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Abstract

The ascarids are a large group of parasitic nematodes that infect a wide range of animal species.
In humans, they cause neglected diseases of poverty; many animal parasites also cause zoonotic
infections in people. Control measures include hygiene and anthelmintic treatments, but they are
not always appropriate or effective and this creates a continuing need to search for better ways
to reduce the human, welfare and economic costs of these infections. To this end, Le Studium
Institute of Advanced Studies organized a two-day conference to identify major gaps in our
understanding of ascarid parasites with a view to setting research priorities that would allow

for improved control. The participants identified several key areas for future focus, comprising
of advances in genomic analysis and the use of model organisms, especially Caenorhabditis
elegans, a more thorough appreciation of the complexity of host-parasite (and parasite-parasite)
communications, a search for novel anthelmintic drugs and the development of effective vaccines.
The participants agreed to try and maintain informal links in the future that could form the basis
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for collaborative projects, and to co-operate to organize future meetings and workshops to promote
ascarid research.

1. Introduction

The ascarids are a group of large parasitic nematodes of considerable medical and veterinary
importance, causing serious problems for humans and their domestic animals, including
poultry; the significance of some important members of this group is summarized in Table
1. Important genera within this group include Ascaris, Parascaris, Toxocara, Toxascaris,
Ascaridia, Baylisascaris, Heterakis and Anisakis. Ascaris lumbricoides is one of the

most important parasitic nematodes infecting humans and several of the others, such as
Toxocara and Baylisascaris, cause serious zoonotic infections. At the end of 2021, the Loire
Valley Institute for Advanced Studies, ‘Le Studium’, organized a conference entitled ‘New
Approaches to get Around Roundworms’, which had the stated aim of identifying the gaps
in our current knowledge of ascarid parasites that are hampering our efforts to control them.
This chapter is a result of discussions held during that conference, where several general
themes emerged. These include the central importance of ‘omics’ to virtually all aspects of
ascarid research, the continued central role for the understanding of nematode physiology
and pharmacology in efforts to develop new control methods and the optimal utilization

of existing ones — with a particular emphasis on the effects of drugs on the nematode

gut — and the need for a much better appreciation of parasite-host interaction, which are
crucial for pathology and vaccine development. There was also agreement that studies on
the ‘model’ nematode, Caenorhabditis elegans, will continue to inform and complement
studies on the parasites themselves. Of the parasites in this group, Ascaris spp. are the

most studied and arguably the best understood, and that is reflected both in this chapter

and in the literature (Holland, 2013). However, we hope to encourage additional research on
the “‘even-more neglected’ members of the grouping. Recent excellent reviews of 7oxocara
and equine ascarids (Bowman, 2020; Cain and Neilsen, 2022), along with 7richuris spp., a
soil-transmitted helminth that is often considered alongside ascarids in terms of biology and
control (Hubbard et al., 2023) should complement and extend the ideas presented here.

This review follows the same organization as the meeting (https://www.lestudium-ias.com/
events/new-approaches-get-around-roundworms) with six sections covering some major
themes; these are based on the keynote presentations given in each of these sections. There
is also a final section that summarizes some of the other, shorter, presentations that were
given and picks out some of the key ideas that emerged during the lively final session

of the meeting. This conference aimed to be the start of a series of follow-up meetings

and the establishment of an international One Health-based scientific network focussing
on multi-disciplinary research and educational activities concerning ascarids entitled ‘The
Ascarid Research and Training Initiative (ART]I, see also Box 1). It is hoped that this
network will make a useful contribution to the fight against neglected tropical diseases
(Forbes et al., 2023), and to increasing the sustainability of livestock farming.
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2. Anintroduction to Ascaris physiology and pharmacology — highlighting
opportunities for anthelmintic discovery

Adult Ascaris worms are impressive looking parasites (Fig. 1). The adult females of the
species Ascaris lumbricoides and Ascaris suum are typically ~30 cm long with a body
diameter of up to 1 cm, and they make vigorous swimming motions that enable them

to maintain their position in the host intestine. This large size, coupled with a relatively
abundant source of material, typically from pig abattoirs, has meant that our knowledge

of the physiology and pharmacology of these parasites is more advanced than for many
other parasitic nematodes. In this section we provide a brief historical perspective of
physiological and pharmacological studies of these globally important animals and consider
the outstanding gaps in our knowledge that need to be addressed if more effective ways of
control are to be developed.

The body wall muscle and motor nervous system are arguably the best understood systems
in Ascaris and relatively the easiest to investigate. The relationship between the body wall
muscle cells and the neurones in the cord was first studied by Rosenbluth who showed

that the muscles had arms which extend to one of the two nerve cords, dorsal or ventral,
and where the motor neurones make their synaptic connections to control locomotion
(Rosenbluth, 1965). This organization of the neuromuscular system typical for all nematodes
and is distinct from that of nearly all other metazoans and underpins the coordinated
contraction and relaxation of the body wall muscle in the dorsal and ventral planes of the
animal to permit a sinusoidal swimming motion. The physiology and pharmacology of this
process has been investigated using an organ bath system in which strips of the worm are
excised from the intact animal, suspended in an organ bath system in physiological saline
and attached to a force transducer. The muscle strip is contracted by acetylcholine (ACh)
(Del Castillo et al., 1963) and relaxed by gamma-aminobutyric acid (GABA) (Del Castillo
et al., 1964a). As the muscle cell bags are large, 200 um in diameter, intracellular recordings
can be made and voltage and current-clamp performed using two electrodes (Martin, 1980).
The first intracellular recordings were made by Del Castillo et al. (1964b). who showed the
muscles had a low resting membrane potential (RMP) and can generate action potentials
(APs) (Del Castillo et al., 1967). Unusually, the RMP of approximately —30 mV is based on
a high resting chloride conductance. The muscle cell arms are connected by gap junctions
and act as a syncytium, contracting and relaxing in a co-ordinated fashion. The processes
underlying the function of this syncytium are poorly understood and certainly worthy of
investigation given the obvious importance of the system to motility. The muscle APs have
an amplitude of 40-50 mV, with a duration of 500 ms. Intracellular recordings have also
been made from the motor neurone processes innervating the muscle cells, which also have
low, =30 mV RMPs (Walrond et al., 1985). Unlike the muscle cells, and unusually for a
motor nervous system in comparison to other metazoans, there is no evidence for classic
all-or-none APs in the excitatory or inhibitory motor neurones. However, the ventral and
dorsal inhibitory neurones do have slow, low amplitude oscillations in membrane potential
indicative of the presence of voltage-gated ion channels (Cowden et al., 1989). The input of
the excitatory and inhibitory motor neurones to the body wall musculature has been mapped
by stimulating the motoneuron processes and recording from muscle cells (Walrond et al.,
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1985). Together with the evidence that these neurones have a high input resistance (Davis
and Stretton, 1989a), it has been concluded that signalling in the motor nervous system is
passive with low amplitude signals conducted without decrement along the long neuronal
processes, resulting in graded synaptic transmission (Davis and Stretton, 1989b).

The central nervous system is distributed in anterior and posterior ganglia. The anterior

and posterior central neurones have been mapped by Goldschmidt (1908), who identified
298 neurones and a very simple nervous system in terms of its neuroanatomy. The central
neurones have few arborizations and appear to have physiological characteristics similar to
the motor neurones in the nerve cords. For example, retrovesicular ganglion neurones have
spontaneous rhythmic activity, 10 mV in amplitude, but do not generate full APs and have a
low RMP, =30 mV (Holden-Dye and Walker, 1994). The neurones are of a relatively good
size in terms of the technicality of achieving intracellular recordings. However, once impaled
the neurones do not have a large resting membrane potential nor do they exhibit full action
potentials making it difficult to determine when good intracellular access has been obtained.
For this reason, there have been relatively few intracellular recordings from central neurones
which represents a large gap in our knowledge.

The reproductive system has not been studied in depth, but it is possible to dissect the vagina
vera, the spontaneously active distal portion of the ovijector, and mount it in an organ bath

in the same way as a muscle strip and record responses to various compounds (Fellowes et
al., 2000). For example, ACh induced a powerful contraction of the vagina verawhile both
GABA and glutamate inhibited motility but 5-hydroxytryptamine (5-HT or serotonin) had
no consistent effect. Further investigation of this system has the potential to identify new
approaches to control that limit fecundity of the parasite.

The gastrointestinal system consists of the pharynx and the intestine. Although the intestinal
receptors have not been well characterized, they are currently under investigation and are
discussed in Section 3. The pharynx has been better characterized. It was first studied in
detail by Mapes (1966) who described its structure and function. The pharynx is composed
of radial muscle that contracts to open the lumen, creating a negative pressure that sucks

in fluid from the external medium. Once the fluid has been sucked in, the radial muscle
relaxes, and the lumen snaps shut. This forces the contents of the pharyngeal lumen into
the intestine against the hydrostatic pressure of the worm. It is important that the relaxation
is fast as the internal hydrostatic pressure of the worm is high. The worm must overcome
this pressure in order to feed. This rapid relaxation of the radial muscles is achieved by

the unusual hyperpolarizing action potentials in pharyngeal muscle, first described by Del
Castillo et al. (1964b), which enable the worm to overcome high hydrostatic pressure and
force the contents of the pharynx into the intestine. The ionic features of these APs, and
their potential molecular determinants, have been characterized using the pharynx of the
free-living nematode C. elegans as a model system (Franks et al., 2006). This also has a
rapid relaxation of pharyngeal muscle to force the contents into the intestine. These APs
are underpinned by an unusual K* channel, EXP-2, which is vital for survival (Davis et al.,
1999).
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The pharmacology of the Ascaris nervous system has particular significance from the
perspective of anthelmintics as most drugs that are used to treat infections act on

receptors that regulate vital behaviours such as locomotion and feeding. Ascaris uses

the same classical neurotransmitters found in vertebrates, viz, ACh, GABA, glutamate,
5-HT, dopamine, octopamine and tryptamine (Walker et al., 2000). ACh and GABA act as
neuromuscular transmitters while 5-HT has a wide range of physiological roles, viz, feeding
where it stimulates the pharynx, involved in regulating metabolism (Donahue et al., 1981),
locomotion (Trim et al., 2001) and egg laying (Fellowes et al., 2000). In Ascaris G-Protein
Coupled Receptors (GPCR) have arguably been less well explored than ligand-gated ion
channels, likely because the latter have long been recognized as anthelmintic targets (Martin,
1993). There is a wealth of information on nicotinic ACh receptors (Holden-Dye et al.,
2013). One specific Ascaris nicotinic ACh receptor that has attracted recent interest is
EAT-2. First characterized in C. elegans (McKay et al., 2004), it is found in pharyngeal
muscle and is an important regulator of feeding (Choudhary et al., 2020). This receptor is
distinctive and different from all other excitatory nicotinic ACh receptor agonist binding
subunits in that it lacks a signature sequence of vicinal cysteines in the agonist binding
region and requires an auxiliary protein, EAT-18, to function. Such unique features are
compelling when considering the potential of EAT-2 as a new anthelmintic target. There

is also a very large group of neuropeptide transmitters, many of which are FMRFamide-
like. The first neuropeptide identified in Ascaris was AF1 for Ascaris EMRF-amide-like
neuropeptide 1 (Cowden et al., 1989). These peptides are surprisingly numerous and can
have profound effects on the physiology of the worm (Mousley et al., 2010). The role of

the neuropeptides in regulating neuromuscular physiology in Ascaris has arguably been the
most thoroughly explored. There is evidence that AF1, AF2, PF1, PF2 and PF4 play roles in
modulating the function of both ACh and GABA, providing insights into new anthelmintic
strategies yet to be realized (Maule et al., 1996). Neuropeptides can act both locally at

the synapse and over a long distance as neurohormones (Jékely et al., 2018). The time
courses of their direct effect may also differ from classical, small molecule transmitters. For
example, PF4 hyperpolarizes body wall muscle and inhibits muscle APs but is more potent
and longer lasting than GABA when applied at the same concentration (Holden-Dye et al.,
1997), and this may act via a ligand-gated ion channel (Purcell et al., 2002). The striking
diversity of the specific neuropeptide sequences and their lack of evolutionary conservation,
combined with their key physiological roles, has led to interest in their receptors to define
novel pharmacophores for anthelmintic drugs (Greenwood et al., 2005). This goal has yet
to be achieved but holds exciting potential for new resistance breaking therapies with a
good toxicology profile. Similarly, neurotransmitter receptors that are constrained to the
invertebrate phyla, or even nematode phylum, present an attractive route to new anthelmintic
targets. An excellent exemplar of this is ivermectin, which targets a neurotransmitter
receptor for glutamate, the glutamate-gated chloride channel, GIuCl, which is not found

in vertebrates (Cully et al., 1994). A systematic phylogenetic analysis of ligand-gated ion
channels belonging to the CY'S-loop family has identified further receptors that are not
found in mammalian i.e. host nervous systems (Jones and Sattelle, 2008). One of these is a
chloride channel that is gated by 5-HT (serotonin), first identified in C. elegans as MOD-1
(Ranganathan et al., 2000). MOD-1 is of particular interest at is appears to be restricted to
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the Nematoda. There are other channels of interest in this regard, dopamine-gated chloride
channels, for example (Rao et al., 2009), which have yet to be fully explored.

