence identity and a 65.1% sequence similarity between the PIM kinase domains of Hs
and Fh. To further ascertain the start and end of the PK domain in both Fasciola
(D915 _000232) and human (P11309) PIM1 kinase, | conducted a SMART protein domain
analysis using the webserver (235), with the results illustrated in the supplementary figure 6.5.
Then, | used the EMBL-Clustal Omega alignment webserver (210) to compare the Hs and Fh
PIM kinase domains, which helped me gather important details about the drug binding sites
and the key structure of the PIM kinase. Furthermore, upon aligning the PK domains, |
acquired the conserved structural elements of the catalytic PK domain from the KLIFS
webserver (275), utilising RCSB PDB IDs 4JX7 and 5013 for Hs PIM1 kinase (234).

Important pharmacophores/residues for PIM kinase inhibition, illustrated with red arrows in
Fig. 3.11, were obtained from the HsPIM1 kinase interaction described by Heyder and
colleagues (250). The important residues described for Hs PIM1 kinase are Lys67, Glu121,
Arg122, Pro123, Asp128, Asp131, Glu171, and Asp186. The catalytic Lys67, located in the B-
sheet Il of the N-terminal loop, forms the back pocket of the HsPIM1 kinase alongside Glu89;
both residues are conserved in the FhPIM kinase as Lys77 and Glu98 (276,277). The Glu89
establishes a salt bridge with Lys67 to enhance the catalytic activity of the HsPIM1 kinase
(278). The subsequent three residues, Glu121, Arg122, and Pro123, are located within the
flexible hinge loop region between the N-terminal and C-terminal of human PIM1 kinase. In
FhPIM, only arginine is conserved as Arg130, while Glu121 (Hs) is substituted by Asp129 and
Pro123 (Hs) is substituted with Val131. Additionally, another residue in FhPIM kinase, Ser132,
also contributes to the hinge region. The other important residues are conserved between Hs
and Fh PIM kinases: these are Asp128 in the linker loop between the hinge and the aD-helix,
Asp131 in the aD-helix, Glu171 in the catalytic loop, and Asp186 in the DFG loop from Hs
PIM1 kinase, which correspond to Asp137, Asp140, Glu180, and Asp195, respectively in
FhPIM kinase.
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Figure 3.11: Multiple sequence alignment of Hs and Fh PIM kinase domains. The alignment was
created using the EMBL-Clustal Omega alignment webserver (210) and visualised using the ESPript
v3.2 webserver (279), and later the figure was compiled in Inkscape (25). Additional information
described in the legend was retrieved from the 4JX7 and 5013 (RCSB PBD IDs) stored on the KLIFS
webserver (275). The important Hs residues depicted in the legends were taken from Heyder and
colleagues (250). Conserved residues (*) are depicted with uppercase letters at the consensus>70 line
below the aligned residues as well as with a black background; conserved substituted residues (:) are
depicted with a white background box as well as (.) at the consensus>70 line below the aligned
residues; semi-conserved substituted residues (.) are depicted with (.) instead of the residue as well as
below the residues in the consensus>70 line; the character ‘I’ stands for | (lle) or V (Val); the character
‘# stands for N (Asn), D (Asp), Q (GIn), or E (Glu); the character ‘$’ stands for L (Leu) or M (Met); and
the character ‘%’ stands for F (Phe) or Y (Tyr).

Additionally, | observed a significant substitution of the gatekeeper residue from Leu120 in
HsPIM1 to Met128 in FhPIM kinase. Furthermore, | observed that in the linker loop connecting
the hinge to the aD-helix, all residues from Pro125, Val126, and GIn127 (HsPIM1) to Thr134,

Thr135, and Cys136 are notably semi-conserved substitutions in the Fasciola PIM kinase.
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3.2.5 Molecular docking of MCCC library in the FhPIM kinase domain

Molecular docking is a computational simulation that predicts the optimum position (pose) and
binding affinity of a small-molecule interacting within the active site of a target protein (280).
This method was designed to efficiently and economically assess large chemical libraries,
facilitating the prioritisation of the most effective inhibitors for NTDs before commencing
expensive laboratory trials (172,281). By modelling these interactions, | can provide a

structural foundation for the systematic design of pharmaceuticals targeting FhPIM.

To prepare the FhPIM kinase domain (from 39 to 350 amino acids long) for molecular docking,
the protonation states of histidines were first virtually examined and were later changed to the
following protonation states: 38 to HID, 41 to HIP, 61 to HIE, 63 to HIE, 155 to HIE, 168 to HIE,
174 to HID, 228 to HIP and 297 to HIE. | conducted two rounds of molecular docking, utilising
two FhPIM kinase structures: the initial round employed the AlphaFold generated model,
which was subsequently modified through homology modelling (SWISS-MODEL). The second
round utilised the FhPIM model from AlphaFold database (AF-AOA4EORYG3-F1-v6), which
was subsequently modified using homology modelling (SWISS-MODEL) and followed by the
TLDR webserver.

The managed chemical compound collection (MCCC) library from Nottingham functions as a
curated repository of lead-likeness small-molecules intended to enable extensive target-based
screening, consisting of approximately 85,000 compounds. Furthermore, the MCCC library
follows Lipinski’s “rule of five” (252,253). | conducted two rounds of molecular docking with the
MCCC library employing two distinct ligand preparation methodologies: initially using Open
Babel v3.1.1 (224) and subsequently utilising the Molecular Operating Environment (MOE)
2022 (255) platform. The rationale for employing two distinct ligand preparation approaches
was that Open Babel generated some ligands with broken molecules and unusual protonated
states across different molecules, resulting in a significant number of stranded donors that
could not be salvaged through water molecules. The MOE automates the 3D protonation
processes to ensure that ligands possess the appropriate bond lengths, angles, and electronic

characteristics necessary for precise evaluation by the docking engine.

After performing two runs of molecular docking of the MCCC library using AutoDockVina
(203,204), the top 500 ranked compounds from each run (a total of 1000 top-ranked

compounds) were visualised and evaluated in PyMOL v3.1 (231).

The detailed evaluation criteria for selecting the interaction between the FhPIM kinase domain
and the ligands are specified in section 2.2.5.5. The primary evaluation criteria are the
absence of intramolecular clashes, no stranded hydrogen bond donor, and a reduced number

of stranded hydrogen bond acceptor.
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The SmartChemist webserver (236) was used to obtain information on the MCCC library
ligand moieties using their Simplified Molecular Input Line Entry System (SMILES) specified
in the supplementary tables 6.9 and 6.10.

In the following, the top five grade of the ligands and their docking poses from each of the
docking runs are presented (in total ten ligands), while the remaining 24 ligands are displayed
in supplementary figures 6.16 to 6.39. Please note that the top five ligands were initially
selected to be illustrated in the following sections and the selection was based on their

evaluation grades and, subsequently, on their ranks as determined by the script.

3.2.5.1 First virtual screening round of the MCCC library in FhPIM kinase

Upon evaluating the 500 top-ranked compounds from the first virtual screening round, only 16
were found to have polar interactions satisfying the criteria within the FhPIM binding pocket.
While none of these ligands reached the best score A, there were one classified as B+, five
as B, and ten as B-. Details of these ligands, their rankings, and grades can be found in Table
14. This section describes only the top five ligands according to their grades, while the
remaining ligands are further displayed in the supplementary figures (from 6.16 to 6.26).
Please note that the top five ligands were initially selected based on their evaluation grades
and subsequently on their ranks as determined by the script. All the rejected 484 compounds

can be found in the supplementary table 6.13 of this thesis.

2D structures, SMILES, molecular weight, and molecular formula of the docked ligands are

kept in the supplementary table 6.9.
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Table 14: List of the top 16 ligands identified from the first round of virtual screening.

AutoDock Grade
Vina Ranking  according
generated according to the
energy to the evaluation Interacting residue in the FhPIM
Ligand name (kcal/mol) script criteria binding pocket with the ligand
NCC-00008538 -10.9 9 B- Lys77 and Asp195
NCC-00077290 -10.9 10 B- Lys77 and Asp195
NCC-00072436* -10.7 15 B Lys77, Ser132, and Asp195
NCC-00032341 -10.5 30 B- Arg130, Val131, and Asp195
NCC-00044825 -10.3 71 B- Arg130 and Asp195
NCC-00074481 -10.2 94 B- Arg130, Glu133 and Thr135
NCC-00009414 -10.2 98 B- Arg130, Thr135, and Asp137
NCC-00044623 -10.2 100 B- Asp137 and Glu180
NCC-00061091* -10.1 171 B+ Lys77, Ser132, and Asp195
NCC-00032141* -10 188 B Lys77, Val131, Ser132, and
Asp137
NCC-00057583 -10 195 B- Arg130, Lys178, and Asp195
NCC-00032797* -10 245 B Lys178, Glu180, and Asp195
NCC-00090515* -9.9 288 B Lys77, Thr135, and Asp137
NCC-00015704 -9.9 299 B- Gly56, Arg130, Glu133, Thr135,
Asp137, and Glu180
NCC-00058509 -9.8 420 B- Lys77, Arg130, Val131,
Asp137, and Asp195
NCC-00032487 -9.8 497 B Lys77, Asp137, and Asp195

Please note that the bolded residues are conserved between Fh and Hs PIM kinases, and
these residues are predicted to be significant for ligand binding in the HsPIM1. The molecular
docking results of ligands denoted with (*) are illustrated in Fig. 3.12 to 3.16, while the

remaining ligands are illustrated in supplementary figures 6.16 to 6.26.

68



Results

Figure 3.12: Polar interactions of NCC-00072436 in the binding pocket of FhPIM kinase. NCC-
00072436 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Lys77, Ser132, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, fluorine and
sulphur atoms are in blue, red, palecyan, and yelloworange colours, respectively.

Based on the visual evaluation, | assigned the ligand NCC-00072436 a grade of B-, as it meets
several criteria outlined in section 2.2.5.5 of this thesis. The ligand interacts with three
important pharmacophores in the binding pocket of FhPIM kinase through multiple polar
interactions. The most stable conformer out of 20 generated by AutoDock Vina exhibited a
binding affinity of -10.7 kcal/mol. The DFG motif (Asp195), hinge region (Ser132), and VVVK
motif (catalytic Lys77) are some of the essential pharmacophores depicted in the binding

pocket of the FhPIM kinase (Fig. 3.12), as described in the previous section 3.2.4.

The ligand donates a hydrogen bond (H-bond) to the carboxylic acid side chain of Asp195 (2.7
A). Furthermore, the ligand accepts an H-bond from the protein through the backbone nitrogen
of Asp195 (2.6 A) via the bridging sulphonamide moiety. The ligand als o donates to the anionic
carboxylate group of Ser132 (2.3 A), another H-bond. The last contact with the protein occurs
via a salt bridge between the ammonium group of Lys77 and the bridging sulphonamide moiety
of the ligand (4.6 A). Moreover, no other polar interactions were observed with the linker loop,

the aD-helix, or the ribose pocket of the FhPIM kinase.
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Figure 3.13: Polar interactions of NCC-00061091 in the binding pocket of FhPIM kinase. NCC-
00061091 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Lys77, Ser132, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and sulphur
atoms are in blue, red, and yelloworange colours, respectively.

After visual inspection, | assigned a grade of B+ to ligand NCC-00061091, as depicted in
Fig. 3.13. At first glance, this ligand appears to be a structural homolog of the previous ligand
(NCC-00072436), as it also incorporates a bridging sulphonamide moiety and establishes
three polar interactions with the identical essential pharmacophores as the prior ligand
(Asp195, Ser132, and Lys77). The most stable conformer exhibits a weaker binding affinity of
-10.1 kcal/mol in comparison to the previous ligand. The most significant difference | observed
is the varying H-bond distances, as this ligand establishes an acceptor H-bond with the
ammonium group of Lys77 (4.1 A) and forms a single donor H-bond with Asp195 (the
carboxylic acid side chain) in the DFG motif (2.7 A), instead of both acceptor and donor H-
bonds. The last polar interaction is with Ser132, exhibiting an identical H-bond distance (2.3

A) to that of the previous ligand.
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Figure 3.14: Polar interactions of NCC-00032141 in the binding pocket of FhPIM kinase. NCC-
00032141 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Lys77, Val131, Ser132, and Asp137) in the binding pocket of FhPIM kinase. All nitrogen and oxygen
atoms are in blue and red colours, respectively.

The ligand NCC-00032141 efficiently occupies the ATP-binding pocket of the FhPIM kinase
(Fig. 3.14), demonstrating a binding affinity of -10 kcal/mol and demonstrating polar
interactions with four essential pharmacophores: the linker loop connecting the hinge to the
aD-helix (Asp137), the hinge region (Ser132 and Val131), and the VVVK motif (catalytic
Lys77). | assigned this ligand a grade of B due to its ability to both donate and accept H-bonds
from the protein through Asp137, facilitated by the C3 carboxamide group in the benzene-
1,3,5-tricarboxamide moiety of the ligand (with H-bond distances of 2.0 A and 2.5 A,
respectively). This ligand similarly donates and accepts H-bonds from the protein through the
hinge region (Ser132 and Val131) via the C5 carboxamide group of the benzene-1,3,5-
tricarboxamide moiety (with H-bond distances of 3.2 A and 2.9 A, respectively). The final
contact with the protein occurs through a salt bridge formed between the ammonium group of
Lys77 and the carbonyl portion of the linker ester to the terminal quinoline moiety of the ligand
(2.8 A). Furthermore, no significant H-bond was detected between Asp195 in the DFG motif
and the ligand.
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Figure 3.15: Polar interactions of NCC-00032797 in the binding pocket of FhPIM kinase. NCC-
00032797 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Lys178, Glu180, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen and oxygen atoms
are in blue and red colours, respectively.

| assigned the ligand NCC-00032797 a grade of B, as it demonstrated three polar interactions
(Fig. 3.15) within the binding pocket of FhPIM kinase, exhibiting a binding affinity of -10
kcal/mol. Among these three interactions, two occur within the catalytic loop region of the
FhPIM binding pocket (Lys178 and Glu180), which are conserved in HsPIM1 kinase as Lys169
and Glu171. Bogusz and colleagues have shown that Lys169 in HsPIM1 is a part of the
activation domain, along with Lys67, Glu89, Asn172, and Asp186, which are essential for the
ATP-binding in HsPIM1 (197). Moreover, the aforementioned study also indicated that the
Glu171 can interact with the Lys169, facilitating structural interactions within the binding
pocket and influencing binding of inhibitors to the active site (197). Additionally, Asp128 and
Glu171 form the ribose pocket within the binding pocket of HsPIM1 (282). Glu171 (conserved
as Glu180 in FhPIM) constitutes a component of an acidic patch that is often in conjunction
with Asp128 (conserved as Asp137 in FhPIM) within the ATP-binding pocket, establishing H-
bonds with potent pan-PIM inhibitors (250,283,284).

The ligand features an H-bond donor to the backbone carbonyl atom of Glu180 (2.1 A).
Furthermore, the ligand constitutes another H-bond donation to the carboxylic acid side chain
of Asp195 in the DFG motif (2.5 A). The last polar interaction occurs between the ammonium
group of Lys178 and the carbonyl part of the C3 carboxamide group of the terminal at the

benzene-1,3,5-tricarboxamide moiety of the ligand, forming a salt bridge (2.5 A).
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Figure 3.16: Polar interactions of NCC-00090515 in the binding pocket of FhPIM kinase. NCC-
00090515 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Lys77, Thr135, and Asp137) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and sulphur
atoms are in blue, red, and yelloworange colours, respectively.

The ligand NCC-00090515 exhibited a binding affinity of -9.9 kcal/mol, establishing three polar
interactions (Fig. 3.16) with different pharmacophores located in the linker loop connecting the
hinge to the aD-helix (Thr135 and Asp137) and VVVK motif (catalytic Lys77). | assessed this
docked ligand as B. In HsPIM1, Val126 (substituted by Thr135 in FhPIM) creates a distinct
hydrophobic pocket, with the side chains of Val126 contributing substantial hydrophobic
interactions with the inhibitor, and the presence of Val126 imparts selectivity to the inhibitor,
as it is substituted in other PIM kinases (197).

In the first polar interaction, the ligand donates an H-bond through the tertiary amine of the
piperidine moiety to the side chain carboxylate group of the Asp137 in the aD-helix loop (3.6
A). Despite the distance exceeding the average range of H-bonds, the ligand accepts an H-
bond from the protein through the a-amino group of Thr135 (4.6 A). The last polar interaction
occurs between the ammonium group of catalytic Lys77 and the 4-hydroxyl group of the 2-(4-
hydroxyphenyl)benzo(b)thiophen-6-ol moiety of the ligand, wherein the protein donates an H-

bond to the ligand and forms a salt bridge (2.5 A).
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3.2.5.2 Second virtual screening round of the MCCC library in FhPIM kinase

Upon evaluating the second virtual screening round of the 500 top-ranked compounds, only
18 were found to have polar interactions satisfying the criteria within the FhPIM binding pocket.
While none of these ligands reached the best score A, there were one classified as A-, four as
B+, six as B, and seven as B-. Details of these ligands, their rankings, and grades can be
found in Table 15. This section describes only the top five ligands according to their grades,
while the remaining ligands are further displayed in the supplementary figures (from 6.27 to
6.39). Please note that the top five ligands were initially selected based on their evaluation
grades and subsequently on their ranks as determined by the script. All the rejected 482

compounds can be found in the supplementary table 6.14 of this thesis.

2D structures, SMILES, molecular weight, and molecular formula of the docked ligands are

kept in the supplementary table 6.10.

Table 15: List of the top 18 ligands identified from the second round of virtual screening.

AutoDock Grade
Vina Ranking  according
generated according to the
energy to the evaluation Interacting residue in the FhPIM
Ligand name (kcal/mol) script criteria binding pocket with the ligand
NCC-00011396* -10.5 52 B+ Lys77, Val131, and Asp195
NCC-00082673* -10.4 86 B+ Glu180 and Asp195
NCC-00089972 -10.3 111 B- Lys77, Arg130, and Asp195
NCC-00069794 -10.3 115 B- Glu180 and Asp195
NCC-00090340 -10.3 134 B Val131
NCC-00071469* -10.2 188 A- Asp129, Val131, Glu180, and
Asp195
NCC-00007132 -10.2 214 B- Lys77, Asp129, Val131, and
Asp195
NCC-00059610 -10.2 220 B Val131 and Thr135
NCC-00064956 -10.2 221 B Lys77, Val131, and Asp195
NCC-00087073* -10.1 240 B+ Asp129, Arg130, and Val131
NCC-00081502 -10.1 250 B- Lys77, Arg130, and Asp195
NCC-00009498* -10.1 281 B+ Lys77, Asp129, Val131, and
Asp195
NCC-00059926 -10.1 308 B- Asp129, Val131, and Asp195
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NCC-00046881 -10.1 318 B Val131 and Ser132
NCC-00030002 -10.1 340 B- Lys77, Val131, and Asp195
NCC-00019088 -10 394 B- Val131 and Asp137
NCC-00082340 -10 472 B Arg130 and Ser132
NCC-00016401 -10 485 B Asp129 and Val131

Please note that the bolded residues are conserved between Fh and Hs PIM kinases, and
these residues are predicted to be significant for ligand binding in the HsPIM1. The ligands
denoted with (*) are illustrated in Fig. 3.17 to 3.21, while the remaining ligands are illustrated

in supplementary figures 6.27 to 6.39.

Figure 3.17: Polar interactions of NCC-00011396 in the binding pocket of FhPIM kinase. NCC-
00011396 (ligand) is displayed as sticks in green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon with grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Lys77, Val131, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and sulphur
atoms are in blue, red, and yelloworange colours, respectively.

The ligand (NCC-00011396) effectively occupies the ATP-binding pocket of the FhPIM kinase
(Fig. 3.17), exhibiting a binding affinity of -10.5 kcal/mol and forming polar interactions with
three critical pharmacophores: the DFG motif (Asp195), the hinge region (Val131), and the
VVVK motif (catalytic Lys77). | assigned this ligand a grade of B+ due to the capacity of the
bridging sulphonamide moiety to establish three salt bridges with the protein: the first with the
ammonium group of Lys77 (4.1 A), the second and third with the negatively charged
carboxylate group and the backbone nitrogen of Asp195 (2.4 A each). The last interaction

occurs between the a-amino group of Val131 on the protein’s hinge region and the hydroxyl
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group of the terminal 3-hydroxypyridazine moiety of the ligand, establishing an acceptor H-
bond to the ligand (2.0 A).

N

ASP-195

Figure 3.18: Polar interactions of NCC-00082673 in the binding pocket of FhPIM kinase. NCC-
00082673 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Glu180 and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, fluorine and sulphur
atoms are in blue, red, palecyan, and yelloworange colours, respectively.

The result regarding the ligand NCC-00082673 highlights the polar interactions of Asp195 and
Glu180, within the binding pocket of FhPIM kinase (Fig. 3.18). | assigned this ligand a grade
of B+ because it establishes two polar interactions with the DFG motif (Asp195) and the ribose
pocket (Glu180), exhibiting a binding affinity of -10.4 kcal/mol. The ligand accepts an H-bond
from the backbone nitrogen of the Asp195 in the protein (2.9 A). Additionally, the ligand
donates an H-bond to the backbone carbonyl oxygen of Glu180 (2.9 A).
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Figure 3.19: Polar interactions of NCC-00071469 in the binding pocket of FhPIM kinase. NCC-
00071469 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Asp129, Val131, Glu180, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen and oxygen
atoms are in blue and red colours, respectively.

AutoDock Vina estimated a binding affinity of -10.2 kcal/mol for ligand NCC-0007 1469,
indicating multiple polar interactions (Fig. 3.19). Polar interactions were predicted with the
hinge region (Asp129 and Val 131), the ribose pocket (Glu180), and the DFG motif (Asp195).
| assigned this ligand a grade of A- due to its adequate placement in the catalytic cleft of the
binding pocket of FhPIM. Bissantz and colleagues described the average typical distance of
non-covalent interactions in their study (256), and this ligand represents the average distance

for all the polar interactions.

The carboxamide part of the ligand’s 3,4-dihydro-2(1H)-quinolinone moiety forms both
acceptor and donor H-bonds within the hinge region (Asp129 and Val131) of the protein,
exhibiting distances of 2.5 A and 2.1 A, respectively. Moreover, within the ribose pocket, the
ligand donates an H-bond to the protein through the backbone carbonyl oxygen of Glu180 (2.3
A). Additionally, the DFG motif enables the ligand to accept an H-bond via the backbone
nitrogen of the Asp195 (3.0 A).
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Figure 3.20: Polar interactions of NCC-00087073 in the binding pocket of FhPIM kinase. NCC-
00087073 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Asp129, Arg130, and Val131) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and fluorine
atoms are in blue, red, and palecyan colours, respectively.

The ligand NCC-00087073 establishes polar interactions (Fig. 3.20) within the hinge region
(Val131, Arg130, and Asp129) of the FhPIM binding pocket, exhibiting a binding affinity of -
10.1 kcal/mol; therefore, | assigned this ligand a grade of B+. The hinge region consists of
Glu121, Arg122, and Pro123 in HsPIM1; however, only Arg130 is conserved, while the other
two residues are substituted with Asp129 and Val131 in the FhPIM. The ligand donates an H-
bond to the protein via the 3,4-dihydro-1H-quinoxalin-2-one moiety to the negatively charged
carboxylate side chain of Asp 129 (3.3 A). Additionally, the protein donates two H-bonds from
the positively charged guanidino group of Arg130 to the negatively charged terminal cyanide
group of the ligand (1.8 and 2.7 A, respectively). The last polar interaction was predicted
between the a-amino group of the Val131 of the protein and the hydroxyl part of the carbonyl
group of the 3,4-dihydro-1H-quinoxalin-2-one moiety, forming an acceptor H-bond to the ligand

(2.4 A).
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Figure 3.21: Polar interactions of NCC-00009498 in the binding pocket of FhPIM kinase. NCC-
00009498 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure of FhPIM is
illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed lines and
their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting residues
(Lys77, Asp129, Val131, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen,
fluorine, and sulphur atoms are in blue, red, palecyan, and yelloworange colours, respectively.

The ligand NCC-00009498 effectively occupies the ATP-binding pocket of the FhPIM kinase
(Fig. 3.21), exhibiting a binding affinity of -10.1 kcal/mol and forming polar interactions with
four essential pharmacophores: the DFG motif (Asp195), the hinge region (Val131 and
Asp129), and the VVVK motif (catalytic Lys77). | assigned this ligand a grade of B+ owing to
its capability to form two salt bridges via the bridging sulphonamide moiety: the first with the
carboxylic acid side chain of Asp195 and the second with the ammonium group of Lys77 in
the protein, exhibiting H-bonds of 3.6 A and 4.6 A, respectively. Additionally, in the hinge region
of the protein, this ligand accepts an H-bond from the a-amino group of Val131 (1.9 A) and
donates an H-bond to the negatively charged carboxylate side chain of Asp129 (2.7 A).

The docking results verify that the identified scaffolds exhibit the structural complementarity
necessary to effectively occupy the active binding site of the FhPIM kinase. The primary polar
interactions identified between the binding pocket of FhPIM kinase and the ligands included
Lys77, Asp129, Arg130, Val131, Ser132, Asp137, Glu180, and Asp195. These findings
provide a compelling structural basis for advancing these candidates into subsequent in vitro
and, thereafter, in vivo bioassays to validate their effectiveness as novel treatments for the

neglected tropical disease fasciolosis.
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4. Discussion

The significant consequences of helminth infections on the health of humans and animals call
for critical intervention strategies. Despite the implementation of various measures, consisting
of enhanced sanitation and environmental parasite removal, the primary strategy for
controlling helminthic infections is still the administration of a limited selection of anthelmintics,
given the lack of commercial vaccines for most helminths (285,286). The management of
cestodes and trematodes often depends on some classes of anthelmintics, with two primary
classes of anthelmintics drugs being isoquinolines, such as praziquantel (PZQ) (287), and
benzimidazoles (BZs), such as TCBZ (288). BZs are a versatile group of heterocyclic aromatic
compounds containing a fused benzene nucleus and an imidazole ring (289). BZs
revolutionised the management of trematodes by specifically targeting the cytoskeleton of the
parasite and binding to the B-tubulin to inhibit microtubule formation (59,290). Among the
trematodes is the common liver fluke, a causative agent of fasciolosis, which is a neglected

pathogen.

4.1 The rationale for the protein kinase research in the liver fluke

Liver flukes cause annual costs in the billions of USD, resulting in devastating economic losses
in the livestock sector and affecting the human population. TCBZ is an excellent
pharmaceutical option for managing fasciolosis; however, long-standing challenges
associated with mass drug administration (MDA) initiatives to mitigate the spread of fasciolosis
have necessitated persistent efforts to discover novel compounds and characterise new drug
targets. This approach has become especially vital due to the emergence and spread of TCBZ
resistance across various continents. Recently, a substantial flock of approximately 300 sheep
in Germany succumbed to the liver flukes due to TCBZ resistance (66). One way to tackle the
resistance aspect is to identify new intervention strategies through drug discovery that target
different biological key choke points in the liver flukes. PKs are especially interesting from the
pharmaceutical point of view for drug development, being the second most pursued group of
targeted enzymes after GPCRs (106). They are also crucial in combating parasitic helminths
due to their significant roles in essential biological processes, such as cell cycle, migration,
signal transduction, and apoptosis (145,147). Several small-molecule inhibitors derived from
oncological research provide novel prospects for drug repurposing, potentially expediting the
drug development process significantly (144). This thesis aimed to delineate a kinome for the
common liver fluke (F. hepatica), to assess the hypothesis of repurposing PK inhibitors against
the liver flukes, and to evaluate the utilisation of the MCCC library for drug discovery to identify

novel compounds targeting the liver flukes.
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4.1.1 The kinome landscape of the liver fluke

This thesis offers a comprehensive annotation and analysis of the PKs in F. hepatica, initially
identifying 212 PKs, which were subsequently extended to 245 PKs through manual curation.
The kinome constitutes approximately 2.15% of the 11,217 protein-coding genes in the
genome of the liver fluke, a proportion consistent with that of other studied kinomes across
various species (130). The liver fluke kinome exhibits a symmetrical distribution of PK groups
comparable to other studied trematodes, such as S. mansoni, S. haematobium, etc. The
annotated kinome encompasses all nine major ePK groups and a single aPK group. | would
emphasise the AGC, CAMK, CMGC, and TK groups, as various members from these groups
are recognised as significant for the development of blood flukes and have been further

discussed as anti-parasitic targets (137,145,291).

The CMGC group, with 43 members, has emerged as the largest PK group, comprising
17.84% of PKs within the kinome of liver flukes. This group is significant for its diverse roles
in cell cycle control, transcriptional regulation, splicing, and other processes (292,293), and it
encompasses several MAPKs, including all the major members of the MAPK signalling
cascade. The MAPK signalling pathways are essential for regulating various cellular
processes, including proliferation, differentiation, and apoptosis (293,294). In S. mansoni,
RNAi-mediated functional analysis of the MAPK family members (SmJNK and SmERK1)
elucidated their role in the development of adult blood flukes (137,159). As the fundamental
signalling cascades, such as the MAPK signalling pathways, are evolutionarily conserved, |
identified that the PK domain of FhJNK (D915_006573) exhibits a PK domain identity of 69.7%
and a PK domain similarity of 81.5% to SmJNK (Smp_172240), indicating a high degree of
functional conservation among these divergent trematode species. Additionally, FhERK1
homologs (D915_001614 and D915_006871) demonstrate a PK domain identity of 83.1% and
90.7%, along with PK domain similarity of 83% and 92.4%, respectively to SmERK1 homologs
(Smp_047900 and Smp_142050). This high degree of conservation encourages the
assessment of JNK and ERK1 in the future as potential pan-trematode drug targets effective
against both S. mansoni and F. hepatica. Recently, Moreira and colleagues have focused on
MAPK in S. mansoni, emphasising the significance of SmJNK, SmERK, Smp38, and SmFES
to identify compounds having similar drug-like properties to PZQ, thereby enhancing the in
vitro screening of compounds obtained from docking-based virtual screening (145,146). This
methodology may prove advantageous, and the significant sequence similarity could facilitate

the identification of novel broad-spectrum fasciolicidal agents targeting both parasite groups.

The CAMK is another significant group of PKs, comprising 38 members and accounting for

15.77% of PK in the liver fluke kinome. It plays a crucial part in calcium signalling in various
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helminths, influencing neural activity, fecundity, motility, muscle contraction, host attachment
and a range of homeostatic roles (161,259,295). Consequently, it is vital for immediate survival
within the host and has been suggested as a potential anthelmintic target (161,259). In S.
mansoni, CAMKs exhibited increased expression and activity after administration of the
paralysis-inducing drug PZQ, while RNAi diminished motility and viability, which indicated that
CAMKII is implicated in the motor function and motility of the worms (296,297). F. hepatica
and S. mansoni are digenetic trematodes that exhibit significant evolutionary and molecular
conservation. Given that CAMKII inhibition in S. mansoni has demonstrated a reduction in
motor function, it is reasonable to hypothesise that a similar effect might be achieved by

targeting CAMKSs in F. hepatica.

The AGC-PK group, characterised by a 14.11% of PKs, is significant for its pivotal downstream
function in T-cell receptor (TCR) and B-cell antigen receptor (BCR) signalling (298), as well as
its involvement in the negative regulation of MAPK signalling (299). Additionally, AGC serves
as a mechanistic regulator of critical functions in cell signalling, metabolism, growth, migration,
stress responses, muscle contraction, and focal adhesion in vertebrates (300-302). In S.
mansoni, PKCs are linked to the neural mass, excretory vesicle, ridge cyton, tegument, and
germinal cells in schistosomula and miracidium, indicating potential roles in larval
transformation (303-305). In adult blood flukes, they are involved in neuromuscular functions
related to movement, attachment, pairing, and egg release (306,307). In liver flukes, the roles
of PKCs in body contraction and muscle function have been delineated (308). Furthermore, |
identified four PKC isoforms (D915_000022, D915 002081, D915 006901, and
D915_008611) in liver flukes, based on their homology to S. mansoni, S. haematobium, and
H. sapiens. The spatial transcriptomics data, generated by Gramberg and colleagues at our
institute, indicate that one of the four PKC isoforms (D915_006901) was expressed across the
tegument, whereas the others were linked to the Mehlis’ gland, ovary and testis (171). The
single-cell RNA-seq dataset, generated by Puckelwaldt and colleagues at our institute,
identified the same PKC isoform within the neuromuscular elf5+ cluster (274,309). Moreover,
the same PKC isoform exhibits a PK domain identity of 83.1% and similarity of 91.8% to a
homologue in S. mansoni (Smp_128480). This suggests a future investigation of PKC in liver
flukes as a viable target due to its role as a critical survival mechanism in the host, mediated

through the tegument and the neuromuscular elf5+ cluster.

The TK group, with 33 members, constitutes a significant fraction of the kinome of the liver
fluke, representing 13.69% of PKs and comprising 18 receptor tyrosine kinases (RTKs) and
15 cytoplasmic tyrosine kinases (CTKs). RTKs constitute a class of membrane-bound
receptors that react to external stimuli, including growth factors, and serve as signal

transducers, facilitating intercellular communication (310,311). RTKs phosphorylate tyrosine
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residues on essential intracellular substrate proteins, thereby affecting cell fate, including
proliferation, migration and differentiation (312). RTKs, among others, influence the members
of the aforementioned MAPK signalling cascade members (313,314). A unique RTK family for
invertebrates comprises venus kinase receptors (VKRs), which have a TK domain analogous
to that of insulin receptors (166). In S. mansoni, VKRs play a pivotal role in reproduction,
oocyte maturation, and larval development (164,167,168). Gene silencing demonstrated the
involvement of SmVKR1 and SmVKR2 in gametogenesis (137,167). Furthermore, SmVKR1
(Smp_019790) was found to interact with a multi-kinase complex consisting of the Src-kinase
SmTK3 and the Src/Abl hybrid-kinase SmTK6, which controls cell growth, mitosis, and
cytoskeleton functions (315). The phylogenetic analysis of S. mansoni and F. hepatica
revealed that FhPK_0008 and D915 003706 are homologous to SmVKR1 and SmVKR2,
respectively, demonstrating 78.2 and 78.4% identity and 86.6 and 88% similarity in their PK
domains compared to the schistosomal kinase domains. Although kinase research in F.
hepatica is still nascent relative to schistosomes, it will be intriguing to compare functional
aspects of PK signalling between these two evolutionary related, yet distinct, parasites. A
notable distinction lies in their reproduction strategies; liver flukes are hermaphrodites, while
blood flukes are dioecious parasites. Moreover, this promotes a thorough investigation of
RTKs in liver flukes concerning their potential as drug targets, given that RTKs activate the

stress signalling MAPK cascade (316).

Although 245 PKs in the liver fluke kinome have been identified and annotated in silico, a
valuable milestone, subsequent steps necessitate thorough functional validation and
characterisation. Consequently, future investigations should use tools such as RNA
interference (RNAIi) and enzyme activity assays to validate the essentiality of these PKs,
thereby identifying a lucrative drug target for developing an effective intervention strategy for

controlling fasciolosis.

4.1.2 Constraints in the annotation of the liver fluke genome

A significant bottleneck in the comprehensive kinome curation of a non-model organism is the
quality of the genome annotation. The Benchmarking Universal Single-Copy Orthologs
(BUSCO) score, which delineates genome annotation quality (317), for F hepatica
(PRJNA179522), was only 71%, consisting of 1.2% duplicated genes and a significant gene
fragmentation frequency of 9.5%, with approximately 18% of genes remaining unannotated.
The significant fragmentation and the existence of unannotated genes restrict the
comprehensive curation of a species’ kinome. Kinannote is a proficient programme that
identifies and classifies PKs within the selected species, achieving a sensitivity rate of 70%

and a precision rate of 80% (218). Kinnanote operates by establishing stochastic models,
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including Hidden Markov Models (HMMs) and Position-Specific Scoring Matrices (PSSM), to
identify and classify PKs (218). This method alone is inadequate for an accurate curation of
the kinome of F. hepatica. The absence of annotation necessitates the integration of Kinannote
with complementary resources, including orthology- (226) or phylogenetic-based (318)
methodologies, InterProScan (217), and the bash wrapper script FastProteinExonerate
(129,319). This script uses protein sequences from closely related species of the target
species to fill sequence gaps and predict genes with novel information, thereby greatly
enhancing the curation of the kinome for this parasite. Kinnanote surpasses other PK-
identifying programs, such as Kinomer (320), which exhibits reduced sensitivity for detecting
PKs in helminths. Another significant limitation of Kinomer is its capability to classify PKs only
at the group level, with a severely restricted ability to classify them into families, and
subsequent classification into subfamilies is unfeasible (129).

If the constraints in the annotation of PKs can be subsided by substantially enhancing putative
gene models and advancing the long-read sequencing technologies, this would resolve
genomic regions that could not be assembled, thereby significantly diminishing the necessity
for sequence curation (129). Enhancements in functional annotation may also be realised
through a systems biology approach, which integrates transcriptomic, proteomic, and
metabolomic data into the annotation process, thereby minimising fragmented and duplicate
genes and further annotating the unannotated genes. Nevertheless, the newly generated,
diverse, and extensive datasets must be integrated into the existing data. Therefore,
experimental investigations should be followed by technical enhancements and expansions.
Ultimately, creating an enhanced dataset that enables a more comprehensive annotation of

the genome, thereby reducing the number of undiscovered PKs.

4.1.3 Comparison of the selected trematode and human kinomes

A primary hurdle in anthelmintic development is attaining selective toxicity, eradicating the
parasite without harming the host. The comparative bioinformatics analysis yields actionable
insights into this challenge and suggests potential prioritisation of therapeutic targets that are
adequately divergent, maybe even parasite-specific, while balancing the efficacy and toxicity

of anthelmintic compounds to the host (149).