Overall, there is still an abundance of physiology and pharmacology that is under-explained
in Ascaris. For example, there is relatively little known about the sensory systems —
olfactory, gustatory and mechanosensory — that are key regulators of the animal’s behaviour.
Arguably, for the adult, which inhabits a relatively constant environment in the intestine of
the host, such sensory cues are less important. But at key stages of development, for example
during larval migration, these would be critical to survival. This could be further explored

in terms of proprioception and chemoreception, leveraging what is known about these
systems in C. elegans as a starting point. The hydrostatic skeleton is important in locomotory
behaviour and there is a lack of information on how it is generated and maintained although
there has been some interesting speculation that graded transmission at the body wall
neuromuscular junction may be important (Davis and Stretton, 1989b). As indicated above,
most pharmacological investigations in Ascaris have focused on ligand-gated ion channels
and GPCRs have been less extensively studied. This may be because their physiological
roles are more modulatory rather than direct and therefore anthelmintics targeting GPCRs
might be predicted to have a less overt effect on Ascaris viability. Nonetheless, these are
major drug targets in human medicine and consequently there is a wealth of chemistry that
could be deployed from the perspective of drug repurposing. Here again, using the model
system C. elegans to provide insight would facilitate this goal by providing the means to
identify receptors that have a vital role in survival. Nearly all of the studies cited have used
adult worms, in particular those of A. suum, as these are readily available and their large size
facilitates the physiology experiments. As result we know rather less about the physiology
of the larval stages, which have been used in in vitro studies on anthelmintics (e.g. Rew

et al., 1986) and how this relates to possible differences in drug sensitivity between adults
and larvae. Such differences might also reflect drug access to these stages, especially during
migration. The physiology of ascarid eggs, which are extremely resistant to environmental
degradation, is also imperfectly understood.

3. Ascaris physiology, drug action, and the gut-drug axis

Ideally, control and prevention of ascarid parasite infections uses effective sanitation and
hygiene to break the life cycle of these parasites, but this is not practical in some resource-
poor settings for humans nor for many domestic animals. In the absence of effective
sanitation or vaccines (see Section 7), anthelmintic drugs are the only practical option for
prevention and treatment.

There are three main classes of anthelmintic drugs: the benzimidazoles, the cholinergic
drugs, and the macrocyclic lactones (Table 2). There is also a group of miscellaneous
anthelmintics, including compounds such as emodepside. The regular use of this limited
number of anthelmintic drugs has given rise to the development of resistance in nematode
parasites of domestic animals, including some ascarids (Lyons et al., 2008; Collins et al.,
2019, 2022; Nielsen, 2022). There is also evidence of reduced anthelmintic efficacy in
parasites of humans (Kriicken et al., 2017).
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Thus, there is an unmet need to develop novel resistance-busting therapeutic approaches,
including seeking out new anthelmintics with different modes of action than the existing
anthelmintics. However, since 2000 only three new anthelmintic compounds have been
introduced to the animal, but not the human, market: emodepside, a cyclic octadepsipeptide;
monepantel, an aminoacetonitrile; and derquantel, a spiroindole. Despite the clear need

for anthelmintics with a novel mode of action, development is slow, in part, because of

the cost of development for new drugs: US$ 2.5 billion for a human drug (DiMasi et al.,
2016) and US$100 million for a veterinary one (Yarborough, 2016). We describe three
research directions that we believe will support the development new anthelmintics and
novel therapeutic approaches.

3.1 Use in silico methods to predict good drug targets and drug chemotypes to support
the identification of new anthelmintics: target identification, repurposing drugs, docking
studies with lead chemical structures

Nematode parasite ‘-omics’ have advanced dramatically over the last 10 years facilitating
the development of bioinformatic target identification and in silico screening. These methods
support the identification of novel targets unique to nematode parasites and can support drug
target screening based on mechanisms of action of the putative drug (Consortium, 2019;
Atkinson et al., 2021). The identification of ‘chokepoint’ enzymes in metabolic pathways,
which are vital to survival of nematode parasites because there are no other metabolic routes,
has been used for identification of novel therapeutic agents for cancer and other infectious
diseases. The same approach can and has been used to identify molecules with in vivo
broad-spectrum anthelmintic activity (Tyagi et al., 2019). The approach involves a multi-step
process to assign ‘Enzyme Commission’ priority numbers to proteomes (drug targets) of
interest (Consortium, 2019) using the programs KAAS, PRIAM, DETECTv2 and BREDA.
Subsequently, the program ChEMBL can be used to identify potential drugs for the targets.
It is important to select from these possible drug candidates, ‘druggable’ compounds that are
likely to have suitable pharmacokinetic properties for a useful drug and that are non-toxic.
There is also a need to check that the nematode parasite target selected does not have
significant sequence similarity to a human or mouse protein with a structure in the protein
data base (PDB) to reduce the potential toxicity (checked with the program PAINS) of the
selected drug.

This approach, for example, suggests that ASU_10965 (Endonuclease 4: DNA polymerase
delta catalytic subunit) is the putative drug target of bithionol (Trade name: Lorothidol) and
that trimethoprim and dexibuprofen will interact with this drug target in Ascaris suum and
could be of therapeutic benefit. This approach can provide some good starting pointers for
drug development. Nonetheless, any of the compounds selected in this way will still need to
be tested with phenotypic screens on the potential parasite and in animal models (Tyagi et
al., 2019).

Compounds like trimethoprim that have an established anti-microbial use and have
completed phase IV drug trials, if they are found to have good anthelmintic action, can be
repurposed or repositioned as anthelmintics at a fraction of the development costs. However,
commercialization of repurposed drugs has less chance of attracting industrial investment
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because they are only patentable with ‘method of treatment’ claims but not as ‘composition
of matter claims’: repurposed patents are also more difficult to enforce and therefore less
valuable.

3.2 Increase our knowledge of the details of the modes of action of existing anthelmintics
and the mechanisms of resistance: use state of the art methods to study the physiology
and pharmacology of different Ascaris tissues including intestine, uterus and reproductive
system, ovary, and pharynx

The mode actions of the three main classes of anthelmintics, the benzimidazoles, the
cholinergic anthelmintics and macrocyclic lactones, are understood at a modest level but
details of their physiological and pharmacological effects on individual ascarid parasite
species and the tissues of their reproductive tract, ovaries, muscle, intestine, excretory/
secretory system and pharynx are not sufficiently resolved. Mechanism of resistance to the
cholinergic anthelmintics and macrocyclic lactones are also not well resolved.

The benzimidazole anthelmintics inhibit tubulin polymerization by binding to p-tubulin
(isotype I). In many nematodes, mutations in f-tubulin such as F200Y, F167Y, G198Y,
E198A, E198I, E198K, E198T, E198stop and Q134H (Chaudhry et al., 2015; Dilks et
al., 2021) are associated with resistance to this class of anthelmintic. Some of these
polymorphisms are present in ascarids (Martin et al., 2021), but they have not been
confirmed to be relevant to drug resistance. The effects of mebendazole are seen on the
intestine of Ascaris suum after six hours of oral administration to the host pigs (Borgers
and De Nollin, 1975). The enterocytes of the intestine are damaged and show a loss of
secretory granules in the terminal web and formation of autophagic vacuoles and loss of
cytoplasmic microtubules. Benzimidazoles, in addition to damaging the intestine leading
to starvation of the parasite, also affect egg production of the parasites. They reduce egg
production and development and inhibit cell division and production of parasite eggs.
Separated ascarid tissues including the reproductive tract, the cells of the ovary and testis,
body muscle cells, the intestine and pharynx have not received detailed physiological and
pharmacological examination to determine the time course of the onset of and the sensitivity
to the benzimidazoles; we do not know which are the most sensitive of these tissues.

The cholinergic anthelmintics act on the nematode parasite neuromuscular system with
the agonists, levamisole, pyrantel, morantel, and oxantel (Martin et al., 1996; Martin,
1997) opening nicotinic acetylcholine receptor (nAChR) channels to depolarize nerves
and muscles, resulting in a spastic contraction. In contrast, derquantel acts as a selective
nematode NAChR antagonist (Robertson et al., 2002) and monepantel is a non-competitive
antagonist (Abongwa et al., 2018). The nAChR channels are made up of five subunits
which are encoded by up to 27 different genes in nematodes, though the exact repertoire
varies greatly between species. The nAChR genes are expressed differently in different
nematode species and tissues, giving rise to multiple receptor subtypes. For example, on A.
suum body-wall muscle there are -, L-, and B-subtypes which are preferentially selective
for the agonists nicotine, levamisole and bephenium, respectively (Qian et al., 2006). An
additional complication is that the sensitivity to an anthelmintic and expression of the
receptor subunit RNA is not necessarily constant and can decrease after exposure to the
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drug. The sensitivity to cholinergic anthelmintics can be plastic (Kashyap et al., 2021),
varying with prior exposure to anthelmintics. We do not yet understand the mechanisms
involved in the changes in sensitivity (plasticity). This is an important process to investigate
because such mechanisms can contribute to the development of resistance. We currently
also do not know how the different tissues of the different ascarid species vary in their
sensitivities to the different cholinergic anthelmintics and if the reproductive tract is more
sensitive than the muscle or the intestine to the effects of levamisole. The species differences
are also important: oxantel is not very potent on A. suum muscle (Dale and Martin, 1995),
but it is potent on Trichuris suis ACR-16 receptors (Hansen et al., 2021). Clearly, we need
more information about the different sensitivities of the ascarid parasites to the cholinergic
anthelmintics. Resistance to pyrantel has been reported in Parascaris spp. (Martin et al.,
2018), but we do not have a clear understanding of the mechanism of resistance in

any of the different ascarid species. It may involve loss or mutation of one or more of

the nAChR genes, including elevated expression of splice variants as described in other
parasitic nematodes (Courtot et al., 2023), or it may involve increased desensitization and
stress response genes (Feder and Hofmann, 1999). Changes in the subunit composition of
recombinant A. suumnAChR have been reported to change their sensitivity to cholinergic
anthelmintics in vitro (Williamson et al., 2009).

The macrocyclic lactones are positive allosteric modulators of inhibitory GluCl ion-channels
that are found in invertebrates. In C. eflegans there are six genes that code for the GIuCl
channel subunits: avr-14, avr-15, gle-1, gle-2, glc-3, and glc-4 (Cully et al., 1994; Cully

et al., 1996; Dent et al., 1997; Vassilatis et al., 1997; Dent et al., 2000; Horoszok et al.,
2001; Li et al., 2014; Ballesteros et al., 2016) but the gene family is divergent in parasitic
nematodes and varies between parasitic nematodes. AVR-14, GLC-2, GLC3 and GLC-4 are
the most conserved GIuCl subunits throughout the Nematoda phylum (O’Halloran, 2022)
and are present in A. suumand Parascaris spp. Except for GLC-4, all of C. elegans subunits
can form functional homomeric channels when expressed in Xenopus laevis oocytes.

When the C. elegans subunits were studied under two-micropipette voltage-clamp, all the
homomeric channels were ivermectin-sensitive, except for those formed by Cel-GLC-2.
However, we have a limited number of studies of expressed nematode parasite GluCls.
Interestingly, expression of AVR-14, GLC-2, GLC3 and GLC-4 from £ univalens has been
studied and may provide a useful guide for ascarids (Lamassiaude et al., 2021, 2022).
Pun-GLC-2 and Pun-GLC-3 can assemble into heteromeric receptors that generate strong
currents but Pun-GLC-2/Pun-GLC-4 and Pun-GLC-3/GLC-4 produce small or no currents,
suggesting that they do not readily assemble to produce viable receptors, at least in the
Xenopus oocyte. The Pun-AVR-14B/Pun-GLC-2 heterodimer is sensitive to ivermectin,
moxidectin, abamectin, doramectin, emamectin, eprinomectin and selamectin. Interestingly,
the Pun-GLC-2/Pun-GLC-3 heterodimer is more sensitive to the agonist, glutamate, than the
Pun-GLC-3 homomer; the heterodimer is not directly activated by ivermectin or the other
macrocyclic lactones alone although ivermectin did potentiate the effects of glutamate on
this heterodimer.

We now have some very interesting observations about heteromeric dimers of the GIuCl
subunits when expressed in Xenopus oocytes. We know that there are species variations
but how do the macrocyclic lactones exert their broad-spectrum therapeutic effect? Which
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tissues in the different nematode parasite are affected by the macrocyclic lactones and what
is the relative contribution of the different GIuCI heteromeric combinations of subunits? To
address these questions studies employing RNAscope in situ hybridization assays (McHugh
et al., 2020) and spatial transcriptomics (Stahl et al., 2016; Asp et al., 2020) will provide
cellular and subcellular distributions of the expression of the different genes in the different
tissues of the nematode parasites, which should shed light on these unresolved issues.

Macrocyclic lactone resistance has been reported in Parascaris spp. (Boersema et al., 2002;
Lyons et al., 2008) infecting foals. Responses to different classes of anthelmintics, including
macrocyclic lactones, of live worms collected at the abattoir were reported to show changes
in phase | metabolic pathway short-chain dehydrogenase/reductase superfamily, flavin
containing monooxygenase superfamily and cytochrome P450-family, and the membrane
transporters major facilitator superfamily and solute carrier superfamily (Dube et al.,

2022). These studies indicate that metabolism and excretion of macrocyclic lactones needs
further study in ascarids and their association with macrocyclic lactone resistance. Recent
observations (Doyle et al., 2022; Laing et al., 2022) suggest that the transcription factor,
cky-1, and protein kinases may be involved in regulation of excitation and sensitivity to
ivermectin is associated with resistance in Haemonchus contortus. It will therefore be of
great interest to determine if this gene also plays a part in macrocyclic lactone resistance in
ascarids.