The kinome of the liver fluke is significantly smaller than the human kinome, yet it exhibits the
same number of PKs within their respective groups, comparable to the other trematode
kinomes of S. mansoni and S. haematobium. The comparative analysis of these kinomes
indicated homologous PKs present in the trematode kinomes but are absent in the human
kinome. As the kinome landscape sub-chapter previously described, the biological functions

of invertebrate-specific VKRs are crucial for lifecycle development by regulating oocyte

84



Discussion

maturation and larval development. Their absence in humans renders them viable drug targets
for fascioliasis. Furthermore, multiple PKs exhibiting a low level of sequence similarity between
the liver fluke and humans were identified. Particularly, the genes exhibiting minimal sequence
similarity to the human PKs are within the Other PK group (D915 009688, D915 007882,
FhPK_0018, D915_007720, D915_004111, D915_004720, D915_008234, D915_005804,
and D915 _006868). Both types may be advantageous for drug designs focused on minimising
side effects. Such drugs are less prone to induce off-target effects in humans because humans
either do not have the target or the orthologous protein has a too divergent structure, which
impedes the binding of the drug molecule. Additionally, in the comparison of the three
trematode kinomes, only four genes were recognised as Fasciola-specific (D915 _005277,
D915_001682, FhPK_0027, and FhPK_0018). The STE11 family member D915_005277
might be exclusive to the order Plagiorchiida, whereas the CAMK family member
D915 001682 might be exclusive to the Fasciolidae family. The CMGC group member
FhPK_0027 exhibited no distinct schistosome homologs but seemed to be associated with
cyclin-dependent kinases (Smp_080730 and D915 _002458), as determined by whole protein
sequences and phylogenetic analyses. At last, FhPK_0018 (Other PK group) lacked a
schistosome homolog, potentially indicating an incomplete kinase sequence, which has likely
hindered the homology search. Subsequent work should concentrate on the functional
characterisation of these Fasciola- and parasite-specific PKs, in order to identify genes critical
for liver fluke survival. The recombinant expression of these PKs could facilitate high-

throughput screenings of compound libraries to discover potential inhibitors.

The repurposing of existing PK inhibitors, used in the treatment of human diseases, represents
an alternative intervention strategy previously studied in anthelmintic research
(83,134,144,145,291,321,322). To refine the list of potential inhibitors, researchers can employ
the repurposing of FDA-approved drugs to reliably identify the orthologous “chokepoints”,
which are essential enzymes within the biochemical network of the pathogen that, when
blocked or inhibited, impede its survival. By focusing on these chokepoints that are
orthologous to known human drug targets, we can use in silico molecular docking to determine
whether these FDA-approved drugs will effectively bind to and inhibit the essential parasite
proteins, leading to the discovery of new intervention methods. Furthermore, a KEGG-based
functional annotation of the liver fluke PKs indicated that of 110 KEGG-annotated PKs, 24.54%
were linked to human orthologs involved in cancer pathways. Numerous PK inhibitors with
anti-cancer activity are recognised for their ability to inhibit the differentiation of cancer stem
cells (116,323). In trematodes, neoblasts represent the unique group of proliferating somatic
stem cells, acting as the key components for tissue regeneration and the substantial

reproductive capacity distinctive of these parasites (324—326). Thus, interfering with the
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maintenance or differentiation of these totipotent cells offers a strategic method to undermine
the survival of the parasite and impede egg production, which is predominantly responsible
for clinical pathology (324—326). Therefore, it would be advantageous to assess pertinent PK
inhibitors in vitro for their ability to impede the growth, development, and/or viability of liver
flukes. The repurposing of FDA-approved small-molecule PK inhibitors could substantially
decrease the time required to develop a new control strategy for fascioliasis. Simultaneously
targeting a protein in both the pathogen and the host poses the risk of adverse side effects in
the host, but choosing inhibitors that have successfully undergone clinical trials and have
demonstrated their safety can mitigate this risk. Clinical trials offer a significant safety margin,
as acute or short-term dosing is required for anthelmintic treatment, whereas oncological
treatments usually necessitate prolonged and continuous administration of doses over months
or years (145). This substantial decrease in the treatment duration restricts systemic exposure
and effectively eradicates the risk of cumulative toxicity (145). Furthermore, subtle structural
variations in the ATP-binding pockets of parasite PKs can be utilised to achieve significant
selectivity, thereby ensuring a viable therapeutic window even when targeting highly

conserved orthologs (145).

Subsequent to the completion of the kinome analysis for this thesis, an alternative study
adopted a different methodology to generate the kinome of the liver fluke. The research
conducted by McCusker and colleagues identified a total of 271 putative PKs (170), whereas
the kinome analysis presented in this thesis identified 245 PKs. McCusker and colleagues
utilised two genomes of F hepatica. one was published by the University of
Liverpool, comprising approximately 14,628 genes (5), and the second genome was published
by Washington University, which contains 11,217 genes (273). The difference in the number
of PKs may be related to the methodology, as using basic homology searches (such as BLAST
or basic HMMER) with more flexible statistical thresholds (higher E-values) will encompass a
higher number of sequences. This approach inherently encompasses distantly related PKs,
aPKs, and possibly some false positives or pseudokinases that lack catalytic activity yet
maintain structural similarity. In contrast, | employed stricter cutoffs, excluding partial or
fragmented gene models and manually validating domain integrity for the curation of the
kinome in this thesis, resulting in a high-confidence dataset. By employing this conservative
methodology, the final number was inherently reduced as borderline sequences were

systematically eliminated.

86



Discussion

4.2 Therapeutic and druggability potential of PKs in liver flukes

Recent advancements in bioinformatic kinome mining have enabled the comprehensive
mapping of the PKs of multiple helminths. PKs regulate essential helminth-specific processes,
including tegumental maintenance, neoblast proliferation, and reproductive organ
development, through the phosphorylation of serine, threonine, and tyrosine residues
(156,327). The objective of the kinome curation is to identify druggable targets, as PKs and
their inhibitors, which are considered as “magic bullets”, a concept established by Paul Ehrlich
(328) that functions as central nodes of eukaryotic signal transduction (104). Traditional drug
discovery typically employs a “one target, one model” strategy; however, in parasitology, such
an approach often results in resistance development. A polypharmacological therapeutic
approach that typically involves the design of molecules capable of binding to multiple targets,
thereby enhancing efficacy and diminishing the potential of drug resistance in comparison to
conventional highly selective therapies (329). Consequently, multi-target kinase inhibition
(MKI) originated from the premise of polypharmacology and serves as an effective method
whereby a single inhibitor can concurrently inhibit multiple PKs. The synergistic impact of MKI

enhances its efficacy and prevents the emergence of resistant strains (330).

A more profound understanding of PKs and their architectures may enable innovative
strategies for targeting them with small-molecule PK inhibitors, aimed at overcoming
resistance and achieving greater target selectivity. This task was once deemed arduous, if not
impossible, because of the high intracellular ATP concentration that a small-molecule PK
inhibitor must navigate, along with the complexities associate with the precise targeting of a

structurally conserved ATP recognition site (105).

4.2.1 Application of drug and target repurposing for fasciolicidal drugs

The absence of investments from private companies in the development of de novo
compounds for NTDs often results in their neglect, as the high cost associated with the
development and screening of compounds deters pharmaceutical companies; therefore,
academic laboratories frequently conduct the drug discovery process. In an attempt to
minimise cost and time, numerous academic groups employ various “repurposing” strategies,
including “drug repurposing” and “target repurposing” (321). The “drug repurposing” strategy
frequently employs approved compounds to discover alternatives that were not initially
sanctioned, thereby minimising research duration and pharmaceutical development expenses
(321,331). The “target repurposing” commences with finding homologs of certain targets, with
the goal of initialising drug design for these targets based on approved compounds or clinical

options that are equivalent to it.
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As numerous PKs of species that are causative vectors for NTDs share the catalytic domain
of human kinases, such types of inhibition can be further exploited. A comparative structure
activity-relationship (SAR) analysis of PK inhibitors indicated that kinases exhibiting over 60%
of sequence similarity generally demonstrate high SAR similarity with their inhibitors (332).
Given the significant conservation of PKs between the host and the animal, targeting the
specific PK of interest and determining the necessary dosage for the expulsion of the liver
fluke may represent a viable strategy for treating fasciolosis; therefore, extensive in vitro and
in vivo research would still be essential to establish their safety for veterinary application. The
FDA has presently approved 94 PK inhibitors, with numerous additional candidates in clinical
trials (125-127). This may illustrate the possibility of repurposing PK inhibitors to provide
innovative therapeutic strategies for fascioliasis. This potential is further emphasised by
previous works at our institute, which demonstrated the in vitro efficacy of imatinib (a TK
inhibitor approved by the FDA as Gleevec® for gastrointestinal stromal tumours (333)) against
all pathogenic life stages of the liver fluke, alongside a significant transcriptional expression of

the presumed target ABL1 in those stages (169,334).

In addition to functioning as significant drug targets, the PKs may provide essential information
about the mechanisms underlying anthelmintic resistance. Resistance to TCBZ is
hypothesised to be multifactorial, potentially involving modified drug uptake, increased efflux
mechanisms, and metabolic detoxification (63). If TCBZ induces cellular stress that the
parasite mitigates via hyperactive signalling of specific stress-activated protein kinases
(SAPKSs), primarily JNK, p38, and MAPKKKSs such as MLK, TAK1, TAO, ABL, CK1, etc. (335),
then targeting these PKs could theoretically resensitise resistant flukes to TCBZ. A
"combination therapy" strategy, employing a PK inhibitor to disrupt the resistance mechanisms
of the parasite in conjunction with a conventional anthelmintic, may signify a highly viable

avenue for forthcoming in vitro and in vivo research.

4.2.2 Evaluation of small-molecule PK inhibitors on liver flukes

To evaluate the hypothesis that repurposing of existing small-molecule PK inhibitors
constitutes an effective strategy for discovering new fasciolicidal compounds, | chose four
suitable inhibitors. | focused on vandetanib, foretinib, and TK-IN-1, as these are anti-cancer
compounds that target multiple RTKs. Cancer is frequently linked to the dysregulation of RTKs,
such as EGFRs, FGFRs, or VEGFRs; consequently, numerous RTK-targeting inhibitors have
been designed for biomedical application (310,312). Ruboxistaurin, the fourth inhibitor, is a
selective inhibitor of PKCB1 (IC50 = 4.7 nM) and PKCB2 (IC50 = 5.9 nM) (262), but at elevated
levels, it also inhibits PDK1, which plays a role in the insulin-like growth factor signalling

pathway (336). The in vitro evaluation demonstrated significant efficacy of ruboxistaurin and
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vandetanib against both immature and adult liver flukes, comparable to or exceeding that of

TCBZ at identical concentrations in vitro.

Ruboxistaurin, a selective PKC inhibitor (262,337), has undergone phase Il clinical trials for
diabetic neuropathy treatment, exhibiting safety and oral bioavailability in patients (338). The
drug is predominantly eliminated through bile, with its metabolites maintaining activity against
PKCB, indicating that parasites would encounter the active substance in vivo (339). The
binding site for ruboxistaurin between human PKCB and the PKCp of the liver fluke is highly
conserved, rendering it a compelling potential for treating liver fluke infections. A spatial
transcriptomics study by Gramberg and colleagues at our institute demonstrated that PKCf is
primarily expressed near the surface of the fluke. Additionally, a concentration of 50 yM
ruboxistaurin resulted in the lethality of adult liver flukes within 72 hours of culture (171), a
dosage comparable to the in vitro potent dosage of TCBZ and within the range of maximum
bile concentrations of TCBZ metabolites in sheep (340,341). | have now expanded this
discovery and can demonstrate significant efficacy against immature liver flukes. Given a
tolerated dose of 800 mg/kg body weight in rats (342), subsequent studies may evaluate the

efficacy of ruboxistaurin in diminishing fluke burden in vivo.

Given the significant in vitro efficacy of ruboxistaurin and its previously reported
pharmacokinetic characteristics (338,343,344), it may represent a compelling inhibitor for
subsequent investigations, including in vivo assay assessment in infected animals.
Alternatively, investigators can employ structure-based drug design using in silico modelling
of the liver fluke’'s PKCR, followed by molecular docking of virtual compound libraries, to

identify compounds with enhanced binding affinity to the liver fluke PKC enzyme.

The multi-RTK inhibitor vandetanib was nearly as effective as ruboxistaurin. The enhanced
efficacy of vandetanib compared to the other two multi-RTK inhibitors may have been
attributed to several factors, including the critical role of the PK targeted by vandetanib in liver
fluke survival or by varying uptake mechanisms within the parasites. Vandetanib is an inhibitor
of human VEGFR-2 (KDR) (345) and also inhibits two other growth factors, EGFR and FGFR
(265). Vandetanib substantially diminished the survival rate of the liver flukes in the in vitro
assays. The lack of VEGFR receptors in invertebrates (346) indicates that metazoan VEGFR,
PDGFR, and FGFR share a common RTK ancestor in their evolutionary lineage (347). Agene
duplication event resulted in the emergence of FGFR and VEGFR/PDGFR-like genes.
Consequently, FGFR is the sole representative among invertebrates, including the liver flukes.
Vandetanib is an FDA-approved compound for the treatment of thyroid cancer and exhibits
exceptional oral bioavailability (268,269,348-350). Moreover, Gustafson and colleagues

reported a preclinical tissue distribution profile revealing that vandetanib significantly
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bioaccumulates in the liver tissue of the host, attaining concentrations up to 212 ug/g
(approximately 450 uM) subsequent to standard oral administration (349). The in vitro
screening revealed in this thesis that vandetanib induced lethal effects on immature flukes at
a concentration of 50 uM. Furthermore, a single dose of 400 mg/kg body weight of vandetanib
mitigated the fluke burden by 48% in the S. mansoni-infected mice model (322). Additionally,
a pharmacokinetic study conducted by Weil and colleagues following phase lll clinical trials of
vandetanib noted the substantial accumulation of vandetanib concentrations in the liver and
bile, which considerably exceed systemic plasma levels (351). This significant biliary
accumulation is highly beneficial for the in vivo efficacy against liver flukes, as the immature
flukes would migrate to the liver and mature into adult flukes, subsequently residing in the bile
ducts of the host and being exposed to the persistent, high-dose accumulation of vandetanib.
The notable fasciolicidal activity observed in the in vitro assay supports the evaluation of
vandetanib as another potential inhibitor for in vivo investigation targeting liver flukes. Given
that vandetanib is a multi-RTK inhibitor, it is pertinent to identify which targeted PKs are
essential for the liver fluke and to evaluate the cellular downstream effects of their inhibition in

the liver flukes. This insight may illuminate more effective methods to eradicate the parasite.

All four inhibitors assessed against liver flukes were anticipated to exhibit efficacy against a
related trematode, S. haematobium, according to a prior in silico analysis of its kinome (135).
The significance of these inhibitors’ target for parasite survival was indicated by lethal knock-
out phenotypes in model organisms and their association to unique biological chokepoints in
critical pathways (135,155). While the antiparasitic efficacy of the proposed inhibitors has not
been experimentally evaluated against S. haematobium, this would be a compelling avenue
for future investigation, as | observed in vitro efficacy for a few inhibitors against liver flukes.
Prospective inhibitors may subsequently be validated via enzyme activity assays and in vivo

inhibitor screenings.

4.3 Harnessing PIM kinase for its fasciolicidal properties

The scarcity of fasciolicidal compounds necessitate the development of new drugs against
fascioliasis. Fortunately, the identification of new drug targets is relatively straight forward due

to the readily accessible availability of transcriptomic data of the common liver fluke.

Several PIM kinase inhibitors have recently been examined for their anthelmintic efficacy
against various helminths, including E. multilocularis, A. ceylanicum, and T. muris (272,352).
Both the studies examined the pan-PIM kinase inhibitors CX-6258 and SGI-1776. Koike and
colleagues reported adverse in vitro effects of CX-6258 and SGI-1776 on
Echinococcus primary cells, along with a deterioration in the structural integrity of the parasite

metacestode vesicles upon treatment with 10 uM (272). Banas and colleagues reported a
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substantial decrease in worm burden by 61% and a further reduction in faecal egg counts by
86% in T. muris-infected mice (352). Following the concept of anthelmintic activity outlined in
both studies, | examined the efficacy of the pan-PIM kinase inhibitors in vitro against immature
and adult liver flukes, observing significant reduction in motility within 72 h of culture at a
concentration of 50 uM. The evaluation of both inhibitors against liver flukes demonstrated the
proof of concept that PIM kinase is crucial for the survival of the parasite. This motivated me
to investigate FhPIM kinase as a target for discovering additional compounds that may exhibit

potential fasciolicidal properties.

A subsequent literature review indicated that the pan-PIM inhibitors, CX-6258 and SGI-1776,
target not only PIM kinases but also FLT3, MYLK4, and HASPIN in humans (195,196,198).
The whole protein sequence analysis of D915_006326 in F. hepatica identified it as a homolog
of HsFLT3, exhibiting 23.23% sequence identity and 40.12% sequence similarity. Moreover,
the PK domain analysis of D915 003545 identified it as a homologue of MYLK4 (smooth
muscle myosin light chain kinase: HGNC id 7590), exhibiting 55.9% sequence identity and
76.6% sequence similarity. Additionally, with the PK domain analysis, two homologues of
HsHASPINs were identified (D915_006868 and D915_008234), exhibiting 29.6% and 26.8%
sequence identity, along with 42.2% and 39.3% sequence similarity, respectively. Melms and
colleagues demonstrated the off-target effects of CX-6258 and SGI-1776 on HsHASPINSs,
suggesting that the significant effects of CX-6258 and SGI-1776 may arise not only from their
affinity for FhPIM but also for FNHASPINs. However, this hypothesis will be investigated in a

separate independent research study in the future, as it is beyond the scope of this thesis.

4.3.1 Information mining of Fasciola Pim kinase

The reduction in motility of liver flukes prompted a comprehensive investigation of PIM kinase
for fasciolicidal properties. Consequently, | acquired the gene expression, single-cell RNAseq,
and spatial transcriptomics data generated by my colleagues at the institute (171,274,309).
The significant increase in expression levels immediately after excystment, followed by a
reversion to pre-excystment levels during the immature stage, aligns with the upregulation of
PIM kinase during cell proliferation event in liver flukes, as the rate of cellular replication event
peaks in the flukes post-excystment (353) and further escalates upon reaching sexual

maturity.

The single-cell RNAseq data revealed the expression of FhPIM kinase in the ovaries, further
substantiating the assertion that the expression levels rise after sexual maturity. The spatial
transcriptomics data also indicated that expression occurs not only in ovaries but also in the
parenchyma, tegument, gut, and sparsely in the uterus, thereby further supporting the

hypothesis that PIM expression in liver flukes increases upon attending the adult stage of their
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life cycle. Single-cell RNAseq and spatial transcriptomics described the expression of PIM
kinase in oocyte, tegument, parenchyma, and uterus during cellular replication events, as PIM
kinases are mainly associated with the cell cycle and are typically active during the G and S

phases of the cell cycle (182).

The constructed phylogenetic tree of PIM kinases (Fig. 3.9) across various species distinctly
groups them into vertebrates and invertebrates with high nodal support value (100%). The
invertebrate clade of flatworms in the phylogenetic tree of PIM kinases is further divided into
trematodes, cestodes, and planarians. Upon meticulous inspection of the trematode clade,
the F. hepatica PIM kinase organised itself within the clade of the liver fluke, with the adjacent
group comprising the clade of the blood fluke (comprising S. mansoni, S. haematobium, S.
Japonicum, and T. regenti), which aligns with the expectation that liver flukes are evolutionarily
closer to blood flukes. Moreover, the cestode clade (including E. multilocularis and E.
granulosus) is positioned adjacent to the trematode, exhibiting a 100% nodal support value,
indicating a closer evolutionary relationship to trematodes. Furthermore, Koike and colleagues
have examined PIM kinase for its anti-parasitic properties in E. multilocularis (272) and
suggested EmPIM kinase as a viable target for the treatment of alveolar echinococcosis. This
outcome prompted me to explore FhPIM kinase as a potential drug target for the treatment of

fasciolosis with fasciolicidal properties.

The multiple sequence alignment along with KLIFS domain architecture of the Hs and Fh PIM
kinase domains revealed two distinct differences between the domains. The first is the
“gatekeeper” residue in HsPIM1 kinase, Leu120, while FhPIM kinase contains a hydrophobic
Met128 as the gatekeeper residue (354,355). Leu and Met are both bulky, nonpolar, and
aliphatic amino acids; however, methionine possesses a longer, unbranched side chain,
whereas Leu features a branched side chain at the beta-carbon (354,356). The gatekeeper is
deeply integrated within the PKs, regulating access to a deeper hydrophobic pocket, where
PK inhibitors can exert their effects by binding (355). Mutations to the gatekeeper residue
obstruct the entry of the drug, diminishing its efficacy and fostering PK inhibitor resistance
(355). Consequently, the gatekeeper of the FhPIM kinase can facilitate the deeper penetration
of the ligand into the hydrophobic pocket or its more ready rotation, a characteristic
constrained by the inflexible Leu in HsPIM1, while also containing a sulphur atom. The sulphur
atom is highly polarised and can engage in S-aromatic interactions or even weak H-bonds
(356), which branching Leu cannot provide. This occurrence of a Met serving as a gatekeeper
in the liver flukes, in contrast to Leu in HsPIM1, highlights the exploitable conformational
plasticity of PKs and the development of selective inhibitors (357-359). Additionally, | observed
another distinct difference between the PIM kinase domains in the hinge region, a shift from
the rigid HsPIM1 Glu121-Arg122-Pro123 motif to a longer, more flexible Asp129-Arg130-
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Val131-Ser132 motif, indicating a significant topological modification in the hinge region
(111,116). The positioning and conformation of proline (Pro123) in HsPim1 preclude the
interaction of ligands with residues apart from Glu121, which represents the canonical hinge-
ATP interaction, providing its backbone carbonyl as an H-bond acceptor (250). This four-
residue hinge likely contributes to the high structural flexibility of the binding pocket of FhPIM
kinase, making it an ideal target for diverse compound libraries during virtual docking, as the
entry gate to the ATP-binding pocket is physically broader and deeper in FhPIM kinase
compared to HsPIM1. The increased flexibility and polar characteristics (contributed by Ser in
FhPIM kinase) permit a wider array of pharmacophores to potentially develop stable H-bond
networks that are sterically or electronically unfavourable in the HsPIM1 ATP-binding pocket,
thereby significantly enhancing the therapeutic range while minimising the off-target effects

and toxicity of PK inhibitors in the hosts.

4.3.2 Insights on the druggability of FhPIM from homologs modelling

In contrast to conventional commercial compound libraries that frequently emphasise "drug-
like" complexity, the managed chemical compound collection (MCCC) library from the
university of Nottingham is deliberately curated for lead-likeness (360). This distinction is
essential; maintaining a low pairwise Tanimoto coefficient score facilitates the exploration of
the protein’s pocket, thereby enhancing the chances of discovering new scaffolds (360). By
employing compounds with lower molecular weights and lipophilicity, the chemical diversity in
the library ensures that the resulting "hits" possess sufficient chemical headspace for
subsequent medicinal chemistry optimisation while conforming to Lipinski’'s "rule of five" in
later iterations (252,253). The rules are as follows: (1) fewer than 5 H-bond donors, (2) fewer
than 10 H-bond acceptors, (3) a molecular weight of less than 500 Daltons, and (4) a
calculated octanol-water partition coefficient (Clog P) not exceeding 5 (252,253). In drug
discovery, there should be no more than one infraction of the aforementioned rules concerning

the lead-likeness of a compound.

In the absence of a crystalline 3D structure of FhPIM, | initially generated a high-fidelity 3D
structure employing advanced predictive models like AlphaFold2 (199-201) and SWISS-
MODEL (238) using HsPIM1 (RCSB PDB ID: 4JX7) as a reference. The 3D structure of the
FhPIM kinase was trimmed to retain the PIM kinase domain, and the molecular docking was
conducted within this domain, which exhibited a 49.4% identity between Hs and Fh PIM kinase
domains (246). For reliable homology modelling of PKs, the percentage identity should
surpass the gold standard of more than 30% of the whole sequence identity (361-364). This
threshold serves as a crucial empirical threshold, indicating overall conservation of the 3D fold

of the protein (361). Below 30% sequence identity, a protein may exhibit a similar sequence
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yet possess an entirely different structure, undermining the reliability of the protein backbone
(364—366).

Subsequent to predicting the crystalline structure of FhPIM, | identified the protonation states
of histidines. This step is essential prior to docking, as it determines the H-bond network,
electrostatic environment, and ligand-binding mode within the ATP-binding site (367).
Histidines typically exist in three different states: two that are neutral (HID and HIE) and one
that is protonated (HIP) (368,369). The neutral states can function as either an H-bond donor
or acceptor, depending upon which nitrogen is protonated, while the protonated state solely
functions as an H-bond donor (369,370). Moreover, histidine residues predominantly occupy
the hinge region and catalytic loop region in PKs, significantly affecting the binding of ATP-

competitive inhibitors and regulating their conformational flexibility (367).

The majority of PIM kinase inhibitors reported in the protein data bank (PDB) target Lys67 and
establish further interactions with Asp128 and/or Glu171, either directly or via water mediation
(250,283). Another set of interactions in HsPIM1 involves Lys67, Glu121, and Asp128, which
are crucial for the discovery of pan-PIM kinase inhibitors in HsPIM1, HsPIM2, and HsPIM3
(282).

As previously outlined, Met, substituted as the gatekeeper in liver fluke PIM kinase,
establishes a more plausible hydrophobic boundary, and its side chain flexibility enables it to
reposition itself, thereby facilitating accessibility to the hydrophobic pocket (327,354,356,371).
Furthermore, the hinge region serves as the axis for the conformational transition between the
active and inactive states of PKs, while flexibility promotes canonical ATP-binding and PK
activation (111,250,282). Selective toxicity may be achieved by designing a ligand to fill the
extra space provided by the flexible FhPIM hinge or the flexible Met gatekeeper. Within the
human host, that same compound would encounter steric hindrance due to molecular

overcrowding, impeding its effective binding to the HsPIM1.

The back pocket in HsPIM1 comprises the residues Lys67 and Glu89; thus, it is plausible to
assume that Lys77 and Glu98 in FhPIM kinase will similarly constitute the back pocket, as
these residues are conserved between Hs and Fh PIM kinases. The VAIK motif is significant
due to the presence of the catalytic Lys67 in HsPIM1 (VVVK motif, with Lys77 conserved in
FhPIM), which engages with the inhibitor in an “ATP-competitive” manner (372) and
establishes ligand interactions essential for anchoring and stabilising the a and B phosphate
groups of a bound ATP-molecule (373,374). The carboxylate side chain of Glu89 is adjacent
to the ammonium group of Lys67, which facilitates the positioning of Lys67 within the binding
pocket of HsPIM1 (373). Designing a ligand that targets Lys77 within the VVVK motif of FhPIM
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kinase can competitively inhibit ATP, thereby blocking the energy transfer necessary for

activating its signalling pathway in the common liver fluke.

Hayder and colleagues indicated that the ribose pocket in HsPIM1 is constituted by Asp128
and Glu171 (250), both of which are conserved in FhPIM kinase as Asp137 and Glu180.
Therefore, it is plausible to assume that these residues similarly form the ribose pocket in
FhPIM kinase as in HsPIM1. The targeting of residues at the specificity surface (Asp128,
Asp131, and Glu171) is considered less prevalent; however, staurosporine has demonstrated
the ability to bind in an ATP-mimetic manner to the hinge and Asp128 through its methylamino
group (375). AHITS- and structure-guided optimisation study yielded highly effective inhibitors
that targeted the hinge region, Lys67 and Asp128 in HsPIM1 using short yet rigid chain linkers
between ring groups (282,283). A recent optimisation study of diamino pyrazoles indicated
PIM kinase inhibition by targeting residues adjacent to the specificity surface (376). Their
findings indicate that the requirements for rigidity on the hinge region of the binding pocket
may be less critical on the lysine side, allowing for some flexibility in shape complementarity
and, therefore, in the targeting of less conserved or solvent-exposed residues in this region
(374,376). Given that all the aforementioned residues are conserved in FhPIM kinase, |
hypothesise that if a ligand binds to the same residues in FhPIM kinase, then the effects of
the ligand might be similar to the inhibition of HsPIM1 and obstruct the signalling pathways of

PIM kinase in liver flukes during the cellular replication event.

The side chain of Asp in the DFG motif interacts with magnesium ions adjacent to the ATP unit
(373). The conformation of the DFG motif in HsPIM1 is characterised as being “in loop”,
representing the active state of this motif (111,116,377). The Asp in the DFG motif is a
conserved catalytic residue that chelates magnesium, positioning the phosphates for
phosphotransfer (378-380). The magnesium ion-binding motif is a component of a crucial
regulatory structural element, the activation segment, which activates the PKs; other
components include a short 9-strand, the activation loop, and the P+1 loop (111,116). The
DFG maotif is conserved in FhPIM kinase, serving as a critical regulatory switch and promoting

catalytic activity as well as ATP binding in the FhPIM kinase.

4.3.3 Virtual screening of the MCCC library in FhPIM for the discovery of new
fasciolicidal compounds

As previously discussed, the significant pharmacophore residues in HsPIM1 kinase are the
sites to which various ligands bind. The majority of the ligands from the MCCC library engage
with residues located in the back pocket, hinge region, linker loop, aD-helix, ribose pocket,
and aspartate of the DFG motif of FhPIM kinase. | identified 34 compounds from the MCCC

library that demonstrated potential interactions within the FhPIM binding pocket following two
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rounds of virtual screening. The top ligand (NCC-00071469) from the second round of virtual
screening, graded A-, established four interactions with Asp129, Val131, Glu180, and Asp195
within the binding pocket of FhPIM. The significance of the interactions was previously
articulated. Moreover, the molecular docking studies demonstrated that the remaining top
ligands identified in the MCCC library form a network of interactions with the significant
pharmacophore residues in the binding pocket of FhPIM. The involvement of the Lys in the
VVVK (VAIK in HsPIM1) motif and the aspartate in the DFG motif suggests that this ligand
proficiently displaces the ATP-phosphate binding cluster and the magnesium coordination
sphere, and the unique interaction with Asp residues in the aD-helix and linker loop suggests
a deep-pocket binding mode. This multi-point anchorage, extending from the hinge to the C-
lobe, is likely to impose a substantial entropic penalty on the conformational flexibility of
FhPIM, potentially resulting in irreversible inhibition of the survival signalling of F. hepatica.
The diversity of these residues indicates that the FhPIM kinase can accommodate different
hydrophobic moieties, offering a clear avenue for future SAR optimisation to enhance

fasciolicidal potency and efficacy while reducing host cross-reactivity.

The encouraging results from the molecular docking of MCCC library compounds within the
FhPIM indicate a significant milestone; however, translating these computational findings into
drug discovery for liver fluke research necessitates a stringent, multi-faceted experimental

framework. The future drug discovery pipeline would involve the following steps:

1. The immediate next step should involve conducting a functional characterisation of
FhPIM via RNAI to assess the morphological, reproductive, and motility phenotypes.
Furthermore, it is crucial to validate genetic knockdown phenotypes, which can be
achieved through CRISPR-induced drug resistance or total knockdown of the target,
ensuring that the effect of the compound stems from a specific target interaction rather
than off-target toxicity.

2. The subsequent step involves evaluating these compounds from the MCCC library for
motility reduction or adverse effects in vitro on both immature and adult flukes to
identify the potent new compounds suitable for preclinical and clinical studies.

3. Subsequent to genetic validation and in vitro screening, biochemical assays, including
time-resolved fluorescence energy transfer (TR-FRET) and thermal shift assays
(TSA), should be conducted to ascertain the half-maximal inhibitory concentration
(IC50), binding kinetics, conformational changes, and stabilisation of the Fasciola
protein versus the human protein upon ligand binding, thereby ensuring a definitive
selectivity index to mitigate the off-target toxicity in the host.

4. ADMET and pharmacokinetics are essential to verify that the hit compounds exhibit

drug-like characteristics appropriate for systemic or gastrointestinal administration. Hit-
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to-lead progression necessitates the evaluation of metabolic stability in human,
murine, and, importantly, ovine or bovine, given the veterinary burden of fascioliasis.
Simultaneously, cytotoxicity must be evaluated in mammalian hepatic cell lines (e.g.,
HepG2) to verify a safe therapeutic range.

Optimised lead compounds must be assessed in vivo using rodent models to evaluate
reductions in hepatic fluke burden, faecal egg count, and the improvement of
hepatobiliary pathology through histological analysis.

Candidates exhibiting significant in vivo efficacy against liver flukes, along with an
extensive therapeutic range, should be permitted to progress as investigational new
drugs (INDs) in clinical trials, adhering to the strict guidelines established by the
International Council of Harmonisation on good clinical practices (ICH-GCP E6 R3).
Clinical translation must advance through various phases, including phase | safety
trials in healthy volunteers, phase Il proof-of-concept trials in endemic populations, and
phase Ill randomised controlled trials evaluating novel FhPIM inhibitors in comparison

to existing standards, such as TCBZ.
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4.4 Conclusion

In conclusion, addressing the existential threat of TCBZ resistance necessitates a fundamental
transformation of flukicide discovery. This thesis presents a comprehensive dataset of PKs in
the common liver fluke (F. hepatica). This dataset may serve as a robust basis for future
research on drug targets and pathogen cell biology in this parasite. The comparative analysis
of PK domains between trematode and human hosts demonstrated a substantial therapeutic
prospect for two concurrent strategies: repurposing of human PK inhibitors and developing
trematode-specific drugs. This thesis demonstrated the feasibility of repurposing approved
small-molecule PK inhibitors, evidenced by the successful in vitro evaluation of the FDA-
approved multi-RTK inhibitor vandetanib and the PKCp inhibitor ruboxistaurin against the
common liver fluke. Moreover, following the significant in vitro effects of vandetanib on liver
flukes, it can be promoted as a strong candidate for its investigation in in vivo studies.
Leveraging the kinome curation, | envision the thesis-curated dataset serving as a guide for
the investigation of other neglected multicellular parasites, thereby enhancing our
understanding of their biology and facilitating the identification of novel treatment
interventions. Through structure-based molecular docking studies of the broad MCCC library,
| identified a subset of novel, multivalent ligands. These top-ranking ligands effectively formed
H-bonds within the essential pharmacophore while concurrently targeting the unique
hydrophobic topology of the FhPIM activation loop. These unique binding modes suggest
potential selectivity over HsPIM1, such as the key substitutions within the FhPIM kinase hinge
region, which provide distinct structural motifs that can be exploited to avoid off-target HsPIM1
inhibition. Finally, the kinome curation and identification of these MCCC library ligands within
the FhPIM kinase through virtual screening confirm the importance of the kinome and the
FhPIM kinase as essential milestones for confronting parasitic infections, providing both
immediate repurposing candidates and robust pharmacophores for the development of PK-

directed anthelmintics.
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5. Summary/Zusammenfassung

5.1 Summary

Fasciolosis is a worldwide prevalent parasitic infection and considered a neglected tropical
disease (NTD). It is caused by the liver flukes Fasciola hepatica and F. gigantica, which
imposes considerable economic burdens and significantly affects both humans and animals.
Parasites resistant to Triclabendazole (TCBZ), the predominant treatment for fasciolosis, have
emerged on all continents, complicating the global management of fasciolosis, particularly in
the absence of an effective vaccine. Protein kinases (PKs) are increasingly recognised as
promising drug targets due to their crucial role in the survival and development of parasites,
including the common liver fluke (F. hepatica). The cognisance of PKs in liver flukes remains
scarce, with only a limited number of studies having explored PKs as potential therapeutic

targets in this organism.

An advanced and refined genomic-bioinformatic computational pipeline was employed to
identify, curate, and classify a comprehensive kinome of the liver fluke, which accounted for
245 PKs and represented 2.14% of the liver fluke’s proteome. A comparative analysis with
closely related trematode species and the human host revealed substantial orthology.
Furthermore, the KEGG functional annotation indicated that 25% of the annotated PKs
participate in conserved cancer-associated metabolic signalling pathways. This overlap
emphasises the feasibility of a “drug repurposing” strategy, which was experimentally
confirmed through the in vitro evaluation of approved small-molecule PK inhibitors. PK
inhibitors associated with the PKs expressed in cells and tissues that are potentially crucial for
parasite survival, including stem cells and muscle cells, were prioritised. The PKCp inhibitor
ruboxistaurin demonstrated lethal effects on both immature and adult liver flukes at a
concentration of 50 uM, whereas the multi-RTK inhibitor vandetanib was lethal to immature
liver flukes and significantly reduced the motility of adult liver flukes, indicating the efficacy of
small-molecule PK inhibitors across different life stages of the liver fluke. Furthermore, these
prioritised PK inhibitors demonstrated higher efficacy compared to TCBZ at equivalent

concentration.

Subsequently, a structure-based virtual screening of the prioritised FhPIM kinase using
molecular docking was conducted. A managed chemical compound collection (MCCC) library,
which consists of 85,000 compounds optimised for lead-likeness, was docked into the FhPIM
kinase binding pocket. As a result, 34 novel compounds exhibiting high predicted binding
affinity for the FhPIM kinase were identified. In the docking models, these ligands produced

essential hydrogen-bonding networks within the conserved pharmacophores and effectively
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exploited the unique topology of the FhPIM kinase activation loop compared to the human
PIM1 kinase, indicating significant potential for species-specific selectivity and reduced host
toxicity. In the future, these 34 compounds will be subjected to in vitro evaluation to determine

their capacity to inhibit the liver fluke vitality.

Overall, this study identified and curated the kinome of the common liver fluke using in silico
analyses; it demonstrated the potential for PKs as drug targets and identified active
fasciolicidal compounds. Moreover, this study also provides evidence for the “drug-
repurposing” of small-molecule PK inhibitors, which may represent an alternative intervention
strategy in combating liver flukes. Additionally, the discovery of potential FhPIM kinase
inhibitors derived from the MCCC library signifies a clear trajectory for the progression of
target-based fasciolicidal strategies. Overall, this work establishes a solid basis for exploring
future helminthic interventions based on PK inhibitors and for advancing basic research into

the functions of PKs in the cell biology of liver flukes.

5.2 Zusammenfassung

Faziolose ist eine weltweit verbereitete parasitare Infektionskrankheit die zu den
vernachlassigten Tropenkrankheiten (NTD) gezahlt wird. Sie wird durch die Leberegel
Fasciola heptica und F. gigantica verursacht und hat, neben erheblichen wirtschaftlichen
Schaden, negative Auswirkungen auf die Gesundheit von sowohl Menschen als auch Tieren.
AuRerdem wird die Behandlung der Krankheit durch das weltweite Auftreten von Resistenzen
gegen das hauptsachlich verwendete Medikament Triclabendazol (TCBZ) und den Mangel
einer effektive Impfung, weiter verkompliziert. Proteinkinasen (PKs) werden aufgrund ihrer
wichtigen Rolle fir das Uberleben und Entwicklung von Parasiten, einschlieRlich des
Leberegels F. hepatica, als vielversprechende Wirkstoffziele diskutiert. Das Wissen uber PKs
in Leberegeln ist allerdings auf einige wenige Studien zum Potential von PKs als Wirkstoffziele

begrenzt.