3.3 Develop rational synergistic anthelmintic combinations that delay resistance using
improved knowledge of the mode of drug actions and recognizing the intestine as a focus
of drug metabolism, excretion, and site of action: the Gut-Drug Axis

We have commented above on the slow development of new anthelmintics, despite the
unmet need for these new drugs. We also know that continued monotherapy with an
anthelmintic drug can give rise to the development of resistance quite quickly — it’s a
Darwinian process — with the nematode parasite subjected to a severe selection pressure
so that only resistant individuals survive. Here we comment on the MISER (multiple
independent sites-of-action evading resistance) principle to slow the development of
resistance:

If an anthelmintic has a single target protein with a single gene with a recessive anthelmintic
resistance allele and only a fraction, 71r, of a particular parasite population carries that
allele, then the probability of seeing resistance in the diplotype population would be 7172

in the absence of any selective pressure. The use of a second anthelmintic that acts on a
different target protein with a single gene with a recessive anthelmintic resistance allele with
a fraction, 72r, of the population carrying a single copy of that gene, then if the anthelmintics
act independently then the probability of seeing resistance would be: 7172 x 272, a lower
probability. This is the MISER concept: combinations of anthelmintics that do not have
antagonistic effects on each other are anticipated to see a lower probability of resistance.
The description above is oversimplified with only one target protein being involved in the
resistance to each anthelmintic. Ascarid parasites have a 42—700 mega-base genome and

are capable of different types and levels of resistance in addition to drug target mutations
producing resistance. Contributing factors that require further investigation in ascarids
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include: increased drug metabolism; reduced entry and/or excretion of the anthelmintic drug;
increase in the stress responses and homeostatic plasticity (Kashyap et al., 2021).

The ascarid intestine (Fig. 2) is a major feature of a transverse section of the nematode

body. The ascarid intestine carries out vital functions that include: (1) digestion and nutrient
absorption (Behm, 2002; Munn and Munn, 2002); (2) pH regulation via apical membranes
V-type ATPases (Rosa et al., 2015); (3) storage of lipids (Mullaney et al., 2010); (4) innate
immunity (Yin et al., 2008; Pukkila-Worley and Ausubel, 2012); (5) secretion of bactericidal
peptides (Jasmer et al., 2015); (6) drug metabolism with cytochrome P450 enzymes and
UDP transferases (Laing et al., 2015) and; (7) excretion by organic-anion-transporter
(OAT-1), P-glycoprotein- and MDR-transporters into the lumen of the intestine (Yin et al.,
2008; Rosa et al., 2015; Chelladurai and Brewer, 2019). Damage to the cells of the intestine
will adversely affect these vital functions.

The intestine is an important site of action of anthelmintic drugs in ascarids. The ascarid
intestines are sensitive to the actions of the benzimidazole anthelmintics (Borgers and De
Nollin, 1975). Intestinal tubulin is a target for the chemotherapeutic action of mebendazole
in parasitic nematodes (Kéhler and Bachmann, 1981), as well as levamisole (McHugh et
al., 2020), and Cry5B, a pore-forming protein produced by the soil bacterium Bacillus
thuringiensis (Hu et al., 2010; Urban et al., 2013). The development of macrocyclic lactone
resistance, in part, appears to involve increased exclusion from the parasite mediated by P-
glycoproteins (Jannsen et al., 2013), some of which are found in the intestine. For example,
Peq-pgp-11 and Peg-pgp-16 mRNA can be visualized in Parascaris intestine (Chelladurai
and Brewer, 2019).

We suggest that the study of the functional effects of anthelmintic actions and interactions
on the intestine is important for understanding anthelmintic interactions, and these
interactions have been relatively neglected in favour of drug actions on the nervous system.
Using calcium fluorescence to study the effects of cholinergic anthelmintics (Fig. 2), it can
be seen that levamisole produces a rapid rise in intracellular calcium levels in intestinal cells
due to stimulation of the nAChRs present on these cells (McHugh et al., 2020). Given the
vital function that the intestine of the nematode performs, more research on the action of
anthelmintics and combinations of anthelmintics, such as benzimidazoles plus cholinergic
anthelmintics or Cry5B, may help us to design more effective anthelmintic combinations if
we can identify synergistic interactions.

4. Host-environmental interactions of Ascaris

Ascarid parasites cause complex diseases due to the intricate lifecycles of the nematodes,
which can include extensive body migrations of the larvae, which may be incomplete in
accidental hosts. For example, after being hatched from the eggs, Ascaris larvae migrate
from the intestine to the liver, further to the lung and via the pharynx back to the

intestine, where they develop to adult worms and reside in the small intestine. During

the comprehensive body migration, Ascaris larvae encounter different host tissues and thus
different host environments. Effectively, during the different phases of the infection, the
parasites engage in multilateral interactions within their host: L3 and adult worms interplay
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with the host bacterial environment in the gut, host gut nutrients directly and indirectly
impact the Ascaris infection, and Ascaris interacts with host cells, both immune cells

and non-immune cells, at the host barrier. However, there are also inter- and intra-species
interactions between ascarids and other parasites. Some ascarids have paratenic hosts during
their life cycle and must therefore have specific interactions with these hosts in addition to
those with their definitive hosts. Some of these paratenic hosts are invertebrates and other
poorly studied species, and details of these interactions are scarce; invertebrates may also
disperse eggs without acting as genuine paratenic hosts (the exact definition of “paratenic
host” caused some debate amongst the contributors to this chapter). Parasites have also been
found in unusual locations within the definitive host (Freeman et al., 2022); the frequency
of such events is completely unknown. This section will therefore concentrate on the
interactions of Ascaris spp. with their mammalian hosts in the context of the conventional
life-cycle as a starting point for the extension of such studies into other ascarid species.

In recent years a lot of evidence has appeared that indicates a dominant role for the
excretory/secretory products (ESP) of the worms, and within the ESP, the extracellular
vesicles and metabolites, to act upon the host environment. Thus, ESP are hypothesized

to influence host tissues, immune and non-immune cells as well as the gut microbial
environment. In this section, we emphasize the different multilateral interactions of Ascaris
with its host environment and extract from it the outstanding questions for future research

(Fig. 3).

4.1 Mediators of Ascaris interaction with its host: excretory/secretory products, and
extracellular vesicles

Ascaris releases many molecules into its environment, which are predicted to be essential for
host-parasite interaction but also for interaction with other parasites and the microbiome.
The helminth/helminth and helminth/microbiome interactions are dealt with in detail
elsewhere in this Chapter; therefore, the focus here is the interaction between Ascaris
released molecules and its host. ESP are molecules released from the cuticle, the intestine
and excretory/secretory organs. Proteomic analysis has identified mainly stage-specific
proteins in the ESP from infective L3 (17 proteins), lung L3 (31 proteins) and intestinal

L4 (43 proteins) larvae, but 14-3-3-like protein and serpin-like protein were released from
all stages (Wang et al., 2013). 14-3-3-like proteins regulate multiple pathways by binding
to signalling molecules, and serpins are a large class of protease inhibitors that can inhibit
target enzymes and are involved in a number of functions including complement activation
and inflammation. From the adult stage, Hansen et al. (2019) identified 129 proteins in the
ESP, including several kinases, oxidases, peptidases and proteinases where the latter may
function in food degradation and host immune modulation. Immune modulatory effects of
ESP have been demonstrated for multiple helminths (Johnston et al., 2017; Laan et al.,
2017; Leroux et al., 2018), but the majority of studies with Ascaris have focused on Ascaris
body fluid (ABF), the biological relevance of which in an infection biology context is
controversial, despite ABF showing potent immune regulatory effects on multiple cell types
(Dall et al., 2022; Midttun et al., 2018). However, some studies have identified immune
modulatory effects of individual proteins that whilst commonly present in ABF (Coronado
etal., 2017, 2019; Oshiro et al., 2006) are also present in larval ESP, including PAS-1,
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shown to inhibit LPS mediated pro-inflammatory cytokine production and T cell responses
to bystander antigens via induction of IL-10 (Antunes et al., 2015; Oshiro et al., 2006).

The ESP has recently been shown to contain extracellular vesicles (EVs) (Borup et al.,
2022; Hansen et al., 2019; Minkler et al., 2022). EVs are membrane-enclosed nanoparticles
released from cells from organisms of all three domains of life that can traffic bioactive
lipids, proteins and nucleic acids between cells, both on short, and long distances, as a lipid
bilayer protects the cargo. Whilst showing similarities to mammalian EVs, some unique
properties of helminth EVs have been identified, and therefore it has been speculated that
EVs may be important for host-helminth interaction (Boysen et al., 2020; Buck et al., 2014;
Coakley et al., 2017; Simbari et al., 2016; Whitehead et al., 2020; Zakeri et al., 2018).
Indeed, Hansen et al. (2019), characterized the protein and microRNA content of A. suum
EVs released from the L3, L4 and adult stages and found a rich arsenal of molecules that
may be important for establishment and survival of A. suum in the pig host. In silico micro
(mi) RNA target prediction identified potential host immune targets, but functional studies
are lacking to confirm these predictions (Hansen et al., 2019). More recently, Minkler et al.
(2022) have identified the presence of circular RNAs in the EVs of A. suum that may act
as ‘miRNA sponges’, like circular RNAs in the human host, thereby negating the effects

of host miRNA whilst delivering its own immune modulatory miRNAs. Borup et al. (2022)
found that the EVs could downregulate LPS-induced pro-inflammatory responses in human
PMBCs while the EV-depleted ESP had no such effect suggesting a crucial role of EVs in
host-parasite interaction for A. suum in contrast to that shown for ESP of other nematodes.
It remains to be determined whether the infection niche of Ascaris in the intestinal lumen,
compared to other helminths that are located in close contact with the host epithelia, may
be a determinant of the increased immune modulatory effects of Ascaris EVs compared to
EV-free ESP (Borup et al., 2022).

4.2 Ascaris — host-microbiome interaction

Following a body migration phase, Ascaris settle in the jejunum of their hosts where
they develop into sexually mature adults, which may survive for more than a year (Olsen
et al., 1958). Interactions between Ascaris and microbes could therefore be beneficial or
detrimental to the parasite and/or the host. Though most of its life is spent in a microbial
environment within the intestine, many questions remain regarding interactions between
microbes and Ascaris in particular.

Recently, several studies have documented alterations in the host microbiota during Ascaris
infection in pigs (Wang et al., 2019; Williams et al., 2017) and humans (Kupritz et al.,
2021). In the pig, Williams et al. (2017) reported increased diversity in the host colonic
microbiota at 14 days post-infection, shortly after Ascaris returns to the intestine after its
hepato-tracheal migration (Williams et al., 2017). In contrast, during the adult-stage of the
infection, Wang et al. (2019) reported reduced microbial diversity in the colon at 54 days
post-infection, while Midha et al. observed reduced diversity at the site of infection in the
jejunum at 56 days post-infection (Midha et al., 2022). Enrichment of specific taxa in the
Ascaris-infected gut was also observed across different studies. Lactobacillus, Megasphaera,
Prevotellaand Succinivibrio all appear to be enriched in the porcine colon (Wang et al.,
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2019; Williams et al., 2017). Interestingly, Prevotellaand Succinivibrio spp. Were also found
to be strongly associated with Ascaris infection in humans (Kupritz et al., 2021). Several
studies have reported expansion of lactobacilli in different murine helminth infection models
(reviewed in Midha et al., 2020); Reynolds et al. (2014) demonstrated that a Lactobacillus
species promotes itself and infection with Heligmosomoides polygyrus. Whether the species
enriched in the host gut during Ascaris infection have a similar commensal relationship is
yet to be determined. Additionally, the metabolomic consequences of Ascaris infection have
thus far not been reported.

In addition to living within the host gut microbiota, Ascaris itself has an intestine which

is colonized by microbes (Hsu et al., 1986; Nalin and McLaughlin, 1976; Shahkolahi and
Donahue, 1993). Bacteria can be cultured from the intestine of adult Ascaris (Hsu et al.,
1986), even after the worms have been exposed to antibiotics for several days (Shahkolahi
and Donahue, 1993). Ascaris lumbricoides expelled by human cholera patients were found
to be colonized by Vibrio cholerae (Nalin and McLaughlin, 1976). Thus, whether Ascaris
may serve as a reservoir for pathogens or drug-resistant microbes within the host needs to
be explored. More recently, Midha et al. (2022) characterized the microbiome of adult A.
suumand found that Ascaris selectively acquires its microbiome from the pool of available
microbes in the small intestine of its host. Taken together, these findings demonstrate that
the intestine of Ascaris is itself a unique niche for microbes within the host intestine. How
the parasite-associated microbiota interacts with the host and other microbiota remains to be
determined. Additionally, how manipulation of the host microbiome impacts worm fitness is
currently unknown. Finally, how the Ascaris microbiome changes across different life stages
is also unknown, as all studies to date have focused on adult worms.

Although our understanding of the direct impact of microbes on Ascaris biology is limited,
numerous studies on other nematode species indicate that a multitude of interactions are
likely to take place. Studies in Trichuris murisand 7. suis have demonstrated a clear role

in bacterial-mediated egg hatching (Hayes et al., 2010; Vejzagi¢ et al., 2015). Studies in the
free-living nematode C. elegans have shown that microbes may further benefit nematodes
by providing nutrients (Yilmaz and Walhout, 2014), helping to protect against infection by
other microbes (Rafaluk-Mohr et al., 2018), and promoting fecundity (Pike et al., 2019).

In addition to beneficial effects, microbes may also be harmful to worms. C. elegans s
subject to numerous infections, including human and porcine intestinal pathogens such

as Salmonella enterica (Cohen and Troemel, 2015). A bacterial protein from Bacillus
thuringiensis, Cry5B, has demonstrated anthelmintic activity against A. suum (Urban et
al., 2013). Thus, there are ample opportunities for studying which microbes are beneficial or
harmful for Ascaris.

Ascaris and other nematodes have evolved antimicrobial strategies to deal with infectious
challenges in their environments. The ESP of the intestinal life-stages of A. suum (L4

and adults) contain numerous proteins and peptides with known or predicted antimicrobial
activity, including antimicrobial peptides from the A. suum antibacterial factor (ASABF)
and cecropin families, lysozymes, and various lectin domain-containing proteins (Midha et
al., 2018). Collectively, the ESP inhibit bacterial growth, disrupt bacterial biofilm formation,
and neutralize bacteria via agglutination (Midha et al., 2018). Similar effects have been
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demonstrated for the ESP of H. polygyrus (Rausch et al., 2018). Interestingly, ASABFs and
cecropins are induced upon bacterial challenge of adult A. suum (Pillai et al., 2003, 2005).
The contribution of these antimicrobial factors to modulating the microbiota of Ascarisand
the Ascaris-infected host remains to be elucidated.

Our understanding of the interactions between Ascaris, its own microbiota, and the host
microbiota are only beginning to be deciphered. Importantly, our current understanding

is primarily limited to bacteria, and future studies should also include interactions with
viruses, fungi and other eukaryotic microbes. Elucidating these complex relationships has
the potential to unveil novel therapeutic strategies while deepening our appreciation for
the impact of Ascaris-microbe interactions on host physiology and ongoing coevolution
occurring within the gut.

4.3 Ascaris — host-immune and -non-immune cell interactions

The lack of an ascarid helminth with tractable model organism hosts, such as mice,
combined with the inability of A. lumbricoidesto complete the infection cycle in these
widely used model organisms has hampered the determination of Ascaris effects on host
cellular responses. Much of our knowledge to date has been gleaned from human field/
clinical studies and pigs infected with the closely related A. suum, that is notably capable
of establishing patent infection in humans (Nejsum et al., 2012). Therefore, when combined
with the similarities in pig and human physiology, particularly intestinal physiology, A.
suum infection of pigs provides an excellent animal model for studying A. lumbricoides
infection biology whilst being an economically significant helminth in its own right
(Thamsborg et al., 2013).

From studies in pigs, there is a clear effect on host cell populations in the main sites

of infection, liver, lung and intestinal tissue where a pronounced eosinophilia is observed
upon migration of larvae and contact with worms in the intestine (Dawson et al., 2005,
2009; Williams et al., 2017). The observed influx of granulocytes in the lungs is consistent
with the common presentation of eosinophilic pneumonia (Loeffler’s syndrome) in A.
lumbricoides infected humans (Else et al., 2020). Increased levels of intraepithelial T cells
are also detected in pig intestine post-infection (PI) with both eosinophilia and T cell (CD3
+) levels coinciding with parasite control and expulsion (Masure et al., 2013a,b; Williams et
al., 2017). Bulk jejunal transcription profiles were suggestive of a cytotoxic T cell phenotype
in Masure et al. (2013), but direct characterization was not performed, therefore the subtype
of T cells expanded during A. suum infection is unknown. Whilst the self-cure mechanism
commonly referred to as “weep and sweep” is present during A. suum infection in pigs and
results in expulsion of most worms 17-21 days PI (Roepstorff et al., 1997), the molecular
mechanisms of this are less well defined for Ascaristhan nematodes of mice (Gerbe et al.,
2016; Howitt et al., 2016). Of note, increases in intestinal macrophages, A. suum specific
antibodies and hepato-tracheal migration are not required for A. suum self-cure but oral
infection with L3 or L4 larvae did show a role for L3 interactions with host intestinal
immune responses in parasite clearance (Masure et al., 2013b).

Investigations into the effects of A. suum L3 on the porcine non-transformed epithelial cell
line IPECJ2 showed minimal effects on transcription of genes commonly associated with the
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response to helminth infections, suggesting that, as for other helminths, initial recognition
and initiation of Th2 immune responses are mediated by specialized cell types such as tuft
cells (Ebner et al., 2018). In support of this, transcriptomic analysis of pig jejunum after
infection with A. suum showed Gasdermin C as the most upregulated gene compared to
non-infected controls (Midttun et al., 2018) consistent with recent work describing a role

for this pore forming protein in the non-conventional release of 1L-33, a key first line Th2
cytokine, in a Pou2f2 (tuft cell) dependent mechanism (Zhao et al., 2022). However, the role
of tuft cell derived IL-25 interactions with type 2 innate lymphoid cells (ILC2s) (Von Moltke
et al., 2016) remains to be fully elucidated for Ascaris.

Indeed, L3 but not L4 were capable of inducing eosinophil degranulation in the presence

of infected pig serum (Masure et al., 2013b) and in vitro co-incubation of A. suum larvae
with eosinophils and serum from infected pigs resulted in reduced mobility and viability of
larvae (Coakley et al., 2020; Masure et al., 2013a). Ascaris antigens specifically induced
histamine release from mast cells isolated from the intestines of A. suum infected pigs but
not controls (Ashraf et al., 1988). Animals pre-exposed to Ascaris, and therefore possessing
some immunity, showed increased numbers of eosinophils, goblet cells and mast cells in
caecum of infected pigs suggesting a role for these cell types in pre-hepatic immunity to
Ascaris upon challenge (Urban et al., 1988).

Consistent with the increased numbers of Th2 effector cells in pigs, controlled infection

of human participants with A. suum showed Th2 skewed responses in infected person’s
PBMCs with an increase in IL-4 levels at days 66 and 88 post-infection compared to
baseline (Da Silva et al., 2021). Similar results were shown in the serum of A. Jumbricoides
infected children that had increased 1L-4 and IL-5 levels compared to uninfected controls
(Shalaby and Shalaby, 2016). An increased frequency of IL-4 and IL-5 secreting cells were
observed in PBMCs from A. lumbricoides infected humans when stimulated with Ascaris
antigens (Cooper et al., 2001). Although in this study polyclonal stimulation using mitogens
did not show significant differences between infected humans and controls (Cooper et

al., 2001), other studies showed significant reductions in Th1 cytokines in response to
polyclonal stimulation of PBMCs from A. /lumbricoides infected individuals compared to
both endemic and non-endemic controls (Geiger et al., 2002). This is potentially the result
of differences in infection biology of A. suumand A. lumbricoides (Deslyper et al., 2020),
worm burden or time of analysis. Changes in peripheral cellularity were not present in
human infections with A. suum and therefore it is likely that eosinophilia is restricted to
local sites of infection (Silva et al., 2021), as in pigs.

In conclusion, whilst there are several gaps in our knowledge of the interactions between
Ascaris and host-cells, it is clear that a Th2 driven response is present and involved in initial
self-cure and also subsequent partial immunity to re-infection as postulated earlier (Jackson
et al., 2004). However, the development of immunological reagents for porcine models will
be crucial to elucidating molecular pathways of host recognition and clearance of Ascaris
spp. infections in the coming years.
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4.4 Parasite-parasite communication and parasite population regulation

Ascarfs nematodes need to communicate with each other, for example, during mating. Can
they also communicate in different ways to regulate their population or recognize their own
kin, and does Ascaris communicate with other parasites species?

The primary expulsion of A. suum happens within the first month after infection, depending
on the infection regime (Nejsum et al., 2009; Roepstorff and Murrell, 1997), and hereafter
about 20% of the host population carries 80% of the worm load. Nejsum et al. (2009)

have shown that 45% of this phenotypic variation in worm load can be attributed to host
genetics (Nejsum et al., 2009). However, under continuous exposure, is A. suum also able
to regulate its population to avoid crowding? Although infected individuals seem resistant
to further infection with Ascaris, a phenomenon called concomitant immunity, reinfection
occurs rapidly after anthelmintic treatment in humans and pigs, suggesting that removing
the existing population allows a new cohort to establish. This reinfection may relate to a
relaxation in immunity, but as it happens within weeks (Boes et al., 1998), this observation
may also suggest that the existing parasite population prevents new incoming larvae from
establishing. Under continuous A. suum exposure, the population grew to maturity with
time, but some immature larvae were still observed 14 weeks post first infection (Mejer

and Roepstorff, 2006; Nejsum et al., 2009). These immature larvae may represent stunted
worms but are more likely worms from new infections that cannot establish due to the
existing adult population. In conclusion, a current population of worms does not prevent
new incoming larvae from migrating to the liver and the lungs but may directly prevent
them from establishing in the small intestine. In this way, crowding can be minimized which
increases the existing population’s fitness.

Several studies have shown that related Ascaris genotypes can be found in the same hosts
(Anderson et al., 1995; Nejsum et al., 2005). This suggests that the host becomes infected
by ingesting genetically related eggs as these may be clustered in the environment (for
example by originating from the same faecal sample). Alternatively, Ascariseggs may be
randomly distributed in the environment, but different host genotypes select for specific
Ascaris genotypes. In favour of the latter explanation, Nejsum et al. (2009) found that
despite pigs being infected with the same share of A. suum eggs from four different females,
the proportion of the offspring differed significantly between pig hosts. Interestingly, this
difference increased with time post-infection. Remarkably, within a single host, related
Ascaris genotypes aggregated along the intestinal tract. Whether this is due to direct worm
communication and kin recognition allowing siblings to assemble or the different location in
the intestine reflects different “fitness profiles” remains unknown.

Although Ascaris may regulate its population and recognize its kin, is there any
communication with other parasite species? Ascaris lumbricoides has been found to be
positively associated with 7richuris trichiura infection, while no association was found
with hookworms (Lepper et al., 2018). Similar transmission routes may explain this for 7.
trichiuraand A. lumbricoides, but it is interesting as the latter share the small intestine with
hookworms, and some interaction, in this case, may have been expected. For Ascaris and
Giardia, a negative association between the two parasites was found by Blackwell et al.
(2013) but Hagel et al. (2011) found higher Giardia prevalence in people with moderate
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Ascaris infection compared to low infection level. However, even though exposure to
infective parasite stages remains unknown in field studies, controlled experimental infections
can overcome this limitation. In two studies, low levels of interaction were observed in pigs
co-infected with Ascarisand Oesophagostomum dentatum or Metastrongylus apri (Frontera
et al., 2005; Helwigh et al., 1999). In contrast, O. dentatum was displaced from the proximal
to a more distal location in the large intestine by 7. suis (Petersen et al., 2014). Whether

this is mediated by direct parasite-parasite communication or indirectly via the host immune
response or changes in the microbiota, or all three, remains unknown but may mainly be
immune-mediated as 7. suisinduces a strong Th2 response in contrast to O. dentatum
(Andreasen et al., 2015).

How Ascaris may communicate with its own and other species remains elusive but may
take place by direct contact, using pheromones, peptides and proteins, or exchange of EVs
as shown for C. elegans (Wang et al., 2014). If we can decipher how Ascaris regulates its
population or affect other helminth species, this may provide novel avenues for parasite
control.

4.5 Ascaris — host nutrient interactions

Ascaris can interfere directly with the host’s access to nutrients as it competes for nutrients
with its host. For example, an individual A. lumbricoides adult worm consumes more

than 100 mg of glucose per day (Castro and Fairbairn, 1969), which then is no longer at
disposal for the host. In parallel, nematode infections in general prime alternatively activated
macrophages to fight the worms; this response also repairs infection-induced damage. Both
activities require energy. However, this kind of immune response to the nematodes also
plays a key role in the impairment of glucose absorption by host enterocytes (Notari et al.,
2014). Consequently, Ascaris infection also induces reduced systemic glucose availability
for the host indirectly via the helminth-induced immune response. This leads to catabolic
metabolism, muscle wasting and reduced growth of infected individuals. Therefore, Ascaris
changes host access to nutrients both directly and indirectly. As such, the Ascaris-nutrient
interaction is important in the parasite-host interaction especially when food availability and
quality is limited.

Human ascariosis is mostly prevalent in tropical areas where the infrastructure for
sanitation remains underdeveloped. Here, particularly children are vulnerable to acute
and chronic Ascaris infections. Moreover, in endemic areas, Ascaris infection often co-
exists with undernutrition in children living in poverty. Ascaris and malnutrition are
both associated with reduced physical and cognitive development. Thus, Ascaris might
exacerbate malnutrition. Ascaris infections in pigs equally affect livestock health and their
associated productivity. Thus, Ascaris infection impacts humans and their economy by
affecting the pigs in endemic regions. Consequently, ascariosis is a One Health issue and
requires similar control approaches in both humans and livestock. Chronically infected
individuals and their livestock linger in a vicious cycle of poverty, and Ascaris infections
therefore cause significant morbidity and economic devastation for such populations.

Malnutrition in humans is estimated by reduced height for age (being stunted) and reduced
weight for age (being wasted). In Ascaris-endemic areas, micronutrient deficiencies are
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common such as iron deficiency, zinc and vitamin A deficiencies (Muriuki et al., 2020).
However, although iron, vitamin A and zinc deficiencies have been linked to Ascaris
infection in children, micronutrient supplementation intervention studies have revealed
inconsistent or relatively small effects on Ascaris reinfection rates (Isah et al., 2020; Yap
etal., 2014).