In dieser Studie wurde eine optimierte bioinformatische Pipeline zur Identifikation und
Klassifikation der PKs des Leberegels genutzt. Das so erstellte Kinom enthielt 245 PKs, was
etwa 2,14% des Proteoms des Leberegels ausmacht. Eine vergleichende Analyse mit
verwandten Spezies und dem humanen Wirt zeigte eine substanzielle Orthologie. Aulterdem
zeigte KEGG-Annotation, dass 25% der identifizierten PKs Teil von konservierten Krebs-
assoziierten Stoffwechselwegen sind. Dieser Sachverhalt legt die Mdglichkeit einer ,drug
repurposing“-Strategie nahe, welche in dieser Studie durch die in vitro-Testung zugelasser
PK-Inhibitoren bestatigt werden konnte. Ein besonderer Fokus wurde auf Inhibitoren von PKs
mit Expression in Zellen und Geweben gelegt, die fir das Uberleben des Wurms von

essentieller Wichtigkeit sind, zum Beispiel Muskeln oder Stammzellen. Der PKC-Inhibitor
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Ruboxistaurin zeigte letale Effekte auf sowohl immature als auch adulte Wirmer in einer
Konzentration von 50 uM, wohingegen der Inhibitor Vandetanib, welcher auf multiple RTKs
wirkt, letale Effekte auf immature Wirmer zeigte und die Beweglichkeit der adulten Wirmer
signifikant verminderte. Diese Ergebnisse bestatigten die Wirkung von PK-Inhibitoren auf
verschiedene Lebenstadien des Leberegels. Aul3erdem zeigten ausgewahlte Inhibitoren bei

gleicher Konzentration eine héhere Wirksamkeit als TCBZ.

Ein strukturbasiertes virtuelles Screening fiir die priorisierte Kinase FhPIM wurde mithilfe von
molekularem Docking durchgefihrt. Dabei wurde eine aus 85.000 chemischen Verbindungen
bestehende Sammlung (MCCC), die fir Wirkstoffentwicklung vorselektioniert ist, in die
Bindestelle der FhPIM-Kinase gedockt. Am Ende der Analyse wurde fur 34 der getesteten
Verbindungen eine hohe Bindeaffinitat vorhergesagt. In den Docking-Modellen bildeten diese
Liganden Wasserstoffbriicken mit konservierten Pharmakophoren unter der Nutzung der fir
den Leberegel eigenen Topologie der Aktivierungschleife. Die unterschiedliche Struktur der
FhPIM-Kinase zum humanen Ortholog dieser Kinase weil3t auf ein erhebliches Potential fir
das Design artspezifisch selektiver Inhibitoren mit verringerter Wirttoxizitat hin. In der Zukunft
sollen die 34 identifizierten Verbindungen in vitro auf ihre Wirksamkeit gegen den Leberegel

getestet werden.

Zusammenfassend wurde in dieser Studie das Kinome des Leberegels mithilfe von in silico
Analysen identifiziert. Das Potential von Proteinkinasen als Wirkstoffziel wurde exemplarisch
gezeigt und wirksame Inhibitoren identifiziert. AuRerdem wurde die erfolgreiche Umwindung
von zugelassen PK-Inhibitoren gezeigt, was eine alternative Interventionsstrategie gegen den
Leberegel darstellen kdnnte. Zusétzlich weildt die Entdeckung von FhPIM-Inhibitoren aus der
MCCC-Sammlung einen deutlichen Weg flir die Weiterentwicklung einer Wirkstoffziel-
fokussierten Bekampfungsstrategie. Insgesamt schafft diese Arbeit eine solide Grundlage flr
die Erforschung zukunftiger Interventionen gegen parasitare Wirmer auf der Basis von PK-
Inhibitoren und ebenso fir die Grundlagenforschung in Bezug auf die Rolle von PKs in der

Zellbiologie des Leberegels.

101



Supplementary/Appendix

6. Supplementary/Appendix

6.1 Supplementary figures

This section contains the supplementary figures used in this work, which provide information

result or discussion sections.
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Supplementary figure 6.3: The twelve unclassified PKs annotated from Kinnanote in the kinome
of F. hepatica. The domain analysis of these unclassified PKs was performed in the SMART webserver
(235) and complied in Inkscape (25).
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Supplementary figure 6.4: The six twilight hits annotated from Kinnanote in the kinome of F.
hepatica. The domain analysis of these twilights was performed in the SMART webserver (235) and
complied in Inkscape (25).
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Supplementary figure 6.5: Domain information of human PIM1 and Fasciola PIM kinase. The
domain analysis PKs was performed in the SMART webserver (235) and complied in Inkscape (25).
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Supplementary figure 6.6: Phylogenetic analysis of AGC PK group of F. hepatica and S. mansoni.
Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed. The high-
resolution figure of the tree displays the nodal support values (posterior probabilities generated from
MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree branch. This figure is

reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.7: Phylogenetic analysis of atypical PK group of F. hepatica and S.
mansoni. Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed.
The high-resolution figure of the tree displays the nodal support values (posterior probabilities
generated from MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree
branch. This figure is reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.8: Phylogenetic analysis of CAMK PK group of F. hepatica and S.
mansoni. Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed.

The high-resolution figure of the tree displays the nodal support values (posterior probabilities
generated from MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree

branch. This figure is reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.9: Phylogenetic analysis of CK1 PK group of F. hepatica and S. mansoni.
Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed. The high-

resolution figure of the tree displays the nodal support values (posterior probabilities generated from
MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree branch. This figure is
reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.10: Phylogenetic analysis of CMGC PK group of F. hepatica and S.
mansoni. Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed.
The high-resolution figure of the tree displays the nodal support values (posterior probabilities
generated from MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree
branch. This figure is reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.11: Phylogenetic analysis of Other PK group of F. hepatica and S.
mansoni. Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed.
The high-resolution figure of the tree displays the nodal support values (posterior probabilities
generated from MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree
branch. This figure is reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Smp_125450.1

Supplementary figure 6.12: Phylogenetic analysis of RGC PK group of F hepatica and S.
mansoni. Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed.
The high-resolution figure of the tree displays the nodal support values (posterior probabilities
generated from MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree
branch. This figure is reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.13: Phylogenetic analysis of STE PK group of F hepatica and S.
mansoni. Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed.
The high-resolution figure of the tree displays the nodal support values (posterior probabilities
generated from MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree
branch. This figure is reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.14: Phylogenetic analysis of TK PK group of F. hepatica and S. mansoni.
Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed. The high-

resolution figure of the tree displays the nodal support values (posterior probabilities generated from
MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree branch. This figure is

reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.15: Phylogenetic analysis of TKL PK group of F. hepatica and S.
mansoni. Subsequent to the alignment of amino acid sequences, a phylogenetic tree was constructed.
The high-resolution figure of the tree displays the nodal support values (posterior probabilities

generated from MrBayes v3.2.7a (221)), with sequence identifiers located at the end of each tree
branch. This figure is reproduced from the supplementary data 2 of Ajmera et al., 2026 (246).
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Supplementary figure 6.16: Polar interactions of NCC-00008538 in the binding pocket of FhPIM
kinase. NCC-00008538 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77 and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and chlorine
atoms are in blue, red, and green colours, respectively.

Supplementary figure 6.17: Polar interactions of NCC-00077290 in the binding pocket of FhPIM
kinase. NCC-00077290 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77 and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and fluorine
atoms are in blue, red, and palecyan colours, respectively.
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Supplementary figure 6.18: Polar interactions of NCC-00032341 in the binding pocket of FhPIM
kinase. NCC-00032341 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Arg130, Val131, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen,
fluorine, and sulphur atoms are in blue, red, palecyan, and yelloworange colours, respectively.
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Supplementary figure 6.19: Polar interactions of NCC-00044825 in the binding pocket of FhPIM
kinase. NCC-00044825 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Arg130 and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and fluorine
atoms are in blue, red, and palecyan colours, respectively.
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Supplementary figure 6.20: Polar interactions of NCC-00074481 in the binding pocket of FhPIM
kinase. NCC-00074481 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Arg130, Glu133 and Thr135) in the binding pocket of FhPIM kinase. All nitrogen and oxygen
atoms are in blue and red colours, respectively.
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Supplementary figure 6.21: Polar interactions of NCC-00009414 in the binding pocket of FhPIM
kinase. NCC-00009414 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Arg130, Thr135, and Asp137) in the binding pocket of FhPIM kinase. All nitrogen, oxygen,
fluorine and sulphur atoms are in blue, red, palecyan, and yelloworange colours, respectively.
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Supplementary figure 6.22: Polar interactions of NCC-00044623 in the binding pocket of FhPIM
kinase. NCC-00044623 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Asp137 and Glu180) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and fluorine
atoms are in blue, red, and palecyan colours, respectively.
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Supplementary figure 6.23: Polar interactions of NCC-00057583 in the binding pocket of FhPIM
kinase. NCC-00057583 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Arg130, Lys178, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen and oxygen
atoms are in blue and red colours, respectively.

119



Supplementary/Appendix

Supplementary figure 6.24: Polar interactions of NCC-00015704 in the binding pocket of FhPIM
kinase. NCC-00015704 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Gly56, Arg130, Glu133, Thr135, Asp137, and Glu180) in the binding pocket of FhPIM kinase.
All nitrogen and oxygen atoms are in blue and red colours, respectively.
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Supplementary figure 6.25: Polar interactions of NCC-00058509 in the binding pocket of FhPIM
kinase. NCC-00058509 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77, Arg130, Val131, Asp137, and Asp195) in the binding pocket of FhPIM kinase. All
nitrogen, oxygen, and sulphur atoms are in blue, red, and yelloworange colours, respectively.
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Supplementary figure 6.26: Polar interactions of NCC-00032487 in the binding pocket of FhPIM
kinase. NCC-00032487 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77, Asp137, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and
fluorine atoms are in blue, red, and palecyan colours, respectively.
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Supplementary figure 6.27: Polar interactions of NCC-00089972 in the binding pocket of FhPIM
kinase. NCC-00089972 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting

residues (Lys77, Arg130, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen and oxygen
atoms are in blue and red colours, respectively.
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Supplementary figure 6.28: Polar interactions of NCC-00069794 in the binding pocket of FhPIM
kinase. NCC-00069794 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Glu180 and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and fluorine
atoms are in blue, red, and palecyan colours, respectively.

Supplementary figure 6.29: Polar interactions of NCC-00090340 in the binding pocket of FhPIM
kinase. NCC-00090340 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Val131) in the binding pocket of FhPIM kinase. All nitrogen and oxygen atoms are in blue and
red colours, respectively.
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Supplementary figure 6.30: Polar interactions of NCC-00007132 in the binding pocket of FhPIM
kinase. NCC-00007132 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77, Asp129, Val131, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen,
oxygen, and sulphur atoms are in blue, red, and yelloworange colours, respectively.
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Supplementary figure 6.31: Polar interactions of NCC-00059610 in the binding pocket of FhPIM
kinase. NCC-00059610 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting

residues (Val131 and Thr135) in the binding pocket of FhPIM kinase. All nitrogen and oxygen atoms
are in blue and red colours, respectively.
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Supplementary figure 6.32: Polar interactions of NCC-00064956 in the binding pocket of FhPIM
kinase. NCC-00064956 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77, Val131, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and
fluorine atoms are in blue, red, and palecyan colours, respectively.
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Supplementary figure 6.33: Polar interactions of NCC-00081502 in the binding pocket of FhPIM
kinase. NCC-00081502 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77, Arg130, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and
sulphur atoms are in blue, red, and yelloworange colours, respectively.
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Supplementary figure 6.34: Polar interactions of NCC-00059926 in the binding pocket of FhPIM
kinase. NCC-00059926 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Asp129, Val131, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen,
and sulphur atoms are in blue, red, and yelloworange colours, respectively.
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Supplementary figure 6.35: Polar interactions of NCC-00046881 in the binding pocket of FhPIM
kinase. NCC-00046881 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Val131 and Ser132) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and chlorine
atoms are in blue, red, and green colours, respectively.
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Supplementary figure 6.36: Polar interactions of NCC-00030002 in the binding pocket of FhPIM
kinase. NCC-00030002 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Lys77, Val131, and Asp195) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and
chlorine atoms are in blue, red, and green colours, respectively.

Supplementary figure 6.37: Polar interactions of NCC-00019088 in the binding pocket of FhPIM
kinase. NCC-00019088 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Val131 and Asp137) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and chlorine
atoms are in blue, red, and green colours, respectively.
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Supplementary figure 6.38: Polar interactions of NCC-00082340 in the binding pocket of FhPIM
kinase. NCC-00082340 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting
residues (Arg130 and Ser132) in the binding pocket of FhPIM kinase. All nitrogen, oxygen, and sulphur
atoms are in blue, red, and yelloworange colours, respectively.
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Supplementary figure 6.39: Polar interactions of NCC-00016401 in the binding pocket of FhPIM
kinase. NCC-00016401 (ligand) is displayed as sticks with green-coloured carbon atoms. The structure
of FhPIM is illustrated as a cartoon in grey colour. The polar interactions are depicted as black dashed
lines and their distances in angstroms (A). Residues depicted in yellow colour are the polar interacting

residues (Asp129 and Val131) in the binding pocket of FhPIM kinase. All nitrogen and oxygen atoms
are in blue and red colours, respectively.
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6.2 Supplementary tables

This section contains the supplementary tables used in this work, which provide information

to support the assertions made in the result or discussion sections.

Supplementary table 6.1: The statistical values for control vs CX-6258 treated adult and immature
flukes. The mean motility score of flukes (n = 4) after 24, 48 and 72 h treatment for three independent
experiments is stated below (score 0 = dead, 1 = heavily reduced, 2 = moderately reduced, 3 = normal
movement). Wilcoxon rank sum test was performed to obtain the p value for each concentration vs
control at different time points. The significance was assessed against control adult and immature flukes
(n = 4), which exhibited the motility score of 3. NaN = Not a Number, ns = not significant (p value =
0.05), * = p value < 0.05.

Concentration Statistical
Time [h] Stage [UM] Mean SEM p value significance
24 Adult 25 3.00 0 NaN NaN
24 Adult 50 2.75 0.25 0.453 ns
24 Adult 100 1.75 0.62 0.066 ns
24 Immature 25 2.75 0.25 0.453 ns
24 Immature 50 2.00 0 0.013 *
24 Immature 100 0 0 0.013 *
48 Adult 25 3.00 0 NaN NaN
48 Adult 50 2.75 0.25 0.453 ns
48 Adult 100 1.00 0.40 0.020 *
48 Immature 25 2.00 0 0.013 *
48 Immature 50 0.50 0.28 0.019 *
48 Immature 100 0 0 0.013 *
72 Adult 25 3.00 0 NaN NaN
72 Adult 50 2.25 0.47 0.185 ns
72 Adult 100 0.75 0.47 0.020 *
72 Immature 25 1.75 0.47 0.066 ns
72 Immature 50 0 0 0.013 *
72 Immature 100 0 0 0.013 *
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Supplementary table 6.2: The statistical values for control vs SGI-1776 treated adult and immature
flukes. The mean motility score of flukes (n = 4) after 24, 48 and 72 h treatment for three independent
experiments is stated below (score 0 = dead, 1 = heavily reduced, 2 = moderately reduced, 3 = normal
movement). Wilcoxon rank sum test was performed to obtain the p value for each concentration vs
control at different time points. The significance was assessed against control adult and immature flukes
(n = 4), which exhibited the motility score of 3. NaN = Not a Number, ns = not significant (p value 2
0.05), * = p value < 0.05.

Concentration Statistical
Time [h] Stage [UM] Mean SEM p value significance
24 Adult 25 3.00 0 NaN NaN
24 Adult 50 2.50 0.28 0.181 ns
24 Adult 100 1.50 0.28 0.019 *
24 Immature 25 2.50 0.28 0.181 ns
24 Immature 50 1.50 0.28 0.019 *
24 Immature 100 0 0 0.013 *
48 Adult 25 2.75 0.25 0.453 ns
48 Adult 50 1.50 0.28 0.019 *
48 Adult 100 0 0 0.013 *
48 Immature 25 1.50 0.28 0.019 *
48 Immature 50 0.50 0.28 0.019 *
48 Immature 100 0 0 0.013 *
72 Adult 25 2.00 0 0.013 *
72 Adult 50 0.50 0.28 0.019 *
72 Adult 100 0 0 0.013 *
72 Immature 25 0.75 0.25 0.017 *
72 Immature 50 0 0 0.013 *
72 Immature 100 0 0 0.013 *
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Supplementary table 6.3: The statistical values for control vs vandetanib treated adult and
immature flukes. The mean motility score of flukes (n = 4) after 24, 48 and 72 h treatment for three
independent experiments is stated below (score 0 = dead, 1 = heavily reduced, 2 = moderately reduced,
3 = normal movement). Wilcoxon rank sum test was performed to obtain the p value for each
concentration vs control at different time points. The significance was assessed against control adult
and immature flukes (n = 4), which exhibited the motility score of 3. NaN = Not a Number, ns = not
significant (p value = 0.05), * = p value < 0.05.

Concentration Statistical
Time [h] Stage [UM] Mean SEM p value significance
24 Adult 25 3.00 0 NaN NaN
24 Adult 50 2.25 0.25 0.060 Ns
24 Adult 100 1.00 0 0.013 *
24 Immature 25 1.50 0.28 0.019 *
24 Immature 50 0.50 0.28 0.019 *
24 Immature 100 0 0 0.013 *
48 Adult 25 2.75 0.25 0.453 ns
48 Adult 50 1.75 0.47 0.066 ns
48 Adult 100 0 0 0.013 *
48 Immature 25 0.50 0.28 0.019 *
48 Immature 50 0 0 0.013 *
48 Immature 100 0 0 0.013 *
72 Adult 25 2.50 0.28 0.181 ns
72 Adult 50 1.50 0.64 0.068 ns
72 Adult 100 0 0 0.013 *
72 Immature 25 0.50 0.28 0.019 *
72 Immature 50 0 0 0.013 *
72 Immature 100 0 0 0.013 *
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Supplementary table 6.4: The statistical values for control vs foretinib treated adult and immature
flukes. The mean motility score of flukes (n = 4) after 24, 48 and 72 h treatment for three independent
experiments is stated below (score 0 = dead, 1 = heavily reduced, 2 = moderately reduced, 3 = normal
movement). Wilcoxon rank sum test was performed to obtain the p value for each concentration vs
control at different time points. The significance was assessed against control adult and immature flukes
(n = 4), which exhibited the motility score of 3. NaN = Not a Number, ns = not significant (p value 2
0.05), * = p value < 0.05.