In the context of macronutrients (proteins, carbohydrates, and fibres), protein energy
malnutrition plays an important role in Ascaris-endemic countries. The impact of protein
energy malnutrition was studied in Ascaris-infected pigs. Feeding low protein energy led

to an increased Ascarfs worm burden, accompanied by higher faecal egg output (Pedersen
et al., 2002). In addition, the low protein diet resulted in lower pig body weight gains,

serum albumin, and haemoglobin. These effects were allied with diminished peripheral
eosinophils and thus a compromised anti-Ascaris immune response (Pedersen et al., 2002).
Similar effects have also been described for protein-malnourished mice infected with H.
polygyrus, which had higher worm burdens, reduced local and systemic Th2 responses (IgE,
eosinophilia and mast cell activity) and increased IFNy-associated Th1 responses (Ing et
al., 2000). Consistent with these data, dietary protein supplementation in rats infected with
Nippostrongylus brasiliensis resulted in the opposite effects and caused genes related to Th2
immunity to be upregulated in the lung (Masuda et al., 2022).

Interestingly, prebiotic fibres such as inulin are described as being beneficial for gut

barrier function by influencing the gut microbiota. The effects of dietary inulin have been
studied in 7richuris suis infected pigs. Dietary inulin enhanced the effects of 7. suisby
modulating the microbiota composition toward an upregulation of Prevotellaand a decrease
in Proteobacteria towards a bacterial composition associated with reduced gut inflammation
(Stolzenbach et al., 2020). Similarly, another study showed that inulin feeding to 7. suis-
infected pigs augmented the 7. suis-induced Th2 immune genes (IL13, IL5) in the colon
while suppressing Thl-related genes (/FNg, IL1A, IL8) (Myhill et al., 2018).

Together, these data suggest a direct and indirect effect of nutrients on the Ascaris infection.
This is further nicely demonstrated by bioactive plant secondary metabolites in ascariosis.
An indirect effect is demonstrated by polyphenols in the modulation of an A. suum
infection. Here, polyphenols were enriched in a diet for pigs which were subsequently
inoculated with A. suum. No direct influence on the A. suum establishment could be
detected but changes in the composition of the gut microbiota and a modulation of the host
immune response via a significant increase in eosinophils in the duodenum, jejunum and
ileum (Williams et al., 2017). Other plant secondary metabolites tested with A. suum in vitro
and in vivo showed a direct effect (Williams et al., 2014, 2020). Here, condensed tannins,
natural plant extracts, directly reduced the migratory ability and motility in vitro of A. suum
larvae (Williams et al., 2014).

In conclusion, an Ascaris infection impacts the host gut microbiome and the host
nutrient metabolism (Midha et al., 2021, 2018b; Myhill et al., 2020). The interaction
between Ascaris, the bacterial microbiome and the host nutrients is direct or indirect
and changes with the diet and probably other extrinsic factors. Whether specific nutrient
supplementations can be used to interfere with an Ascaris infection and at the same time
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contribute to gut health needs further investigation. The implications of the Ascaris-host
nutrient interaction for an infected individual such as a growing child or pig are multiple and
include alterations in availability of nutritional resources, effects on immune reactivity, and
influences on the microbiota composition and gut health.

Through the course of chronic ascariasis, Ascaris nematodes can inhabit the intestine for
over a year. In this environment, they engage in many intricate interactions not only

with each other and other parasites, but also with the gut microbiota, incoming nutrients
and metabolites, as well as with host cells. These interactions are dominantly mediated

by ESP produced by the worms. Each of these types of interactions have thus far been
studied independently of one another, given the complexity of the system. Many questions
remain, including which bacterial genera are important for Ascaris establishment in the
gut, the metabolomic consequences of infection, the coordination of different cell types in
immunity against Ascaris, the regulation of crowding and parasite burdens within the host,
communication between parasitic nematodes, and the influence of dietary interventions in
infection outcomes are some of the many areas ripe for investigation. As more reagents are
developed for the porcine system, and as ‘omics’ technologies are further developed, it will
be possible to study these various factors on a ‘systems’ level.

5. The current scope and future perspectives of Caenorhabditis elegans

as a tool for ascarid research

Much of our understanding of the basic biology of nematodes comes from the study of

the free-living roundworm, Caenorhabditis elegans, and many of the insights from these
studies are equally applicable to the ascarids. Nowhere is this statement more true than

in our knowledge of anthelmintic resistance (Wit et al., 2021). Studies from the past

three decades have defined the molecular mechanisms of resistance to benzimidazoles,
macrocyclic lactones, and nicotinic acetylcholine agonists. These discoveries were enabled
by the tractability of this species, including its genetics, laboratory culturing without the
need for a host, and small genome. Within the last decade, C. elegans genetics has been
transformed by CRISPR-Cas9 genome editing approaches (Frokjaer-Jensen, 2013). These
advantages make this free-living nematode species a powerful model to understand parasitic
worms (Zamanian and Eriksen, 2016).

When investigations of anthelmintic resistance are combined with experiments using C.
elegans, a cycle of discovery where advantages of both species can be leveraged to mitigate
disadvantages of either species is possible (Wit et al., 2021). Targeted and whole-genome
sequencing of benzimidazole-resistant parasitic nematode species have long identified
mutant alleles in a beta-tubulin gene. Because experiments to specifically test these alleles
are not possible in parasites, these discoveries have only been correlations between a
genetic change and a resistance phenotype. Genome-editing experiments in C. elegans allow
direct tests of this correlation to establish a causal relationship between the genotype and
phenotype. In several studies, every known beta-tubulin allele detected in benzimidazole-
resistant parasite species was created using CRISPR-Cas9 allele replacements (Dilks et

al., 2020, 2021). These edited strains were resistant to benzimidazoles unlike the unedited
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parent genetic background, demonstrating a direct link between beta-tubulin mutant alleles
and benzimidazole resistance. Because of the tractability of C. elegans, these genome-
editing and resistance assays are quick, in one recent case, demonstrating resistance of a
novel beta-tubulin allele identified in dog hookworm only months before (Venkatesan et al.,
2023). Genetic screens have also identified a wide range of mutant beta-tubulin alleles that
might also be involved in parasite benzimidazole resistance (Pallatto et al., 2022). In ascarids
refractory to benzimidazole treatments, investigators did not find canonical beta-tubulin
resistance alleles (Kriicken et al., 2017; Martin et al., 2021; Ozben et al., 2022), suggesting
that novel beta-tubulin alleles might be present or that other genes beyond beta-tubulin

are involved in ascarid benzimidazole resistance. Caenorhabditis elegans offers a powerful
toolkit to validate any newly discovered beta-tubulin alleles or novel resistance genes.

Just like much of what we know about parasitic nematodes and anthelmintic resistance
comes from the study of C. elegans, nearly everything we know about C. elegans comes
from the study of a single individual strain in the species. This situation is like stating that
everything we know about human biology comes from the study of a single person in our
species. Parasitic nematodes have high levels of genetic diversity, including ascarids (Doyle
etal., 2018, 2020; Sallé et al., 2019; Ding et al., 2022; Eamsobhana et al., 2022; Chen

et al., 2022), so this diversity must be incorporated into C. e/egans studies to ensure that

we understand natural differences across populations. In C. elegans, the common laboratory
strain, N2, is adapted to that environment making it a powerful model organism (Sterken et
al., 2015), but this adaptation means that it is far from a “natural” nematode. Recent studies
of C. eleganswild diversity have described the worldwide population (Andersen et al., 2012;
Cook et al., 2016, 2017; Lee et al., 2021), the natural niche for the species (Crombie et al.,
2019, 2022), and how to use quantitative genetics to identify specific genes (Evans et al.,
2021a; Andersen and Rockman, 2022). The C. elegans Natural Diversity resource enables
future studies where researchers want to move beyond the laboratory-adapted reference
strain. A survey of natural differences in the C. elegans beta-tubulin gene ben-1 identified
numerous missense, insertion, deletion, and structural variants (Hahnel et al., 2018), which
were found most often in strains naturally resistant to benzimidazoles. These results suggest
that C. elegans must encounter benzimidazoles in its natural environment so that survival
depends on losing the susceptibility locus ben-1. Using a genome-wide association mapping,
this study also found a novel benzimidazole locus on the X chromosome far from any known
beta-tubulin gene, suggesting that natural diversity can also lead us to new benzimidazole
resistance loci. Beyond benzimidazoles, C. elegans natural diversity has also been important
for macrocyclic lactone resistance (Ghosh et al., 2012, Evans et al., 2021b). As the field
begins to study resistance to more anthelmintic compounds, C. elegans will undoubtedly
contribute to our understanding of resistance mechanisms and mode of action of new
anthelmintics.

Caenorhabditis elegans is a clade V nematode related to strongyle parasitic nematodes (e.g.,
hookworms) (Blaxter, 1998), so findings in C. elegans are likely more easily translated to
related nematodes. As clade 111 nematodes, ascarids have distinct life cycles, host biology,
genome structures, and likely anthelmintic resistance loci. Ascarid genetics and genomics
gives us the opportunity to discover aspects of their biology unique to this clade. Looking
from C. elegansto ascarids, we can take some lessons from the past nearly fifty years
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of focused research on this tractable model species. The ease of C. elegans genetics has
facilitated numerous discoveries not possible in any other species, making huge impacts on
not just parasitic nematodes but also human biology.

To make ascarid genetics tractable with a goal to understand ascaridspecific anthelmintic
resistance loci, we need to consider four different points: (1) the costs of the host species,
(2) the methods to perform controlled crosses, (3) the quality of reference genomes,

and (4) genome editing for validating candidate genes. First, although porcine hosts are
similar to humans, the high costs make it difficult to scale genetic crosses. This point is

not insurmountable, as genetic crosses in the sheep parasite Haemonchus contortus have
been invaluable for the discovery of anthelmintic resistance loci (Sargison et al., 2018;
Doyle et al., 2019). Other ascarid hosts, such as chickens, turkeys, mice, or rats, might
offer more cost-effective and tractable hosts to enable genetic crosses of ascarids. Second,
once a host-parasite species pairing is identified, methods for controlled crosses must be
developed. Because of high genetic diversity, crosses of resistant and sensitive isolates
would enable bulk-segregant approaches where anthelmintic selection is powerful (Burga
et al., 2019). Identification of female and male individuals is possible for most ascarid
species, but delivery of those individuals into the host for the remainder of the life cycle

is more difficult. Random crossing followed by anthelmintic selection might be the most
effective means of performing crosses in these species. Third, reference genomes need

to be chromosomal (no gaps) for any ascarid species where genetics will be applied. It

is difficult to identify loci using genetic mapping experiments with genomes that lack
chromosome-level assemblies, as has been shown nicely in H. contortus mappings (Doyle
etal., 2019). New long-read sequencing technologies combined with chromosomal-contact
maps make genome assemblies more complete than ever before. Fourth, once candidate loci
are identified, they must be validated. In C. elegans, CRISPR-Cas9 genome editing made
this process scalable. Delivery of the Cas9 and RNA machinery into embryos should be
possible, but the genome edits will not occur in all cells (genetic mosaics). If the germline
stem cells are edited, then strains can be created. Markers for genome editing at the cell
level will likely need to be developed in ascarid models in parallel to delivery methods.
Once these advancements are made, genetics and genomics in ascarids will become more
tractable, enabling rapid advances in host-pathogen interactions, anthelmintic resistance, and
clade 111 nematode biology.

6. Genomics — genomic/transcriptomic analyses of ascarids

Improved genomics technologies have immensely accelerated the amount of data on
ascarids. For Ascaris, we saw the completion of the germline and somatic genomes, the
accumulation of comprehensive mRNA and small RNA transcriptomes, as well as genome-
wide histone and chromatin data (Wang, 2021). In contrast to the challenges in genetics-
based studies, genomic research is relatively straightforward to carry out in Ascaris and most
other ascarids, thanks to their large sizes and synchronized egg development (Wang and
Davis, 2020). The long germline tissues allow dissecting of any stages of spermatogenesis
and oogenesis. Large quantities of spermatids, oocytes, and fertilized eggs can also be easily
obtained. The synchronized development of eggs enables the collection of discretely staged
embryos and larvae. These features allow robust sampling and generation of various types
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of sequencing libraries in Ascaris (Wang et al., 2011, 2012, 2014, 2017, 2020; Kang et al.,
2016). Similar genomic datasets have been or are being generated in other ascarids. These
genomic resources are critical for future studies on the basic biology of these parasites, the
host-parasite relationship, anthelmintic resistance, and novel drug target identification.

A fascinating feature of ascarids genome is programmed DNA elimination (PDE) (Estrom
and Wang, 2023). In PDE, parts of the germline genome are lost during development

(Fig. 4), resulting in a reduced somatic genome (Wang and Davis 2014b; Zagoskin and
Wang, 2021). First discovered in the horse parasite Parascarisin 1880 s by Theodor Boveri,
the nature of the eliminated sequences and DNA breaks was largely unknown for over

100 years. Recent large-scale genomic studies were carried out in Ascaris and Parascaris
to understand the basic biology of PDE (Wang et al., 2012, 2017, 2020; Kang et al.,

2016). These efforts also led to insights into early zygotic transcription and its contribution
to animal development (Wang and Davis 2014a; Wang et al., 2014) and the flexibility

of small RNA pathways in nematodes (Wang et al., 2011; Zagoskin et al., 2022). In
addition, genomic resources were built to identify potential drug targets (Jex et al., 2011,
Zhu et al., 2015; International Helminth Genomes Consortium, 2019; Hu et al., 2020;

Xie et al., 2021), used to study mechanisms of anthelmintic resistance (Gerhard et al.,
2020; Roose et al., 2021), and worm control (Betson et al., 2014; Nielsen et al., 2014;
Hansen et al., 2019; Pilotte et al., 2019; Easton et al., 2020). Below, we briefly review

the genomes, transcriptomes, and epigenomes of ascarids. A more detailed description of
ascarid genomics, including the history of genome research on Ascaris, can be found in a
recent review (Wang, 2021).