Concentration Statistical
Time [h] Stage [UM] Mean SEM p value significance
24 Adult 25 3.00 0 NaN NaN
24 Adult 50 3.00 0 NaN NaN
24 Adult 100 2.00 0 0.013 *
24 Immature 25 2.50 0.28 0.181 ns
24 Immature 50 1.50 0.28 0.019 *
24 Immature 100 0.50 0.28 0.019 *
48 Adult 25 2.75 0.25 0.453 ns
48 Adult 50 2.50 0.28 0.181 ns
48 Adult 100 1.00 0.40 0.02 *
48 Immature 25 1.00 0.57 0.019 *
48 Immature 50 0.25 0.25 0.017 *
48 Immature 100 0.25 0.25 0.017 *
72 Adult 25 2.75 0.25 0.453 ns
72 Adult 50 1.50 0.28 0.019 *
72 Adult 100 0.50 0.28 0.019 *
72 Immature 25 0.50 0.28 0.019 *
72 Immature 50 0 0 0.013 *
72 Immature 100 0 0 0.013 *
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Supplementary table 6.5: The statistical values for control vs tyrosine kinase-IN-1 treated adult
and immature flukes. The mean motility score of flukes (n = 4) after 24, 48 and 72 h treatment for three
independent experiments is stated below (score 0 = dead, 1 = heavily reduced, 2 = moderately reduced,
3 = normal movement). Wilcoxon rank sum test was performed to obtain the p value for each
concentration vs control at different time points. The significance was assessed against control adult
and immature flukes (n = 4), which exhibited the motility score of 3. NaN = Not a Number, ns = not
significant (p value = 0.05), * = p value < 0.05.

Concentration Statistical
Time [h] Stage [UM] Mean SEM p value significance
24 Adult 25 3.00 0 NaN NaN
24 Adult 50 3.00 0 NaN NaN
24 Adult 100 0.50 0.28 0.019 *
24 Immature 25 2.00 0 0.013 *
24 Immature 50 0.50 0.28 0.019 *
24 Immature 100 0.25 0.25 0.017 *
48 Adult 25 3.00 0 NaN NaN
48 Adult 50 2.50 0.28 0.181 ns
48 Adult 100 0 0 0.013 *
48 Immature 25 1.00 0 0.013 *
48 Immature 50 0 0 0.013 *
48 Immature 100 0.25 0.25 0.017 *
72 Adult 25 2.75 0.25 0.453 ns
72 Adult 50 2.00 0.40 0.066 ns
72 Adult 100 0 0 0.013 *
72 Immature 25 0.75 0.25 0.017 *
72 Immature 50 0 0 0.013 *
72 Immature 100 0 0 0.013 *
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Supplementary table 6.6: The statistical values for control vs ruboxistaurin treated adult and
immature flukes. The mean motility score of flukes (n = 4) after 24, 48 and 72 h treatment for three
independent experiments is stated below (score 0 = dead, 1 = heavily reduced, 2 = moderately reduced,
3 = normal movement). Wilcoxon rank sum test was performed to obtain the p value for each
concentration vs control at different time points. The significance was assessed against control adult
and immature flukes (n = 4), which exhibited the motility score of 3. NaN = Not a Number, ns = not
significant (p value = 0.05), * = p value < 0.05.

Concentration Statistical
Time [h] Stage [UM] Mean SEM p value significance
24 Adult 25 2.75 0.25 0.453 ns
24 Adult 50 1.00 0 0.013 *
24 Adult 100 0 0 0.013 *
24 Immature 25 1.50 0.28 0.019 *
24 Immature 50 0 0 0.013 *
24 Immature 100 0 0 0.013 *
48 Adult 25 2.50 0.28 0.181 ns
48 Adult 50 0.50 0.28 0.019 *
48 Adult 100 0 0 0.013 *
48 Immature 25 1.00 0.57 0.019 *
48 Immature 50 0 0 0.013 *
48 Immature 100 0 0 0.013 *
72 Adult 25 2.00 0 0.013 *
72 Adult 50 0 0 0.013 *
72 Adult 100 0 0 0.013 *
72 Immature 25 0.50 0.28 0.019 *
72 Immature 50 0 0 0.013 *
72 Immature 100 0 0 0.013 *
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Supplementary table 6.7: The statistical values for control vs TCBZ treated adult and immature
flukes. The mean motility score of flukes (n = 4) after 24, 48 and 72 h treatment for three independent
experiments is stated below (score 0 = dead, 1 = heavily reduced, 2 = moderately reduced, 3 = normal
movement). Wilcoxon rank sum test was performed to obtain the p value for each concentration vs
control at different time points. The significance was assessed against control adult and immature flukes
(n = 4), which exhibited the motility score of 3. NaN = Not a Number, ns = not significant (p value 2
0.05), * = p value < 0.05.

Concentration Statistical
Time [h] Stage [UM] Mean SEM p value significance
24 Adult 25 2.50 0.28 0.181 ns
24 Adult 50 2.00 0.40 0.066 ns
24 Adult 100 0.50 0.28 0.019 *
24 Immature 25 2.00 0 0.013 *
24 Immature 50 1.00 0 0.013 *
24 Immature 100 0 0 0.013 *
48 Adult 25 2.00 0.40 0.066 ns
48 Adult 50 1.50 0.28 0.019 *
48 Adult 100 0 0 0.013 *
48 Immature 25 2.00 0 0.013 *
48 Immature 50 1.00 0 0.013 *
48 Immature 100 0 0 0.013 *
72 Adult 25 1.50 0.28 0.019 *
72 Adult 50 1.00 0 0.013 *
72 Adult 100 0 0 0.013 *
72 Immature 25 1.00 0 0.013 *
72 Immature 50 0 0 0.013 *
72 Immature 100 0 0 0.013 *
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Supplementary table 6.8: 2D structures of the small-molecule PK inhibitors used in this thesis.

Molecular
2D structures of the small-molecule PK  Name of the Molecular weight

inhibitor used in this thesis compound SMILES formula (Da)

vandetanib CN1CCC C22H24Br 475.35
> Ny (ZD6474) (CC1)CO FN40O2
C2=C(C
=C3C(=

! C2)N=C
-~ N—

N=C3NC

4=C(C=

C(C=C4)
Br)F)OC

ruboxistaurin  CN(C)C  C28H28N 505.01
(LY333531) C1CCN2  403.HCI
HC| C=C(C3
=CC=CC
=C32)C4
=C(C5=
\ CN(CCO
S o 1)C6=C
— C=CC=C
/ 65)C(=0
JNC4=0.
Cl

| tyrosine O=C1NC 445.53
kinase-IN-1 2=C(C=
(XL999) C(NC3C
CN(CC)
CC3)C=
C2)/C1=
C(C4=C
C=CC(F)
=C4)/C5
=NC=C(
C)N5
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foretinib
(XL880)

COC1=C C34H34F2

C2=C(C
=CN=C2
C=C10C
CCN3CC
0CC3)0
C4=C(C
=C(C=C
4NC(=0
)C5(CC5
)C(=O)N
C6=CC=
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triclabendazo CSc1nc2 C14 359.66
\N o le cc(Che(  HICI3N20
\ _<\ ﬁ \©/ Oc3ceec( S
N Cl)c3Cl)c
c2[nH]1

Supplementary table 6.9: 2D structures of the ligands identified from the first round of virtual
screening of the docked ligands from the MCCC library in the binding pocket of FhPIM.

2D structures of the docked Name of the  Supplier Molecular
ligand from MCCC library in MCCC compound Molecular weight
FhPIM kinase compound ID SMILES formula (Da)
NCC- SAM0035 Cc1cc2N C17H16CI  285.768
0 00008538 _ 08754 C(=0)C[ NO
9 C@H](c2
cc1C)clc
ccc(Cl)c1
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o
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Supplementary table 6.10: 2D structures of the ligands identified from the second round of
virtual screening of the docked ligands from the MCCC library in the binding pocket of FhPIM.

2D structures of the docked Name of the  Supplier

ligand from MCCC library in MCCC compound Molecular Molecular
FhPIM kinase compound ID SMILES formula weight (Da)
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Supplementary table 6.11: Clinical trials status of small-molecule PK inhibitors (CX-6258, SGI-
1776, vandetanib, foretinib, tyrosine kinase-IN-1, and ruboxistaurin) used in vitro against immature and

adult liver flukes in this thesis.

Clinical Known Administra-
PK trial Pharmacological adverse tion Scheme
inhibitor status target effects (dosage) References
CX-6258  Preclinical PIM1 Preclinical Preclinical (196,198,383
developm compound compound ,384)
ent phase
SGI-176  Terminate PIM1 Dose 100 mg (oral) (385-387)
d after limiting as 50 mg
phase | toxicity of every 12
and then cardiac hours for 14
withdrawn QTc days period of
prolongatio a 21-day
n cycle
vandetani FDA Multi-receptor Hypertensi < 300 mg/day (266—
b approved tyrosine kinase on, QTc for 56 days 269,345,350)
(ZD6474) (medullary interval
thyroid prolongatio
cancer) n and
increased
AST and
ALT levels
foretinib Investigati Multi-receptor Hypertensi 80 mg/day for (270,271)
(XL 880) onal , , 28 days
tyrosine kinase on and
phase /1l
but proteinuria
discontinu
ed/withdra
wn
tyrosine Terminate Multi-receptor Cardiac 2.4 mg/kg (388,389)
kinase-IN- d after tvrosine kinase toxicities intravenous
1 (XL999) phase || y as a four-hour
infusion
weekly for 8
weeks
ruboxistau Investigati PKCB Nasophary 32 mg/day for (338,343,344
rin onal naitis two years )
phase I1/ll] 9
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(LY33353  (diabetic
1) retinopath
y)

Supplementary table 6.12: Predicted PKs derived from the refined bioinformatic pipeline within
the kinome of the common liver fluke. The PKs that Kinannote could not classify into their family and/or
sub-families were designated as NA (not applicable). The STK (unclassifiable) and twilight PKs were
retained as a part of the final kinome, while the subthreshold PKs were excluded and not considered in
the final kinome. (ePK = eukaryotic protein kinase)

Predicted PK

identifiers Type of hit Group Family Sub-family
FhPK_0001 ePK AGC PKG NA
FhPK_0002 ePK CK1 CK1 CK1-G
FhPK_0003 not ePK subthreshold NA NA
FhPK_0004 ePK STE STE20 MSN
FhPK_0005 ePK TKL STKR STKR2
FhPK_0006 ePK Other ULK ULK
FhPK_0007 not ePK subthreshold NA NA
FhPK_0008 ePK TK VKR NA
FhPK_0009 ePK TKL MLK ILK
FhPK_0010 twilight unclassified NA NA
FhPK_0011 ePK CK1 CK1 CK1-D
FhPK 0012 not ePK subthreshold NA NA
FhPK_0013 ePK AGC PKG NA
FhPK_0014 ePK AGC AKT NA
FhPK_0015 ePK CMGC MAPK ERK7
FhPK_0016 ePK TK CSK NA
FhPK_0017 ePK AGC PKA NA
FhPK_0018 ePK Other CAMKK NA
FhPK_0019 ePK STK (unclassifiable) NA NA
FhPK_0020 ePK TK SEV NA
FhPK_0021 ePK AGC GRK BARK
FhPK_0022 ePK CAMK CAMKL MARK
FhPK_0023 ePK AGC PKA NA
FhPK_0024 ePK AGC PDK1 NA
FhPK_0025 ePK CK1 CK1 CK1-A
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FhPK_0026 ePK AGC RSK RSKP70
FhPK_0027 ePK CMGC CDK CDC2
FhPK_0028 ePK STK (unclassifiable) NA NA
FhPK_0029 ePK CAMK CAMK1 NA
FhPK_0030 ePK TK EGFR NA
FhPK_0031 ePK CAMK CASK NA
FhPK_0032 ePK STK (unclassifiable) NA NA
FhPK_0033 ePK Other PLK SAK
FhPK_0034 ePK Other NAK MPSK
FhPK_0035 ePK Other PEK GCN2
FhPK_0036 ePK STE STE20 PAKA

Supplementary table 6.13: Ligands evaluated in the first round of molecular docking. A total of
484 compounds are listed in this table, which were rejected following manual visualisation and
evaluation during the first round of molecular docking of the FhPIM kinase.