6.1 Genomes

Ascarids have two genomes. The somatic genome is reduced from the germline genome
after PDE in five independent cell lineages between the 4-16 cell stages (Wang and

Davis 2014b; Streit et al., 2016). Comparative analyses suggest that 72 chromosomal

break regions (CBRs) lead to the removal of all subtelomeric and telomeric sequences

as well as some DNA in the middle of the chromosomes (Wang et al., 2020). Unlike the
model hermaphroditic C. elegans, Ascaris is sexual dimorphic with separate males and
females. However, the sex is determined using the same XO system as in C. elegans. In

the Ascaris germline, cytological data indicates 24 chromosomes (19 autosomes and 5 sex
chromosomes) become 36 somatic chromosomes (27 autosomes and 9 sex chromosomes)
after PDE (Niedermaier and Moritz, 2000). This cytological observation is confirmed by
chromosome conformation capture (Wang et al., 2020). Most ascarids undergo PDE (Estrem
and Wang, 2023). While the number of germline chromosome varies in different ascarids
(for example, Parascaris univalens has only one germline chromosome), the numbers of
somatic autosomes and sex chromosomes after PDE are the same for all ascarids examined,
suggesting PDE may function to restore the karyotypes of somatic chromosomes from
drastically different germline chromosomes that may have arisen from fusion events during
evolution (Simmons & Wang, unpublished).

The Ascaris germline genome is ~308 Mb, with 55 Mb (~18%) of DNA eliminated during
PDE. The eliminated DNA consists largely of a 121 bp satellite repeat. However, 20 Mb
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of unique sequences encoding ~1000 germline-expressed genes are also eliminated (Wang
etal., 2012, 2017, 2020), suggesting that PDE is an ultimate way of silencing germline
genes by their permanent removal in the somatic cells. The CBRs and sequences lost are the
same in the five independent PDE lineages. This consistent loss of DNA suggests specific
mechanisms are involved in Ascaris PDE.

6.2 Transcriptomes

Using comprehensive and stage-specific transcriptomes, the number of genes for the Ascaris
germline genome is predicted to be 15,714 (Wang, 2021). More than 60,000 alternative
spliced isoforms were identified across developmental stages. Many Ascaris genes are
trans-spliced and some genes are in polycistronic transcripts (Davis, 1996; Blumenthal,
2012), making it difficult to precisely determine the gene models. Thus, manual examination
and/or experimental data (e.g. RT-PCR) might be necessary to further validate the predicted
gene models (Gerhard et al., 2020; Roose et al., 2021). Analysis of gene expression

changes through Ascaris early development led to novel findings of gene regulation in

early development of animal embryos (Wang et al., 2014; Wang and Davis 2014a). RNA-
seq data revealed ~4000 Ascaris genes are transcribed before pronuclear fusion and in

the 1-4 cell embryos. This large-scale early transcription is not seen in many model
organisms, including C. elegans, which has almost identical cell lineages but where major
transcription occurs after ~100 cells. This comparative analysis indicates that organisms
with the same developmental program can use different mechanisms of gene regulation,
post-transcriptional in C. elegans vs. transcriptional in Ascaris, to drive early embryogenesis.
The use of transcriptional control is attributed to the long cell cycle (15-20 hours) in
Ascarfs that allows ample time for the transcriptional machinery to make new RNAs (Wang
et al., 2014; Wang and Davis 2014a). Thus, this rewiring of the gene regulation during
embryogenesis could be viewed as an adaption to the much longer cell cycle associated with
Ascaris.

6.3 Small RNAs

Small RNAs in nematodes play key and diverse regulatory roles. C. elegans has three
major classes of small RNAs: microRNAs (miRNAs), small interfering RNAs (SiIRNAs)
and Piwi-interacting (piRNAs) (Billi et al., 2014; Almeida et al., 2019). These small
RNAs are associated with at least 19 expressed Argonautes that interact with their targets
(Seroussi et al., 2023). In Ascaris, a reduced number of 10 Argonautes are encoded in

the genome (Zagoskin et al., 2022). Total small RNA sequencing identified 100 miRNAs
(Wang et al., 2011). However, sequencing of the total small RNAs from various stages
indicates that these miRNAs are only 5-10% of the total small RNA population (Zagoskin
et al., 2022). The majority of Ascaris small RNAs are 22-24 nt, starting with guanine

(G) and have 5’ -triphosphates (Zagoskin et al., 2022). These 22-24G-RNAs mainly target
repeats and/or mRNAs. Ascaris also has a class of 26 G-RNAs with 5”-monophosphates.
They are specifically expressed during male meiosis and only target testis-specific genes
(Zagoskin et al., 2022). Surprisingly, Ascaris has lost Piwi-clade Argonautes, piRNAsS,
and other associated proteins (Wang et al., 2011; Zagoskin et al., 2022). This loss of

the piRNA pathway may have been compensated with siRNAs associated with other
WAGO Argonautes. Indeed, antibody immunoprecipitation and small RNA sequencing
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revealed Argonautes plasticity by changing WAGO targets between repeats and mRNAS
during development (Zagoskin et al., 2022). Although initial total small RNA sequencing
reveals no correlation between small RNAs and retained or eliminated DNA (Wang et

al., 2011), antibody staining, ChlP-seq, and IP data indicate that specific WAGOs may

be differentially deposited to the retained or eliminated DNA during PDE (Zagoskin et

al., personal communication). Small RNAs are also known to contribute to host-parasite
interactions and transgenerational epigenetic inheritance in other organisms (Rechavi and
Lev, 2017; Cai et al., 2019). Whether small RNAs in ascarids also play similar roles remains
to be determined.

6.4 Epigenomes

Many histone modification marks associated with active or repressed loci have also been
mapped out in Ascaris genome. ChiP-seq data for several common modifications including
active marks H3K4me3, H3K36me3 and H4K20mel, and repressive marks H3K27me3

and H3K9me3 are available in Ascaris (Wang et al., 2017, 2020). These data provide a
glimpse of the Ascaris epigenome; they can also be used for annotation and facilitate other
genomic analysis. In addition, chromatin accessibility in Ascaris was profiled using the
Assay for Transposase-Accessible Chromatin using sequencing, ATAC-seq, approach (Wang
etal., 2017). Often, chromatin accessible regions in Ascaris are enriched at the transcription
start regions of active genes. Interestingly, Ascaris CBRs for DNA elimination also become
more open before DNA elimination, coincident with the sites for new telomere addition
(Wang et al., 2017, 2020). Mechanisms for the open chromatin at the CBRs, however,
remain to be determined. Another epigenetic mark, the histone H3 variant CENP-A, dictates
where centromeres are deposited (Black and Cleveland, 2011; Fukagawa and Earnshaw,
2014). Like C. elegans (Gassmann et al., 2012), Ascaris has holocentric chromosomes

with multiple centromeres distributed along the length of the chromosomes. Ascaris CENP-
A ChIP-seq identified many enriched loci that are not associated with repeats (Kang

et al., 2016). Instead, the CENP-A deposition is dynamic through gametogenesis and
embryogenesis and is inversely related with transcription. Interestingly, Ascaris CENP-A

is reduced in the eliminated regions before and during PDE. This loss of centromeres in the
eliminated regions leads to the loss of sequences after the DNA breaks during PDE (Kang et
al., 2016), providing a mechanism for selective loss of DNA during Ascaris PDE.

6.5 Comparative genomics

Besides Ascaris, many genomes and transcriptomes from other ascarids have been recently
sequenced. The dog parasite 7oxocara canis genome was used to identify potential new drug
targets (Zhu et al., 2015). The genomes from the panda parasite Baylisascaris schroederi
suggested mechanisms for its adaptation to sharp-edged bamboo enriched gut (Xie et al.,
2021) and coevolution between host and parasites (Hu et al., 2020). The poultry parasites
Ascaridia dissimilis, Ascaridia galli and Heterakis gallinarum genomes are being built to
study anthelmintic resistance (Collins and Andersen, 2023). The germline and somatic
genomes from the horse parasite Parascaris were also sequenced to provide a comparative
analysis of PDE in ascarids (Wang et al., 2017). In addition, large-scale efforts using
comparative genomics of 81 genomes of major parasitic and non-parasitic worms identified
births of novel gene families and expansions related to host-parasite interactions; and in
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silico screening further identified and prioritized new potential drug targets and compounds
for testing and combating parasitic worm infections (International Helminth Genomes
Consortium, 2019).

6.6 Research priorities

The genomic resources for ascarids have provided a rich trove of datasets that are being
used by the research community. Future studies on ascarids genomics need to continue using
cutting-edge technologies, including long reads and Hi-C, to build high-quality reference
genomes. Additional genomic approaches, including RNA-seq and 1SO-seq, nascent
transcription (PRO-seq), ribosome profiling and epigenomics (ChlIP-seq and CUT&RUN)
are needed to further annotate the genomes. The large size of these parasites also allows
the collection of samples from various tissues and developmental stages, enabling the
establishment of transcriptomic and epigenomic atlases for ascarids (Wang, 2021). These
analyses may reveal novel aspects of alternative splicing, trans-splicing, IncRNAs, small
RNAS, repeats, and epigenetic features in ascarids that may provide potential novel drug
targets. In addition, comparative genomics using completed chromosomal assemblies and
comprehensive transcriptomes will delineate the evolution of hematode chromosomes
(Carlton et al., 2022) and the evolutionary developmental biology of spermatogenesis,
oogenesis, fertilization, embryogenesis and larval development. Furthermore, emerging
technologies, such as single-cell genomics (Camp et al., 2019) and in situ sequencing for
RNASs (Lee et al., 2014) and DNA (Payne et al., 2020) can also be used to study the
heterogeneity and spatial organizations of chromosomes in the cells. These studies may
reveal unique features in these parasites that are distinct from their hosts.

Ascarids are important parasites of human and animals of veterinary importance. High-
quality genomic resources will enable future genome-wide studies on the epidemiology,
population genomics, and metagenomics (Anderson et al., 2018; Bennuru et al., 2018;
Doyle and Cotton, 2019; Wit et al., 2021). It will also facilitate studies on host-parasite
interactions, anthelmintic resistance, and immune response of the infections. Thus,
continuing efforts are needed to further establish, curate and improve the genomic resources.
These resources need to be organized and made available with easy-to-use computational
tools, genome browsers, and databases such as the WormBase ParaSite (Bolt et al., 2018).

7. Current challenges in vaccine research against ascarids and future
perspectives

Currently, there are no licensed preventive vaccines for Ascaris infection and no vaccine
antigens in clinical trials or advanced enough to expect clinical or field testing in the next
years (Wong et al., 2023). Research is still exploratory and at the point of identifying Ascaris
antigens that are safe, immunogenic and efficient against infection.

The rational for Ascaris vaccine research differs slightly from filarial, fluke or hookworm
infections and is not primarily driven by high mortality, low rates of anthelmintic treatment
efficiency or the emergence of drug resistance. Although anthelmintic drugs can effectively
treat Ascaris infections in humans (Olliaro et al., 2022), they do not provide long lasting
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immunity, and reinfections are common in endemic areas (Zeleke et al., 2020; Zerdo et

al., 2016). Therefore, the development of a vaccine against Ascaris infections in humans is
seen as an important strategy to achieve long-term control and eventual elimination of the
parasite when used alongside mass drug administration (MDA) and improving public health
and sanitation infrastructures (Hotez et al., 2016). The idea of developing a multivalent, pan-
anthelmintic vaccine targeting all three intestinal parasites A. lumbricoides, T. trichiura and
hookworms is a desirable and theoretically feasible goal, hampered by obvious differences
in life cycle diversity, biology, and immune evasion strategies (Else et al., 2020) and the
challenges of finding potent vaccine antigens.

Vaccine targets should ideally mimic the host immune response during natural infection
and prevent infection. However, our current understanding of the protective mechanisms
elicited during Ascaris infection is limited. Known host strategies to control Ascaris
infections include intestinal expulsion mechanisms (Masure, Wang, et al., 2013) and
immune-mediated-larval killing (Coakley et al., 2016) as described in further detail in
Section 5.3. The life cycle of Ascaris gives rise to different host immune barriers that could
be involved in host protection and potentially targeted by vaccination. In pigs immunized
with a trickle infection scheme (100 A. suum eggs/daily/14 weeks) the intestinal barrier
(pre-hepatic immunity) was associated with a mucosal eosinophilia, submucosal mast cells
and goblet cell hyperplasia (Masure et al., 2013). Although being effective at the level of
worm control, the immunological and physiological consequences of a high-level of gut
eosinophilia, mast cell infiltration, and goblet cell hyperplasia will likely have a negative
impact on host gut health and therefore a cost (pathology) — benefit (protection) assessment
should take place in vaccine developing programs that target intestinal parasite expulsion.
Immune mediated larval killing in the lung (post-hepatic immunity) is also considered

an important protective mechanism. Here, repeated infections in a mouse model where
Ascaris cannot complete its life cycle drive protective lung eosinophilia and a systemic and
mixed Th2/Th17 against newly invading larvae (Nogueira et al., 2016). In addition, CD4*
Th2-mediated eosinophil-dependent Ascaris larval killing was shown in house dust mite
(HDM) sensitized mice (Gazzinelli-Guimaraes et al., 2019) underlining the importance of
Th2 orchestrated anti-worm programs. Ascaris vaccines should ideally prevent the initial
entry of invading larvae across the intestinal barrier, but also strategies targeting larval tissue
migration in livers or lungs, larval maturation, or strategies reducing the fecundity of adults
to interfere with transmission are conceivable.