AutoDock Vina
generated energy Ranking according Grade according to the
Ligand name (kcal/mol) to the script evaluation criteria
NCC-00089825 -11.6 1 X
NCC-00089136 -11.4 2 C
NCC-00089743 -11.3 3 C
NCC-00089978 -11.3 4 X
NCC-00090330 -11.2 5 X
NCC-00090518 -11.1 6 X
NCC-00090530 -11.1 7 C
NCC-00089639 -11 8 X
NCC-00089566 -10.8 11 X
NCC-00090547 -10.8 12 C
NCC-00004318 -10.8 13 X
NCC-00002800 -10.7 14 C
NCC-00089952 -10.7 16 X
NCC-00090326 -10.7 17 X
NCC-00002821 -10.6 18 C
NCC-00000102 -10.6 19 X
NCC-00049546 -10.6 20 C
NCC-00000183 -10.6 21 C
NCC-00089740 -10.6 22 X
NCC-00010513 -10.5 23 C
NCC-00030893 -10.5 24 C
NCC-00090102 -10.5 25 X
NCC-00044374 -10.5 26 X
NCC-00066871 -10.5 27 X
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NCC-00031228 -10.5 28 X
NCC-00018018 -10.5 29 X
NCC-00043155 -10.5 31 C
NCC-00052807 -10.5 32 C
NCC-00017088 -10.5 33 C
NCC-00038868 -10.5 34 X
NCC-00058085 -10.5 35 C
NCC-00034676 -10.5 36 C
NCC-00068655 -10.5 37 X
NCC-00029519 -10.5 38 X
NCC-00090670 -10.5 39 X
NCC-00016947 -10.4 40 X
NCC-00036060 -10.4 41 X
NCC-00011735 -10.4 42 X
NCC-00008558 -10.4 43 X
NCC-00051158 -10.4 44 X
NCC-00085110 -10.4 45 C
NCC-00084301 -10.4 46 C
NCC-00007602 -10.4 47 C
NCC-00089541 -10.4 48 C
NCC-00000206 -10.4 49 X
NCC-00075486 -10.4 50 C
NCC-00027798 -10.4 51 C
NCC-00061584 -10.4 52 X
NCC-00009436 -10.4 53 X
NCC-00018006 -10.4 54 X
NCC-00077998 -10.4 55 C
NCC-00000267 -10.4 56 X
NCC-00046006 -10.4 57 C
NCC-00054460 -10.4 58 X
NCC-00011399 -10.4 59 X
NCC-00086667 -10.3 60 C
NCC-00030477 -10.3 61 C
NCC-00090397 -10.3 62 C
NCC-00053237 -10.3 63 X
NCC-00018101 -10.3 64 X
NCC-00070702 -10.3 65 X
NCC-00005841 -10.3 66 C
NCC-00090465 -10.3 67 X
NCC-00074214 -10.3 68 X
NCC-00082551 -10.3 69 X
NCC-00011393 -10.3 70 X
NCC-00043950 -10.3 72 X
NCC-00059110 -10.3 73 X
NCC-00034544 -10.3 74 X
NCC-00011772 -10.3 75 C
NCC-00009031 -10.3 76 C
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NCC-00058089 -10.3 77 C
NCC-00078413 -10.3 78 C
NCC-00041457 -10.3 79 X
NCC-00018484 -10.3 80 X
NCC-00066529 -10.3 81 C
NCC-00062943 -10.3 82 X
NCC-00085573 -10.3 83 X
NCC-00012317 -10.3 84 C
NCC-00046183 -10.3 85 C
NCC-00048792 -10.2 86 C
NCC-00046881 -10.2 87 X
NCC-00073815 -10.2 88 C
NCC-00083446 -10.2 89 X
NCC-00006512 -10.2 90 C
NCC-00033621 -10.2 91 X
NCC-00089739 -10.2 92 C
NCC-00030586 -10.2 93 X
NCC-00087632 -10.2 95 X
NCC-00000075 -10.2 96 X
NCC-00036261 -10.2 97 X
NCC-00074518 -10.2 99 X
NCC-00061737 -10.2 101 X
NCC-00070424 -10.2 102 C
NCC-00064661 -10.2 103 C
NCC-00089677 -10.2 104 C
NCC-00029061 -10.2 105 X
NCC-00061342 -10.2 106 X
NCC-00090115 -10.2 107 C
NCC-00072348 -10.2 108 C
NCC-00027257 -10.2 109 X
NCC-00062691 -10.2 110 C
NCC-00005199 -10.2 111 C
NCC-00041142 -10.2 112 C
NCC-00070657 -10.2 113 X
NCC-00061559 -10.2 114 X
NCC-00077025 -10.2 115 X
NCC-00017214 -10.2 116 C
NCC-00088104 -10.2 117 C
NCC-00083194 -10.2 118 X
NCC-00061845 -10.2 119 X
NCC-00004688 -10.1 120 C
NCC-00047455 -10.1 121 C
NCC-00069794 -10.1 122 X
NCC-00090277 -10.1 123 X
NCC-00004577 -10.1 124 C
NCC-00079924 -10.1 125 C
NCC-00064489 -10.1 126 X
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NCC-00063845 -10.1 127 C
NCC-00016802 -10.1 128 C
NCC-00006576 -10.1 129 X
NCC-00032330 -10.1 130 C
NCC-00000243 -10.1 131 X
NCC-00031067 -10.1 132 X
NCC-00015107 -10.1 133 C
NCC-00090147 -10.1 134 C
NCC-00003799 -10.1 135 X
NCC-00011430 -10.1 136 C
NCC-00034045 -10.1 137 C
NCC-00007176 -10.1 138 X
NCC-00039041 -10.1 139 X
NCC-00018899 -10.1 140 X
NCC-00089610 -10.1 141 C
NCC-00083924 -10.1 142 C
NCC-00035095 -10.1 143 X
NCC-00055004 -10.1 144 C
NCC-00056483 -10.1 145 C
NCC-00052570 -10.1 146 C
NCC-00040335 -10.1 147 X
NCC-00061575 -10.1 148 C
NCC-00013906 -10.1 149 X
NCC-00035782 -10.1 150 X
NCC-00077817 -10.1 151 X
NCC-00082044 -10.1 152 X
NCC-00074160 -10.1 153 C
NCC-00090091 -10.1 154 X
NCC-00008652 -10.1 155 C
NCC-00083274 -10.1 156 C
NCC-00018188 -10.1 157 X
NCC-00036411 -10.1 158 C
NCC-00043780 -10.1 159 X
NCC-00033015 -10.1 160 X
NCC-00063295 -10.1 161 C
NCC-00089702 -10.1 162 C
NCC-00011066 -10.1 163 X
NCC-00082486 -10.1 164 C
NCC-00080281 -10.1 165 X
NCC-00030507 -10.1 166 X
NCC-00080727 -10.1 167 C
NCC-00078496 -10.1 168 C
NCC-00026994 -10.1 169 C
NCC-00029008 -10.1 170 X
NCC-00073413 -10.1 172 C
NCC-00061658 -10.1 173 X
NCC-00056307 -10.1 174 C
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NCC-00016152 -10.1 175 C
NCC-00015745 -10.1 176 C
NCC-00029476 -10.1 177 C
NCC-00035055 -10.1 178 X
NCC-00087644 -10 179 X
NCC-00013043 -10 180 C
NCC-00088552 -10 181 C
NCC-00030088 -10 182 X
NCC-00002546 -10 183 X
NCC-00037754 -10 184 X
NCC-00059776 -10 185 C
NCC-00032080 -10 186 C
NCC-00059828 -10 187 C
NCC-00038527 -10 189 X
NCC-00061626 -10 190 C
NCC-00087112 -10 191 X
NCC-00011396 -10 192 C
NCC-00007257 -10 193 X
NCC-00018454 -10 194 X
NCC-00078778 -10 196 C
NCC-00037495 -10 197 C
NCC-00049789 -10 198 C
NCC-00009548 -10 199 C
NCC-00032036 -10 200 X
NCC-00070848 -10 201 C
NCC-00016343 -10 202 C
NCC-00018392 -10 203 C
NCC-00080609 -10 204 X
NCC-00090571 -10 205 X
NCC-00038652 -10 206 X
NCC-00018137 -10 207 X
NCC-00086964 -10 208 X
NCC-00054424 -10 209 X
NCC-00019390 -10 210 X
NCC-00085067 -10 211 X
NCC-00074080 -10 212 X
NCC-00087423 -10 213 C
NCC-00067808 -10 214 X
NCC-00018399 -10 215 X
NCC-00019764 -10 216 C
NCC-00020719 -10 217 X
NCC-00068825 -10 218 C
NCC-00030265 -10 219 C
NCC-00040611 -10 220 X
NCC-00059178 -10 221 C
NCC-00036120 -10 222 X
NCC-00015996 -10 223 X
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NCC-00076357 -10 224 X
NCC-00077943 -10 225 C
NCC-00032420 -10 226 X
NCC-00076253 -10 227 C
NCC-00050511 -10 228 X
NCC-00013722 -10 229 X
NCC-00059322 -10 230 X
NCC-00014151 -10 231 X
NCC-00028367 -10 232 X
NCC-00003794 -10 233 C
NCC-00090620 -10 234 X
NCC-00037852 -10 235 X
NCC-00015210 -10 236 X
NCC-00011427 -10 237 C
NCC-00029091 -10 238 C
NCC-00069890 -10 239 C
NCC-00057134 -10 240 C
NCC-00038284 -10 241 C
NCC-00070482 -10 242 C
NCC-00079665 -10 243 X
NCC-00071000 -10 244 X
NCC-00064078 -10 246 C
NCC-00086660 -10 247 C
NCC-00050061 -10 248 C
NCC-00045989 -10 249 X
NCC-00087237 -10 250 X
NCC-00044605 -10 251 X
NCC-00056970 -10 252 X
NCC-00033922 -10 253 C
NCC-00018937 -10 254 C
NCC-00001814 -10 255 X
NCC-00028312 -10 256 C
NCC-00061721 -10 257 C
NCC-00077027 -10 258 C
NCC-00063182 -10 259 X
NCC-00070779 -10 260 C
NCC-00062235 -10 261 C
NCC-00047849 -10 262 C
NCC-00012921 -10 263 X
NCC-00007565 -10 264 C
NCC-00055984 -10 265 X
NCC-00059419 -10 266 X
NCC-00085932 -9.9 267 C
NCC-00071495 -9.9 268 X
NCC-00070300 -9.9 269 C
NCC-00028272 -9.9 270 C
NCC-00055894 -9.9 271 X
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NCC-00005287 -9.9 272 C
NCC-00090078 -9.9 273 X
NCC-00009410 -9.9 274 X
NCC-00028090 -9.9 275 X
NCC-00033645 -9.9 276 C
NCC-00082686 -9.9 277 C
NCC-00062159 -9.9 278 C
NCC-00013995 -9.9 279 C
NCC-00033852 -9.9 280 C
NCC-00032608 -9.9 281 X
NCC-00090638 -9.9 282 X
NCC-00054299 -9.9 283 X
NCC-00047080 -9.9 284 X
NCC-00037589 -9.9 285 X
NCC-00062294 -9.9 286 C
NCC-00045090 -9.9 287 C
NCC-00037574 -9.9 289 C
NCC-00046519 -9.9 290 X
NCC-00068660 -9.9 291 X
NCC-00034973 -9.9 292 X
NCC-00054632 -9.9 293 X
NCC-00027356 -9.9 294 X
NCC-00044804 -9.9 295 C
NCC-00071239 -9.9 296 X
NCC-00090159 -9.9 297 C
NCC-00087196 -9.9 298 C
NCC-00007605 -9.9 300 X
NCC-00005008 -9.9 301 C
NCC-00057126 -9.9 302 C
NCC-00073811 -9.9 303 C
NCC-00079242 -9.9 304 X
NCC-00032270 -9.9 305 X
NCC-00067095 -9.9 306 C
NCC-00062429 -9.9 307 X
NCC-00062844 -9.9 308 X
NCC-00077948 -9.9 309 C
NCC-00019131 -9.9 310 C
NCC-00078593 -9.9 311 X
NCC-00009430 -9.9 312 X
NCC-00061656 -9.9 313 X
NCC-00064005 -9.9 314 C
NCC-00088999 -9.9 315 X
NCC-00061696 -9.9 316 C
NCC-00082563 -9.9 317 C
NCC-00084741 -9.9 318 X
NCC-00071358 -9.9 319 C
NCC-00002262 -9.9 320 X
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NCC-00059422 -9.9 321 C
NCC-00045774 -9.9 322 C
NCC-00083413 -9.9 323 C
NCC-00012411 -9.9 324 C
NCC-00073836 -9.9 325 C
NCC-00035631 -9.9 326 C
NCC-00057630 -9.9 327 X
NCC-00018712 -9.9 328 C
NCC-00070762 -9.9 329 X
NCC-00056244 -9.9 330 X
NCC-00063250 -9.9 331 X
NCC-00052827 -9.9 332 C
NCC-00000420 -9.9 333 X
NCC-00074343 -9.9 334 X
NCC-00035105 -9.9 335 C
NCC-00070722 -9.9 336 X
NCC-00045768 -9.9 337 C
NCC-00047700 -9.9 338 X
NCC-00009760 -9.9 339 C
NCC-00060974 -9.9 340 C
NCC-00073605 -9.9 341 C
NCC-00055767 -9.9 342 C
NCC-00014180 -9.9 343 C
NCC-00017078 -9.9 344 X
NCC-00088045 -9.9 345 X
NCC-00090626 -9.9 346 C
NCC-00052717 -9.9 347 C
NCC-00034432 -9.9 348 X
NCC-00038320 -9.9 349 C
NCC-00046680 -9.9 350 X
NCC-00005640 -9.9 351 C
NCC-00007159 -9.9 352 X
NCC-00083490 -9.9 353 X
NCC-00052202 -9.9 354 X
NCC-00018146 -9.9 355 X
NCC-00081746 -9.9 356 C
NCC-00083458 -9.9 357 X
NCC-00029890 -9.9 358 C
NCC-00028108 -9.9 359 C
NCC-00029260 -9.9 360 X
NCC-00005363 -9.9 361 X
NCC-00007123 -9.9 362 X
NCC-00030956 -9.9 363 X
NCC-00069907 -9.9 364 C
NCC-00012392 -9.9 365 C
NCC-00088794 -9.9 366 C
NCC-00082859 -9.9 367 X
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NCC-00074610 -9.9 368 X
NCC-00030038 -9.9 369 C
NCC-00015784 -9.9 370 X
NCC-00087203 -9.9 371 C
NCC-00005996 -9.9 372 C
NCC-00018546 -9.9 373 X
NCC-00000107 -9.9 374 X
NCC-00061321 -9.9 375 X
NCC-00073987 -9.9 376 C
NCC-00042402 -9.9 377 X
NCC-00043631 -9.9 378 C
NCC-00075095 -9.9 379 X
NCC-00083915 -9.9 380 C
NCC-00027250 -9.9 381 X
NCC-00014814 -9.9 382 C
NCC-00030185 -9.9 383 X
NCC-00061692 -9.9 384 C
NCC-00087468 -9.9 385 X
NCC-00027772 -9.9 386 C
NCC-00006238 -9.9 387 C
NCC-00046009 -9.9 388 X
NCC-00080518 -9.9 389 C
NCC-00038324 -9.9 390 C
NCC-00018245 -9.9 391 X
NCC-00056931 -9.9 392 C
NCC-00090676 -9.9 393 X
NCC-00005224 -9.9 394 X
NCC-00070534 -9.9 395 X
NCC-00016359 -9.9 396 C
NCC-00045837 -9.9 397 C
NCC-00032216 -9.9 398 X
NCC-00047373 -9.9 399 X
NCC-00067969 -9.8 400 X
NCC-00019968 -9.8 401 C
NCC-00028975 -9.8 402 X
NCC-00073017 -9.8 403 X
NCC-00037666 -9.8 404 C
NCC-00084911 -9.8 405 C
NCC-00038228 -9.8 406 X
NCC-00045253 -9.8 407 X
NCC-00029877 -9.8 408 C
NCC-00027008 -9.8 409 C
NCC-00076821 -9.8 410 X
NCC-00050838 -9.8 411 X
NCC-00034233 -9.8 412 C
NCC-00030974 -9.8 413 C
NCC-00001277 -9.8 414 X
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NCC-00028318 -9.8 415 C
NCC-00083683 -9.8 416 X
NCC-00050856 -9.8 417 C
NCC-00018842 -9.8 418 C
NCC-00018888 -9.8 419 X
NCC-00018574 -9.8 421 X
NCC-00031802 -9.8 422 C
NCC-00017801 -9.8 423 C
NCC-00067411 -9.8 424 C
NCC-00028598 -9.8 425 X
NCC-00073673 -9.8 426 X
NCC-00030230 -9.8 427 C
NCC-00047625 -9.8 428 C
NCC-00052702 -9.8 429 C
NCC-00062618 -9.8 430 X
NCC-00007569 -9.8 431 C
NCC-00029109 -9.8 432 C
NCC-00080682 -9.8 433 X
NCC-00089829 -9.8 434 C
NCC-00016991 -9.8 435 X
NCC-00085849 -9.8 436 X
NCC-00000776 -9.8 437 X
NCC-00070325 -9.8 438 X
NCC-00090198 -9.8 439 C
NCC-00044694 -9.8 440 C
NCC-00046409 -9.8 441 X
NCC-00073854 -9.8 442 X
NCC-00083095 -9.8 443 X
NCC-00012442 -9.8 444 X
NCC-00055848 -9.8 445 X
NCC-00016800 -9.8 446 X
NCC-00062113 -9.8 447 X
NCC-00043027 -9.8 448 X
NCC-00054765 -9.8 449 X
NCC-00090056 -9.8 450 X
NCC-00033183 -9.8 451 X
NCC-00013850 -9.8 452 C
NCC-00036690 -9.8 453 C
NCC-00074899 -9.8 454 X
NCC-00088742 -9.8 455 X
NCC-00049610 -9.8 456 X
NCC-00087108 -9.8 457 C
NCC-00034539 -9.8 458 C
NCC-00053286 -9.8 459 X
NCC-00057182 -9.8 460 X
NCC-00064426 -9.8 461 X
NCC-00090516 -9.8 462 C
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NCC-00035147 -9.8 463 C
NCC-00059211 -9.8 464 C
NCC-00067975 -9.8 465 C
NCC-00083643 -9.8 466 X
NCC-00036093 -9.8 467 C
NCC-00038198 -9.8 468 X
NCC-00086171 -9.8 469 C
NCC-00044358 -9.8 470 X
NCC-00085181 -9.8 471 X
NCC-00017803 -9.8 472 X
NCC-00060804 -9.8 473 C
NCC-00015865 -9.8 474 X
NCC-00043843 -9.8 475 C
NCC-00050435 -9.8 476 C
NCC-00073454 -9.8 477 C
NCC-00031448 -9.8 478 X
NCC-00008566 -9.8 479 X
NCC-00064855 -9.8 480 C
NCC-00031457 -9.8 481 C
NCC-00079232 -9.8 482 C
NCC-00074108 -9.8 483 X
NCC-00017495 -9.8 484 X
NCC-00038935 -9.8 485 C
NCC-00034558 -9.8 486 C
NCC-00001163 -9.8 487 X
NCC-00082526 -9.8 488 C
NCC-00014822 -9.8 489 C
NCC-00005393 -9.8 490 X
NCC-00085256 -9.8 491 X
NCC-00045772 -9.8 492 C
NCC-00027809 -9.8 493 X
NCC-00036456 -9.8 494 X
NCC-00049880 -9.8 495 C
NCC-00037791 -9.8 496 X
NCC-00034709 -9.8 498 X
NCC-00057196 -9.8 499 C
NCC-00014921 -9.8 500 C
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Supplementary table 6.14: Ligands evaluated in the second round of molecular docking. A total
of 482 compounds are listed in this table, which were rejected following manual visualisation and
evaluation during the second round of molecular docking of the FhPIM kinase.

AutoDock Vina
generated energy Ranking according Grade according to the
Ligand name (kcal/mol) to the script evaluation criteria
NCC-00089825 -12.6 1 X
NCC-00090676 -11.7 2 X
NCC-00000912 -11.6 3 X
NCC-00090518 -11.6 4 X
NCC-00089952 -11.5 5 X
NCC-00089541 -11.4 6 X
NCC-00000267 -11.3 7 X
NCC-00083644 -11.2 8 X
NCC-00000206 -11.2 9 C
NCC-00089743 -11.2 10 C
NCC-00090330 -11.2 11 X
NCC-00082551 -11 12 X
NCC-00089639 -11 13 X
NCC-00029890 -10.9 14 C
NCC-00036945 -10.9 15 X
NCC-00029519 -10.9 16 X
NCC-00074518 -10.8 17 C
NCC-00090192 -10.8 18 X
NCC-00035867 -10.8 19 C
NCC-00033911 -10.7 20 X
NCC-00090530 -10.7 21 X
NCC-00031876 -10.7 22 X
NCC-00090554 -10.7 23 X
NCC-00062294 -10.7 24 C
NCC-00083924 -10.7 25 X
NCC-00077998 -10.7 26 C
NCC-00000243 -10.7 27 X
NCC-00089839 -10.7 28 X
NCC-00090198 -10.7 29 X
NCC-00029032 -10.6 30 C
NCC-00047849 -10.6 31 X
NCC-00010513 -10.6 32 C
NCC-00056483 -10.6 33 X
NCC-00089740 -10.6 34 X
NCC-00072436 -10.6 35 C
NCC-00089809 -10.6 36 X
NCC-00084406 -10.6 37 X
NCC-00058089 -10.6 38 X
NCC-00087489 -10.6 39 X
NCC-00007336 -10.6 40 C
NCC-00001015 -10.6 41 C
NCC-00089136 -10.6 42 X
NCC-00087221 -10.6 43 X
NCC-00085110 -10.6 44 C

159



Supplementary/Appendix

NCC-00089643 -10.6 45 C
NCC-00044049 -10.6 46 C
NCC-00030812 -10.6 47 X
NCC-00035975 -10.6 48 C
NCC-00009436 -10.6 49 X
NCC-00068655 -10.5 50 X
NCC-00069701 -10.5 51 X
NCC-00038868 -10.5 53 C
NCC-00046006 -10.5 54 C
NCC-00031333 -10.5 55 X
NCC-00050712 -10.5 56 C
NCC-00035095 -10.5 57 X
NCC-00036261 -10.5 58 X
NCC-00084170 -10.5 59 X
NCC-00037781 -10.5 60 C
NCC-00090547 -10.5 61 C
NCC-00028272 -10.5 62 C
NCC-00073521 -10.5 63 X
NCC-00074206 -10.5 64 C
NCC-00030586 -10.5 65 C
NCC-00073621 -10.5 66 X
NCC-00054460 -10.5 67 X
NCC-00037495 -10.5 68 C
NCC-00055004 -10.5 69 C
NCC-00031228 -10.5 70 C
NCC-00019097 -10.5 71 X
NCC-00012317 -10.5 72 X
NCC-00019258 -10.5 73 C
NCC-00086460 -10.5 74 C
NCC-00008992 -10.4 75 C
NCC-00086964 -10.4 76 C
NCC-00036186 -10.4 7 X
NCC-00061092 -10.4 78 X
NCC-00068455 -10.4 79 X
NCC-00068039 -10.4 80 X
NCC-00018185 -10.4 81 X
NCC-00014151 -10.4 82 X
NCC-00062943 -10.4 83 C
NCC-00090277 -10.4 84 X
NCC-00033852 -10.4 85 C
NCC-00017088 -10.4 87 X
NCC-00090465 -10.4 88 C
NCC-00081614 -10.4 89 X
NCC-00004318 -10.4 90 X
NCC-00068025 -10.4 91 C
NCC-00083683 -10.4 92 C
NCC-00043155 -10.4 93 X
NCC-00089785 -10.4 94 C
NCC-00064038 -10.4 95 C
NCC-00004403 -10.4 96 X
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NCC-00018444 -10.4 97 X
NCC-00016947 -10.4 98 C
NCC-00027089 -10.4 99 X
NCC-00071183 -10.4 100 C
NCC-00090670 -10.4 101 X
NCC-00080682 -10.4 102 C
NCC-00090326 -10.4 103 X
NCC-00090638 -10.4 104 X
NCC-00087960 -10.4 105 X
NCC-00027008 -10.4 106 X
NCC-00045855 -10.3 107 X
NCC-00068825 -10.3 108 C
NCC-00089702 -10.3 109 X
NCC-00017726 -10.3 110 C
NCC-00008995 -10.3 112 X
NCC-00052807 -10.3 113 C
NCC-00073903 -10.3 114 C
NCC-00015301 -10.3 116 X
NCC-00082925 -10.3 117 C
NCC-00007176 -10.3 118 X
NCC-00055767 -10.3 119 C
NCC-00050460 -10.3 120 C
NCC-00045847 -10.3 121 C
NCC-00083194 -10.3 122 X
NCC-00060604 -10.3 123 X
NCC-00009548 -10.3 124 C
NCC-00036012 -10.3 125 C
NCC-00036241 -10.3 126 C
NCC-00017922 -10.3 127 C
NCC-00077025 -10.3 128 X
NCC-00049659 -10.3 129 C
NCC-00038675 -10.3 130 C
NCC-00078099 -10.3 131 C
NCC-00029008 -10.3 132 X
NCC-00070848 -10.3 133 C
NCC-00049897 -10.3 135 C
NCC-00045980 -10.3 136 C
NCC-00053263 -10.3 137 X
NCC-00057781 -10.3 138 C
NCC-00014591 -10.3 139 X
NCC-00042402 -10.3 140 X
NCC-00079785 -10.3 141 X
NCC-00009942 -10.3 142 C
NCC-00056766 -10.3 143 X
NCC-00061952 -10.3 144 X
NCC-00035461 -10.3 145 C
NCC-00029863 -10.3 146 X
NCC-00049847 -10.3 147 X
NCC-00085853 -10.3 148 C
NCC-00019858 -10.3 149 C
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NCC-00043922 -10.3 150 X
NCC-00016920 -10.3 151 C
NCC-00061089 -10.3 152 X
NCC-00072054 -10.3 153 C
NCC-00089986 -10.3 154 C
NCC-00044030 -10.3 155 C
NCC-00007644 -10.3 156 X
NCC-00059419 -10.3 157 C
NCC-00000127 -10.3 158 C
NCC-00052899 -10.3 159 C
NCC-00036495 -10.2 160 C
NCC-00080750 -10.2 161 X
NCC-00001951 -10.2 162 C
NCC-00013521 -10.2 163 X
NCC-00003916 -10.2 164 X
NCC-00008307 -10.2 165 X
NCC-00037575 -10.2 166 X
NCC-00069754 -10.2 167 X
NCC-00000164 -10.2 168 X
NCC-00040335 -10.2 169 C
NCC-00012302 -10.2 170 C
NCC-00005412 -10.2 171 X
NCC-00052202 -10.2 172 C
NCC-00029923 -10.2 173 C
NCC-00070424 -10.2 174 X
NCC-00061943 -10.2 175 X
NCC-00090571 -10.2 176 C
NCC-00077817 -10.2 177 X
NCC-00060974 -10.2 178 X
NCC-00045078 -10.2 179 C
NCC-00015704 -10.2 180 X
NCC-00002277 -10.2 181 X
NCC-00013250 -10.2 182 C
NCC-00055026 -10.2 183 C
NCC-00046076 -10.2 184 C
NCC-00031448 -10.2 185 X
NCC-00017760 -10.2 186 X
NCC-00015210 -10.2 187 X
NCC-00041142 -10.2 189 C
NCC-00078413 -10.2 190 C
NCC-00034709 -10.2 191 C
NCC-00003669 -10.2 192 X
NCC-00027307 -10.2 193 X
NCC-00057327 -10.2 194 X
NCC-00043161 -10.2 195 X
NCC-00090165 -10.2 196 X
NCC-00059322 -10.2 197 X
NCC-00046193 -10.2 198 X
NCC-00062870 -10.2 199 C
NCC-00070885 -10.2 200 X
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NCC-00082965 -10.2 201 C
NCC-00077005 -10.2 202 X
NCC-00044717 -10.2 203 X
NCC-00037487 -10.2 204 X
NCC-00045768 -10.2 205 X
NCC-00067943 -10.2 206 X
NCC-00056573 -10.2 207 C
NCC-00000670 -10.2 208 X
NCC-00012191 -10.2 209 C
NCC-00036653 -10.2 210 C
NCC-00035565 -10.2 211 X
NCC-00044111 -10.2 212 C
NCC-00065681 -10.2 213 X
NCC-00011811 -10.2 215 X
NCC-00052201 -10.2 216 X
NCC-00032308 -10.2 217 X
NCC-00048380 -10.2 218 X
NCC-00055894 -10.2 219 X
NCC-00016579 -10.2 222 X
NCC-00089644 -10.2 223 X
NCC-00028975 -10.2 224 X
NCC-00020491 -10.2 225 X
NCC-00017034 -10.2 226 X
NCC-00012114 -10.2 227 X
NCC-00067155 -10.2 228 C
NCC-00018392 -10.2 229 C
NCC-00061460 -10.2 230 X
NCC-00038415 -10.2 231 X
NCC-00067338 -10.2 232 X
NCC-00066874 -10.2 233 X
NCC-00083518 -10.2 234 X
NCC-00064078 -10.2 235 X
NCC-00030893 -10.2 236 X
NCC-00056038 -10.2 237 C
NCC-00089958 -10.2 238 X
NCC-00041405 -10.1 239 C
NCC-00050951 -10.1 241 C
NCC-00010014 -10.1 242 C
NCC-00089494 -10.1 243 C
NCC-00030620 -10.1 244 X
NCC-00085812 -10.1 245 X
NCC-00003736 -10.1 246 X
NCC-00087644 -10.1 247 X
NCC-00033260 -10.1 248 C
NCC-00044944 -10.1 249 X
NCC-00057664 -10.1 251 C
NCC-00043416 -10.1 252 X
NCC-00001758 -10.1 253 C
NCC-00085315 -10.1 254 X
NCC-00074610 -10.1 255 X
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NCC-00035971

-10.1

256

NCC-00084301

-10.1

257

NCC-00026758

-10.1

258

NCC-00083110

-10.1

259

NCC-00047477

-10.1

260

NCC-00007585

-10.1

261

NCC-00086630

-10.1

262

NCC-00013906

-10.1

263

NCC-00018437

-10.1

264

NCC-00002858

-10.1

265

NCC-00017457

-10.1

266

NCC-00090410

-10.1

267

NCC-00062474

-10.1

268

NCC-00087972

-10.1

269

NCC-00012398

-10.1

270

NCC-00080281

-10.1

271

NCC-00084911

-10.1

272

NCC-00090533

-10.1

273

NCC-00012421

-10.1

274

NCC-00037780

-10.1

275

NCC-00000662

-10.1

276

NCC-00085015

-10.1

277

NCC-00074998

-10.1

278

NCC-00069165

-10.1

279

NCC-00061170

-10.1

280

NCC-00036999

-10.1

282

NCC-00061584

-10.1

283

NCC-00053666

-10.1

284

NCC-00063690

-10.1

285

NCC-00038211

-10.1

286

NCC-00031357

-10.1

287

NCC-00056791

-10.1

288

NCC-00019789

-10.1

289

NCC-00078516

-10.1

290

NCC-00061365

-10.1

291

NCC-00070400

-10.1

292

NCC-00032757

-10.1

293

NCC-00090067

-10.1

294

NCC-00088794

-10.1

295

NCC-00017214

-10.1

296

NCC-00042958

-10.1

297

NCC-00052809

-10.1

298

NCC-00017495

-10.1

299

NCC-00080637

-10.1

300

NCC-00082839

-10.1

301

NCC-00033490

-10.1

302

NCC-00027455

-10.1

303

NCC-00084815

-10.1

304

NCC-00076334

-10.1

305

NCC-00081762

-10.1

306

OXIXIX[X[OX[O]X[XIO[O|OX|X|O[O|OXIX|X[O]X[O]X]|O[O]|O[O|O[X|X[OX|X[X[O]X|X|X[O]X[X]|O[O[O]|O[X]X[O
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NCC-00044623 -10.1 307 C
NCC-00082098 -10.1 309 C
NCC-00001364 -10.1 310 X
NCC-00073817 -10.1 311 C
NCC-00065133 -10.1 312 C
NCC-00063932 -10.1 313 X
NCC-00074545 -10.1 314 C
NCC-00043152 -10.1 315 C
NCC-00055789 -10.1 316 X
NCC-00057682 -10.1 317 C
NCC-00017897 -10.1 319 X
NCC-00082896 -10.1 320 C
NCC-00008632 -10.1 321 C
NCC-00083458 -10.1 322 X
NCC-00014391 -10.1 323 C
NCC-00050178 -10.1 324 C
NCC-00067137 -10.1 325 X
NCC-00088183 -10.1 326 X
NCC-00013850 -10.1 327 C
NCC-00040634 -10.1 328 C
NCC-00081318 -10.1 329 C
NCC-00089714 -10.1 330 X
NCC-00084769 -10.1 331 C
NCC-00033654 -10.1 332 X
NCC-00007257 -10.1 333 C
NCC-00020610 -10.1 334 C
NCC-00057188 -10.1 335 C
NCC-00044574 -10.1 336 C
NCC-00090288 -10.1 337 C
NCC-00075699 -10.1 338 C
NCC-00019159 -10.1 339 C
NCC-00090091 -10.1 341 X
NCC-00009414 -10.1 342 X
NCC-00083235 -10.1 343 X
NCC-00038209 -10.1 344 X
NCC-00017274 -10.1 345 C
NCC-00066871 -10.1 346 C
NCC-00015865 -10.1 347 X
NCC-00008538 -10.1 348 X
NCC-00030507 -10.1 349 C
NCC-00047862 -10.1 350 C
NCC-00059211 -10.1 351 C
NCC-00051158 -10.1 352 X
NCC-00034815 -10.1 353 C
NCC-00062232 -10.1 354 C
NCC-00084163 -10.1 355 C
NCC-00028738 -10.1 356 C
NCC-00033668 -10.1 357 X
NCC-00037317 -10 358 C
NCC-00086897 -10 359 X
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NCC-00011530 -10 360 X
NCC-00090532 -10 361 C
NCC-00036192 -10 362 X
NCC-00062766 -10 363 X
NCC-00063471 -10 364 X
NCC-00078433 -10 365 X
NCC-00049042 -10 366 X
NCC-00055060 -10 367 X
NCC-00080536 -10 368 X
NCC-00013371 -10 369 C
NCC-00069234 -10 370 X
NCC-00003291 -10 371 C
NCC-00038929 -10 372 X
NCC-00061874 -10 373 C
NCC-00086675 -10 374 X
NCC-00089931 -10 375 X
NCC-00036860 -10 376 C
NCC-00043906 -10 377 C
NCC-00083214 -10 378 X
NCC-00055394 -10 379 C
NCC-00038424 -10 380 X
NCC-00070657 -10 381 X
NCC-00052186 -10 382 C
NCC-00028369 -10 383 X
NCC-00055208 -10 384 X
NCC-00029163 -10 385 X
NCC-00067097 -10 386 X
NCC-00064004 -10 387 X
NCC-00070660 -10 388 C
NCC-00027250 -10 389 C
NCC-00008088 -10 390 C
NCC-00018188 -10 391 X
NCC-00033645 -10 392 C
NCC-00058693 -10 393 X
NCC-00064489 -10 395 C
NCC-00011399 -10 396 C
NCC-00056116 -10 397 C
NCC-00070103 -10 398 C
NCC-00011735 -10 399 X
NCC-00040553 -10 400 X
NCC-00015581 -10 401 X
NCC-00039871 -10 402 X
NCC-00017403 -10 403 X
NCC-00046639 -10 404 C
NCC-00089981 -10 405 X
NCC-00057671 -10 406 X
NCC-00064946 -10 407 X
NCC-00036926 -10 408 X
NCC-00053423 -10 409 X
NCC-00030517 -10 410 C
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NCC-00039930 -10 411 C
NCC-00016943 -10 412 X
NCC-00057646 -10 413 X
NCC-00053286 -10 414 X
NCC-00071495 -10 415 X
NCC-00070061 -10 416 X
NCC-00028424 -10 417 X
NCC-00058342 -10 418 X
NCC-00075285 -10 419 C
NCC-00062570 -10 420 X
NCC-00044804 -10 421 X
NCC-00037314 -10 422 X
NCC-00077723 -10 423 X
NCC-00074356 -10 424 C
NCC-00053770 -10 425 C
NCC-00036411 -10 426 C
NCC-00068545 -10 427 X
NCC-00068810 -10 428 C
NCC-00081925 -10 429 C
NCC-00031866 -10 430 C
NCC-00082910 -10 431 X
NCC-00007569 -10 432 X
NCC-00026994 -10 433 C
NCC-00004368 -10 434 X
NCC-00055008 -10 435 C
NCC-00018906 -10 436 X
NCC-00010672 -10 437 C
NCC-00016903 -10 438 X
NCC-00031301 -10 439 X
NCC-00052208 -10 440 C
NCC-00033015 -10 441 C
NCC-00004577 -10 442 C
NCC-00089566 -10 443 X
NCC-00030454 -10 444 X
NCC-00000148 -10 445 C
NCC-00003813 -10 446 C
NCC-00011094 -10 447 X
NCC-00044121 -10 448 C
NCC-00089914 -10 449 X
NCC-00037589 -10 450 X
NCC-00030833 -10 451 C
NCC-00069317 -10 452 X
NCC-00060638 -10 453 C
NCC-00018734 -10 454 X
NCC-00089829 -10 455 C
NCC-00036148 -10 456 X
NCC-00062675 -10 457 C
NCC-00044694 -10 458 X
NCC-00084785 -10 459 C
NCC-00046946 -10 460 C
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NCC-00061839 -10 461 X
NCC-00088438 -10 462 C
NCC-00034192 -10 463 X
NCC-00047606 -10 464 C
NCC-00050470 -10 465 C
NCC-00061658 -10 466 C
NCC-00081933 -10 467 C
NCC-00080612 -10 468 C
NCC-00073846 -10 469 C
NCC-00035552 -10 470 C
NCC-00028598 -10 471 X
NCC-00042159 -10 473 C
NCC-00018461 -10 474 X
NCC-00033011 -10 475 X
NCC-00086883 -10 476 X
NCC-00030956 -10 477 C
NCC-00081551 -10 478 C
NCC-00036479 -10 479 X
NCC-00008558 -10 480 X
NCC-00019091 -10 481 X
NCC-00085179 -10 482 X
NCC-00047674 -10 483 C
NCC-00009351 -10 484 X
NCC-00038493 -10 486 X
NCC-00090604 -10 487 C
NCC-00011748 -10 488 X
NCC-00017026 -10 489 X
NCC-00012045 -10 490 X
NCC-00089621 -10 491 X
NCC-00055109 -10 492 C
NCC-00040621 -10 493 C
NCC-00050463 -10 494 X
NCC-00046183 -10 495 X
NCC-00009266 -10 496 C
NCC-00020096 -10 497 X
NCC-00050253 -10 498 C
NCC-00045969 -10 499 X
NCC-00059582 -10 500 C
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6.3 Supplementary codes

6.3.1 Code for the Iteration nested loop conditions for reducing the

redundancies

Code for the iteration nested loop with IF conditions for reducing the redundancies in R v4.3.4

is stated below:

> # Create an empty vector to store the row indices to remove
> rows_to_remove <- ¢()

> # Loop through each row

> for (c in 1:nrow(dataframe)) {

+ # Get the current row values

+ curr_contig <- dataframe$Fh_scaffold[c]
+ curr_strand <- dataframe$strand|c]

+ curr_start <- dataframe$start[c]

+ curr_end <- dataframe$end]c]

+ # Loop through all other rows

+ for (r in 1:nrow(dataframe)) {

+ if (c !=r) { # Skip the current row if we are looking at the same row as what is the current

row
+ # Check if conditions are met

+ if (dataframe$Fh_scaffold[r] == curr_contig && # Contig is the same as current

+ dataframe$strand[r] == curr_strand && # Strand is the same as current

+ dataframe$start[r] <= curr_start && # The start position is smaller than the current
start

+ dataframe$end[r] >= curr_end) { # The end position is larger than the current end

+ rows_to_remove <- append(rows_to_remove, c) # If all conditions above are true,

current row is fully contained in another row

+ # Add current row index to rows_to_remove
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=+

break # No need to check further, move to the next row

6.3.2 Code for the Iteration nested loop conditions for reducing the overlapping

genes

Code for the iteration loop with IF conditions for reducing the overlapping genes in R v4.3.4 is

the stated below:

# new loop code for overlapping filtration

> overlapping_genes <- ¢()

> overlap_lengths <- vector("numeric", nrow(dataframe))
> gene_lengths <- vector("numeric", nrow(dataframe))

> overlap_ratios <- vector("numeric", nrow(dataframe))

> # Loop through each row

> for (c in 1:nrow(dataframe)) {

+ # Get the current row values

+ curr_contig <- dataframe$Fh_scaffold[c]
+ curr_strand <- dataframe$strand|c]

+ curr_start <- dataframe$start[c]

+ curr_end <- dataframe$end|c]

+ # Loop through all other rows

+ for (r in 1:nrow(dataframe)) {

=+

if (c !=r) { # Skip the current row if we are looking at the same row as the current row

+

# Check if conditions are met
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+ if (dataframe$Fh_scaffold[r] == curr_contig && # Contig is the same as current

+ dataframe$strand[r] == curr_strand && # Strand is the same as current
+ ((dataframe$start[r] <= curr_start && dataframe$end[r] >= curr_start) ||
+ (dataframe$start[r] <= curr_end && dataframe$end|[r] >= curr_end))) {
+ overlapping_genes <- append(overlapping_genes, c) # If all conditions are met, the

current row overlaps with another one

+ # Calculate the length of overlap

+ overlap_start <- max(dataframe$start[c], dataframe$start[r])
+ overlap_end <- min(dataframe$end]c], dataframe$end]r])
+ overlap_length <- overlap_end - overlap_start + 1

+

+ # Calculate the ratio of overlap to gene sequence length
+ gene_length <- dataframe$end[c] - dataframe$start[c] + 1
+ overlap_ratio <- overlap_length / gene_length

+

+ # Store the collected data in the vectors

+ overlap_lengths[c] <- overlap_length

+ gene_lengths[c] <- gene_length

+ overlap_ratios[c] <- overlap_ratio

+

+ 0}

+ )

+}
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6.4 Supplementary information

6.4.1 Protein sequence of FhPIM kinase (D915_000232) in a FASTA format

Protein sequence in a FASTA format of FhPIM kinase (D915 _000232) which was obtained

from Parasite Wormbase (245).

>gene-D915_000232.t1 peptide: gene-D915_000232.t11 pep:protein_coding
MAQITTHYSNTRTNFQLPPNGRLVRRSSEELGLQIVVHEGHAAFLQRYVLGTRFGGGGFGH
VHRARSLCDNREVVVKEIRSDKVPCWCQVDSQLMPMEVVLLTMCQGLPGVVGFLDAFNLG
QSWVIVMDRVSETTCDMFDYIGERGTLPEREAAHYFYQLAGILLACHRVGVLHRDIKDENILI
NRATNELVLIDFGSGAFLESRLYTDFDGTRVYCPPEWILNSCYHGKQAEVWSLGVLLYDML
CGDIPFVNDKGIIGGKLRYRNESLSEEARDLIRNCLSMDPEKRPTLLEILQHPWMCRYRPKR
VEGQPASMLTALLAVDEASTLSVEQKRSLADADNDNSSSPSLTHDSVTRRLLSTHGTSNLH
ASSLSSISSSPPSTCDLGFLDEEPKLACPVFNLDRDSNTKETLQTTNTTGATPHTHAQSEPV
PGVTSRPLMLSSQPVEKREQKMSTNNEVILISDSSSRSSFHNVTRSSLGSSERLEDHLCMH
GRSPVASFEPSTIPSQPRLHSNESGSSSGYYSRSESLSSNESHQLISATNAGNSATCLTSSH
AASVICVPSTVTAVTTTRPFCSSTVLTTSHSLSHPGRIAVHTHNWRSGSAGIASSASSSCGS
SSDNSSSSSSSVSSNPSFNKLNPCHVPIPPTVSSTTTLYATGLLQWPLLFSTHKSTPISTSPT
FQTTRPASVHPIVSSSVPATQSSPVAPISIRSASDQIDRLCQSLHPSSPTLAVSHPQKPTTWF
WGDGTRLDQNWRPMS

6.4.2 Protein sequence of HsPIM1 kinase (P11309) in a FASTA format

Protein sequence in a FASTA format of HsPIM1 kinase (P11309) which was obtained from
Uniprot (241,242).

>sp|P11309|PIM1_HUMAN  Serine/threonine-protein kinase pim-1 OS=Homo sapiens
0X=9606 GN=PIM1 PE=1 SV=4
MLLSKINSLAHLRAAPCNDLHATKLAPGKEKEPLESQYQVGPLLGSGGFGSVYSGIRVSDNL
PVAIKHVEKDRISDWGELPNGTRVPMEVVLLKKVSSGFSGVIRLLDWFERPDSFVLILERPE
PVQDLFDFITERGALQEELARSFFWQVLEAVRHCHNCGVLHRDIKDENILIDLNRGELKLIDF
GSGALLKDTVYTDFDGTRVYSPPEWIRYHRYHGRSAAVWSLGILLYDMVCGDIPFEHDEEII
RGQVFFRQRVSSECQHLIRWCLALRPSDRPTFEEIQNHPWMQDVLLPQETAEIHLHSLSPG
PSK
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