Single vaccine targets like the aspartic protease of Necator americanus, Na-APR-1 (Pearson
et al., 2010), that interfere with or neutralize an essential process in Ascaris development
or viability have not yet been identified. Similar to other helminths where in most cases
holistic approaches outcompete single subunit vaccine candidates, vaccine studies in pigs
and mice demonstrated a clear difference in the level of protection achieved by holistic
approaches such as ultraviolet (UV) irradiated A. suumeggs (Tromba, 1978; Urban and
Tromba, 1982, 1984) and crude extracts (Urban and Romanowski, 1985; Lukes, 1992;
Gazzinelli-Guimaraes et al., 2018) versus single, recombinant protein vaccine targets such
as Asl2, Asl4, Asl6, As24, As37, AsHb, AsEnol, AsPase (reviewed in VIaminck and
Geldhof, 2013; Gazzinelli-Guimaraes et al., 2021; Wong et al., 2023). Notably, parasite
reduction rates cannot be directly compared between pig and mouse models. While
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immunization studies in pigs allow for simple macroscopic examination of Ascaris worms
directly in the intestine after challenge, in mouse models migrating larvae need to be
quantified from bronchoalveolar lavage fluid (BAL) and/or lung-tissue extracted larvae,

a process which is not yet standardized. A more detailed overview of Ascaris vaccine
development, including the history of Ascaris vaccine research, can be found in a recent
review (Gazzinelli-Guimardes et al., 2021).

In a recent study, immunization of BALB/c mice with crude extracts from Ascaris L3,

adult worms or adult cuticles resulted in 61%, 51% and 59% reduction of lung parasite
burdens compared to unvaccinated animals, respectively (Gazzinelli-Guimardes et al., 2018).
In the same study, a transfer of protein A — purified total 1gG from immunized into naive
animals resulted in comparable reduction rates of 64.5%, 65%, and 64% after challenge,
suggesting a role for antibody-mediated protection in mice at the lung stage (Gazzinelli-
Guimardes et al., 2018). Notably, BALB/c mice quickly develop protection against invading
Ascaris L3 and repeated infections (3 doses of 1000 eggs at days 1, 21, and 35) result

in almost sterile (99.8% larval reduction) immunity (Versteeg et al., 2020). The use of
single, recombinant subunit vaccines such as the immunodominant As37 formulated with
the adjuvant AddaVax™ reduced lung larval burden by 49.7% compared to PBS-immunized
animals (Versteeg et al., 2020). In an attempt to develop a multi-valent, chimeric vaccine,
linear B cell epitopes of the three immunogenic antigens As37, As16, and As14, were
predicted and expressed as a chimeric protein. Immunizing BALB/c mice with the chimeric
protein increased vaccine efficiency and resulted in lung larvae reduction of 74% when
formulated with monophosphoryl lipid A (MPLA) compared to PBS-immunized mice (De
Castro et al., 2021). B-cell epitope prediction was also used by Gazzinelli-Guimaraes et

al. to define a multipeptide chimera vaccine based on conserved B-cell epitopes predicted
from 17 common helminth proteomes combined with immune-serum reactivity to predicted
and synthesized epitopes (Gazzinelli-Guimardes et al., 2021). The chimeric protein consisted
of the 35 linear B-cell epitopes with the highest reactivity to Ascaris-immune sera and
immunizing BALB/c mice with this construct formulated with MPLA resulted in lung larvae
reduction of 50% compared to PBS.

The partial protection achieved with contemporary subunit vaccine antigens versus the
historic success of UV-attenuated whole-parasite vaccines argues for some level of
redundancy within helminth protein targets and strengthens the current view that “one-hit-is-
not-enough” when developing vaccines against helminth. This, together with the current
gaps in our understanding of the major mechanisms of protection, highlights the need for
further promoting Ascaris vaccine research and the need for investigating novel vaccine
antigen design and adjuvant platforms. The latter have been recently reviewed in the context
of Schistosoma spp. and filarial worms (Perera and Ndao, 2021).

There are several studies that have predicted immunogenic Ascaris proteins which are yet
to be tested and evaluated as vaccine candidates in relevant in vivo models. These include
a study delineating human CD4" T cell epitopes of A. suum adult ESP for HLA-DRB1 *
07:01 or HLA-DRBL1 * 15:01 by combining an in vitro antigen processing system coupled
to quantitative proteomics of Ascaris ESP (Ebner et al., 2020), a bioinformatics in silico
approach predicting a multimeric, codon-optimized multiepitope candidate that possesses
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B-and T cell epitopes for HLA-DRB1 * 07:01 and HLA-DRB1 * 15:01 MHC-I1 alleles
(Kaur et al., 2021) and a reverse vaccinology approach using a pipeline that accounts for
27 different HLA alleles, sub-cellular protein location, T-cell and B-cell molecular binding,
antigenicity, allergenicity and phylogenetic relationship resulting in the selection of four
transmembrane domains as potential vaccine candidates (Evangelista et al., 2022).

These approaches indicate that promoting high-quality Ascaris genomes, proteomes, and
transcriptomes as discussed earlier (Section 2.6) will enable the generation of numerous
novel antigen repertoires for vaccine discovery. In parallel, recent technological advances in
porcine immunology enable the identification and high-resolution phenotyping of (vaccine)
antigen-specific CD4 + T cells in the pig as a natural host for A. suum (Ebner et al., 2017).
Profiling Ascaris-specific T cells in natural hosts will likely enhance our knowledge on

the host-pathogen interaction and the immune response to vaccine antigens (Schmidt et al.,
2020).

7.1 Research priorities

One of the reasons why many vaccine trials with recombinantly produced Ascaris antigens
show only moderate protection compared to crude worm preparations or attenuated A. suum
eggs could be the lack of species-specific native post-translational glycan modifications.

As an example, native glycans on vaccine antigens of the intestinal parasite Cogperia
oncophora were shown to be highly immunogenic and their absence impaired vaccine-
induced protection significantly (Gonzalez-Hernandez et al., 2018). Incorrect or a lack of
glycan modifications can have an effect on protein folding, immune cell activation, or
availability of epitopes. The latter has been documented for Ascaris haemoglobin (AsHDb),
an immunogenic antigen used for serodiagnostics, where N-linked glycan epitopes form
important human 1gG4 antibody targets (Vlaminck et al., 2016).

The PNGase A-released N-glycans of adult A. suum consist of bi- and triantennary
N-glycans, some modified by core a1,6-fucose and peripheral phosphorylcholine and

the presence of paucimannosidic N-glycans, some carrying a core a1,3-fucose and
oligomannosidic oligosaccharides (Poltl et al., 2007). The role of glycans on Ascaris vaccine
targets as well as glycan composition and glycan abundance of larval stages of A. suum need
to be studied in further detail and protein expression systems should be explored that mirror
native roundworm-specific glycosylation.

The level of antigenic variation between natural worm populations (e.g. between farms

or states/countries) and polymorphisms is be an important consideration for selecting

and evaluating potential vaccine candidates. The risk of genetic and antigenic variability

to affect vaccine efficiency is even higher when single vaccine antigens are targeted

rather than multiple epitopes from different proteins. This, independent of the actual level
of genetic variance in ascarids (Nejsum et al., 2005), emphasizes the need to monitor
polymorphisms across populations and the general need for continuous genomic efforts.
Similarly, improving functional protein annotation and comparative analytics between
Ascaris species and other STH as discussed in Chapter 2.6 will substantially impact validity
and quality of future reverse vaccinology (RV) approaches. High-quality genomes and
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transcriptomes will also serve to better study Ascaris virulence-associated genes that are
differentially modulated as vaccine targets (MohdShaharuddin et al., 2021).

RV offers a huge potential to the field of Ascaris vaccine research that we have just

begun to explore. There are few published RV studies on ascarids that parasitize non-model
organisms or hosts for which MHC haplotype or high-quality genomic information are
available. While integration of ‘multi-omics’ technologies into vaccine discovery has made
substantial steps during the SARS-Cov2 pandemic, the helminth field in particular would
benefit from integrating (helminth) glycomics and orthologue mapping.

Expecting a large set of Ascaris T- and B-cell epitopes or proteins to be predicted as vaccine
targets within the next years, we are still lacking standardized in vitro screening platforms
for testing their immunogenicity for the many different hosts of ascarids (human, pigs, dogs,
chicken). In turn, in vitro systems will need to be developed that allow for functionally
testing whether vaccine targets within ascarids have a role in survival, virulence, or other
essential processes. This will require the development of genome editing and mutation in
germline stem cells of the worms as previously discussed in Chapter 6. The development
and integration of ‘multi-omics’ of both host and parasite alongside finding solutions for
Ascaris-specific challenges such as genome editing will certainly accelerate Ascaris vaccine
research.

8. Discussions on important future topics in research on ascarids

Overarching discussions were used to identify the most pressing research topics to improve
our understanding of ascarid biology but also to find new options to control these parasites,
and these are summarized below (Table 3).

8.1 Ascarid physiology and drug action

The session on ascarid physiology and drug action particularly emphasized that improved in
silico tools would be helpful to reliably identify promising target proteins and overcome

the problem that in many cases, such as p-tubulins, parasite and host proteins show
considerable similarity. Reliable in silico docking simulations of candidate compounds

to such “druggable” targets are desirable to at least identify lead structures that can be
further modified by chemical modifications of lead compounds and their optimization and
re-testing using appropriate systems allowing at least medium throughput. In comparison

to high-throughput screening, such approaches would allow drug screening by academia
while high-throughput screening requires huge compound libraries, highly optimized tests
and considerable financial resources. As infections with ascarids are neglected tropical
diseases (A. lumbricoides, larva migrans caused by Toxocara spp.), neglected diseases of
poverty ( 7oxocaraspp.) (Carlin and Tyungu, 2020; Holland et al., 2022) and often affect
livestock production systems with low economic profit such as swine (A. suum) and poultry
(Ascaridia spp. and Heterakis gallinarum) but also cattle ( 7oxocara vitulorum) in subsistence
farming systems, such “low cost” approaches would allow substantial contributions by
academic partners.
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The cost aspect regarding the development of new drugs was also driving the discussion

of using already licensed drugs for new purposes such as control of ascarids. This drug
repurposing approach has been suggested for many NTD-relevant helminth parasites such
as trematodes and nematodes including ascarids (Panic et al., 2014) in the last decades

and might be an attractive option since studies regarding drug safety do not have to be
repeated as long as the same dose range is used. A promising example with activity against
gastrointestinal nematodes is nitazoxanide, which was previously known for its effects
against protozoa and trematodes (Panic et al., 2014).

Combinations of drugs were in particular considered to be relevant to prevent evolution of
drug resistance. As detailed above and well known from more rapidly evolving pathogens
such as human immunodeficiency virus (Menéndez-Arias and Delgado, 2022), combinations
of two or more drugs that have independent modes of action and no antagonistic

effects strongly decrease the speed of resistance evolution. For the commercially available
combination of two anthelmintics from different drug classes, i.e. the spiroindole derquantel
with the macrocyclic lactone abamectin (Startect®), bioinformatic simulations have revealed
that the combination can significantly delay evolution of drug resistance compared to
sequential application or annual rotation of the same drugs (Learmount et al., 2012). Such
combinations of drugs and their effects on the speed at which resistance evolves should be
evaluated not only in silico but also experimentally and in controlled field work.

Bacillus thuringiensis subsp. fsraelensis bacteria have been widely used to manage
populations of insects, in particular of mosquito larvae (Zhang et al., 2017), but are also of
interest regarding their cytotoxic effects on nematodes (Chalivendra, 2021) and their effect
is well known to be due to the membrane pore forming effects of Cry proteins (Silva-Filha
et al., 2021) as also demonstrated for A. suumin a mouse model (Hu et al., 2010). The
effects of Bacillus thuringiensis Cry5B pore forming protein on A. suum intestinal cell Ca2*
homeostasis were described in a talk and participants of the meetings discussed aspects of
sustainability in terms of ecotoxicological effects such as toxic effects on dung-dwelling and
-feeding insects as described before for macrocyclic lactones (Jacobs and Scholtz, 2015).

Monitoring for resistance against current anthelmintics should obviously continue, and it
would helpful to have more information on the size of effective refugia of the ascarid
parasites in the soil, especially in view of the longevity of fertilized eggs in this environment.

8.2 Host-parasite-interactions in ascarids

The discussion of this section was initially focusing on the question how the interaction
between the host, its parasites and gut and tissue microbiota can be experimentally
investigated since the strong interaction between these compartments results in simultaneous
changes in both all three of them once one of the components is manipulated. This makes

it difficult or even impossible to dissect the cascade of events and discriminate direct from
indirect effects. Modulation of the host immune response by ESP including extracellular
vesicles (Hansen et al., 2019) has indirect effects on the composition and diversity of the
microbiota that are considerably changed during infection as revealed by A. suum infections
in pigs (Springer et al., 2022). The changes in the composition of the microbiota again have
effects on the host’s immune response. Regarding the extracellular vesicles and their content
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of proteins and nucleic acids such as microRNAs that may target the host immune system

it was also discussed whether they might function in communication between worms. In
the context of new approaches to control ascarid infections it was further discussed if some
bacteria in the microbiota can act as pathogens for the worm and if so, whether it might

be possible to exploit this interaction. Other options might be viruses specific for ascarid
nematodes to specifically interfere with the life cycle of the parasite. Other options to attach
the parasite that were discussed centred around the idea to downregulate the innate immune
system of Ascaris with the anticipated effect that this might lead to pathogenic effects of
bacteria in the host microbiota.

8.3 Current scope and future perspectives of C. elegans as a tool for ascarid research

No tools for forward or reverse genetic manipulation of ascarid worms are available

and even RNAI has only been described in a single publication in A. suum (McCoy et

al., 2015) and this technique has never been taken up by other groups to functionally
characterize ascarid genes. In the absence of powerful genetic tools, the idea to use

the versatile C. elegans model is obvious as detailed in chapter 6. In the discussion, it

was emphasized that the power of the C. elegans model decreases with the phylogenetic
distance between the parasite and the model organism and thus C. elegansis better suited
as a model for strongyle nematodes than for ascarids. The use of C. elegansto study

the function of genes expressed as transgenes has been criticized recently stating that it
tells us only something about the function the gene or expressed protein can have in the
framework of C. elegans but not on its function in the organisms from which the gene

was derived (Streit, 2022). In general, a kind of position paper “How to use C. elegans
best in parasitic nematode research” was something that would be helpful to improve
study design and data interpretation and make C. elegans as a model more accessible to
parasitologists that have not yet worked with the model organism. This should include the
recommendation on quantitative traits to characterize phenotypes, the preference of kinetic
data in comparison to end-point recordings. Moreover, it should also emphasize that gain-of-
function mutations can be as valuable as loss-of-function mutations when characterizing
physiological pathways in nematodes. Although the well characterized Bristol N2 strain

is typically best suited for analyses of gene function using parasite-derived transgenes, it
was recommended to take more advantage of the high intraspecies variability of natural C.
elegans strains in future research (Shaver et al., 2023). These strains offer the advantages
that the high genetic diversity results in a phenotypic diversity which can be exploited in
evolutionary experiments e.g. addressing the evolution of drug resistance. Moreover, some
of these strains might show responses that are found in parasitic nematodes but are absent
from N2, including responses to anthelmintic drugs that sometimes only occur at higher
concentrations in N2 compared to parasitic nematodes.

8.4 Genomic and transcriptomic analyses of ascarids

In order to develop more powerful experimental tools in ascarids, high quality, telomere-to-
telomere genome assemblies are required as they provide much better resolution power

for forward genetic studies in comparison to draft genomes as shown previously for H.
contortus (Doyle et al., 2020). In comparison to other parasitic nematodes, the ascarids have
the advantage that due to their size for several species tissue specific transcriptomic and
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proteomic data can be obtained. Good genomic and transcriptomic data should also cover
multiple species and cover all different types of life cycles in the group such as a direct life
cycle with tracheal migration in the definitive host (Ascaris spp., Parascaris spp.), sometimes
with vertical transmission ( 7oxocara vitulorum), a life cycle that can include vertebrate
paratenic hosts either with (7. canis, T. cati) or without ( 7oxascaris leonina) tracheal
migration and vertical transmission, a life cycle that can include paratenic invertebrate

hosts without tracheal migration in the definitive host (Ascaridia spp., Heterakis spp.), or
complex life cycles involving multiple invertebrate and vertebrate paratenic hosts (Anisakis
spp., Pseudoterranova spp.). A deeper understanding of the functional role of genes in
ascarids would moreover require a system to mutagenize the genome (e.g. by exposure

to ethyl methanesulfonate) and develop methods to perform outcrosses and backcrosses
between isolates with different phenotypes. This would allow to map resistance loci as
described before for H. contortus (Doyle et al., 2019, 2022; Laing et al., 2022) or to

identify dominant phenotypes caused by gain-of-function dominant mutations in genes by
deep genome and transcriptome sequencing of the offspring. It was proposed that Ascaridia
spp. might be best suitable to establish this model as the costs of the poultry animal

model are moderate and that isolates resistant to anthelmintic drugs are available (Collins
and Andersen, In Press). However, the fact that these parasites do not undergo tracheal
migration was considered by some discussants to be an advantage simplifying the model but
a disadvantage preventing analysis of tissue migratory larval stages by others. The research
community would furthermore highly benefit from an electronic database to exchange data
and make tools such as reagents, strains and even mutant worms available to the community
as has been demonstrated by the C. elegans community over decades.

8.5 Vaccines

The general discussion after the vaccine session focused on vaccination against A. suumin
pigs. The use of hidden/concealed antigens was suggested to circumvent immune evasion
mechanisms that might have evolved for antigens to which the host immune system is
naturally exposed. This approach has been successfully used to develop a commercially
available vaccine against H. contortus using a midgut epithelial cell surface protein complex
(Nisbet et al., 2016; Scarff et al., 2020). However, since natural immunity already requires
multiple exposures to develop, and immunity to hidden antigens in a vaccine is not boosted
by natural infections, it was expected that multiple boosters are required for a vaccine using
hidden antigens. As alternative, anthelmintic treatments that kill migrating larvae and lead to
exposure of the hidden antigens to the immune system was suggested. However, there was
also considerable concern that boosting of vaccine-induced immune responses might lead to
increased pathology such as increased size of milk spots.

9. Conclusions

The two-day event focusing on the biology of ascarid parasites demonstrated a broad
research interest on this important group of parasites and diverse research activities,
including applied aspects such as improved diagnosis to cutting edge research in the areas
of genomics and interactions between hosts, parasites and microbiota. In the absence of
available genetic tools for any ascarid species, there was a strong interest in C. elegans
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as a model — not only to address important questions in the model organism but also to
learn from the C. elegans model and the researcher community to set up experimentally
manipulatable ascarid models. A first step to set up such models could be the generation
of high-quality genome and transcriptome data. Due to their large size, the ascarids even
have a considerable advantage in comparison to other, more intensively investigated parasitic
nematodes as transcriptome and proteome data could be more easily generated on the
tissue level. The field of vaccine research would also benefit from excellent genome and
transcriptome data to use bioinformatic approaches to identify potentially protective antigens
with little intraspecies variability. Understanding of ascarid physiology and biochemistry
would obviously benefit from characterization of the parasites’ repertoire of neuronal
receptors, xenobiotic metabolizing enzymes, and biochemical pathways. Genomics and
transcriptomics are very powerful, easily accessible and quite cheap, and provide an
obvious umbrella to bring together most other biomedical aspects of ascarids including
diagnostics, epidemiology, physiology, biochemistry, host/pathogen/microbiota interaction
and vaccinology. However, the meeting also revealed the urgent need for experimental
models that allow forward and/or reverse genetic manipulation and that C. e/egans can be
only a partial surrogate. Although development of such models requires to address and
overcome multiple complex hurdles, all the above-mentioned fields in ascarid research
would benefit from the establishment of such experimental models since they would allow
manipulation of the parasite to observe the effects it causes on hosts, microbiota, drug
effects and resistance, and many other practically relevant aspects.

The participants in this meeting, which mostly also represent members of the ARTI
consortium (see above), agreed to maintain informal cooperation and links, including
organizing meeting sessions and workshops to promote ascarid research, with a view to
developing a network of formal and informal collaborations in future years. One example
was the organization of an ascarid symposium at the ICOPA meeting in August 2022 in
Copenhagen.
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5-HT 5-hydroxy tryptamine (serotonin)
Ach acetylcholine

AP action potential

ASABF Ascaris suum antibacterial factor
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BAL bronchoalveolar lavage

ESP excretory/secretory products

EV extracellular vesicles

GABA gamma amino butyric acid
GluCl glutamate-gated chloride channel
mMiRNA microRNA

MPLA monophosphoryl lipid A
nAChR nicotinic acetylcholine receptors
PBMC peripheral blood mononuclear cells
Pl post infection

piRNA Piwi-interacting RNA

RMP resting membrane potential
SIRNA small interfering RNA

References

Abongwa M, Marjanovic DS, Tipton JG, Zheng F, Martin RJ, Trailovic SM, et al. , 2018. Monepantel
is a non-competitive antagonist of nicotinic acetylcholine receptors from Ascaris suum and
Oesophagostomum dentatum. Int. J. Parasitol. Drugs Drug Res. 8, 36-42.

Almeida MV, Andrade-Navarro MA, Ketting RF, 2019. Function and evolution of nematode RNAI
pathways. Noncoding RNA 5, 8. 10.3390/ncrna5010008. [PubMed: 30650636]

Andersen EC, Gerko JP, Shapiro JA, Crissman JR, Ghosh R, Bloom JS, et al. , 2012. Chromosome-
scale selective sweeps shape Caenorhabditis elegans genomic diversity. Nat. Genet. 44, 285-290.
[PubMed: 22286215]

Andersen EC, Rockman MV, 2022. Natural genetic variation as a tool for discovery in Caenorhabditis
nematodes. Genetics 220 iyab156. [PubMed: 35134197]

Anderson TJC, LoVerde PT, Le Clec’h W, Chevalier FD, 2018. Genetic crosses and linkage mapping
in schistosome parasites. Trends Parasitol. 34, 982-996. 10.1016/j.pt.2018.08.001. [PubMed:
30150002]

Anderson TJC, Romero-Abal ME, Jaenike J, 1995. Mitochondrial DNA and Ascaris
microepidemiology: the composition of parasite populations from individual hosts, families and
villages. Parasitology 110, 221-229 10.1017/S003118200006399X. [PubMed: 7885740]

Andreasen A, Petersen HH, Kringel H, Iburg TM, Skovgaard K, Dawson H, et al. , 2015. Immune and
inflammatory responses in pigs infected with 7richuris suisand Oesophagostomum dentatum. \et.
Parasitol. 207, 249-258. 10.1016/j.vetpar.2014.12.005. [PubMed: 25576439]

Antunes MFP, Titz TO, Batista IFC, Marques-Porto R, Oliveira CF, Alves de Araujo CA, etal. , 2015.
Immunosuppressive PAS-1 is an excretory/secretory protein released by larval and adult worms
of the ascarid nematode Ascaris suum. J. Helminthol. 89, 367-374 10.1017/S0022149X14000200.
[PubMed: 24703095]

Ashraf M, Urban JF, Lee TDG, Lee CM, 1988. Characterization of isolated porcine intestinal
mucosal mast cells following infection with Ascaris suum. \et. Parasitol. 29, 143-158.
10.1016/0304-4017(88)90122-7. [PubMed: 2462304]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 36

Asp M, Bergenstrahle J, Lundeberg J, 2020. Spatially resolved transcriptomes — next generation tools
for tissue exploration. Bioessays 42, €1900221. [PubMed: 32363691]

Atkinson LE, McCoy CJ, Crooks BA, McKay FM, McVeigh P, McKenzie D, et al. , 2021. Phylum-
spanning neuropeptide GPCR identification and prioritization: shaping drug target discovery
pipelines for nematode parasite control. Front. Endocrinol. (Lausanne) 12, 718363. [PubMed:
34659113]

Ballesteros C, Tritten L, O’Neill M, Burkman E, Zaky WI, Xia J, et al. , 2016. The effects of
ivermectin on Brugia malayifemales in vitro: a transcriptomic approach. PLoS Negl. Trop. Dis.
10, e0004929. [PubMed: 27529747]

Behm CA, 2002. Metabolism. The Biology of Nematodes. Taylor & Francis, London.

Bennuru S, O’Connell EM, Drame PM, Nutman TB, 2018. Mining filarial genomes for diagnostic and
therapeutic targets. Trends Parasitol. 34, 80-90. 10.1016/j.pt.2017.09.003. [PubMed: 29031509]

Betson M, Nejsum P, Bendall RP, Deb RM, Stothard JR, 2014. Molecular epidemiology of ascariasis:
a global perspective on the transmission dynamics of Ascarisin people and pigs. J. Infect. Dis.
210, 932-941. 10.1093/infdis/jiu193. [PubMed: 24688073]

Billi AC, Fischer SE, Kim JK, 2014. Endogenous RNAI pathways in C. elegans. WormBook 1-49.
10.1895/wormbook.1.170.1.

Black BE, Cleveland DW, 2011. Epigenetic centromere propagation and the nature of CENP-a
nucleosomes. Cell 144, 471-479. 10.1016/j.cell.2011.02.002. [PubMed: 21335232]

Blackwell AD, Martin M, Kaplan H, Gurven M, 2013. Antagonism between two intestinal parasites in
humans: the importance of co-infection for infection risk and recovery dynamics. Proc. R. Soc. B
Biol. Sci. 280, 20131671. 10.1098/rspb.2013.1671.

Blaxter M, 1998. Caenorhabditis elegans is a nematode. Science 282, 2041-2046. [PubMed: 9851921]

Blumenthal T, 2012. Trans-splicing and operons in C. elegans. WormBook 1-11. 10.1895/
wormbook.1.5.2.

Boersema JH, Eysker M, Nas JW, 2002. Apparent resistance of Parascaris equorum to macrocylic
lactones. Vet. Rec. 150, 279-281. [PubMed: 11924584]

Boes J, Medley GF, Eriksen L, Reopstorff A, Nansen P, 1998. Distribution of Ascaris suumin
experimentally and naturally infected pigs and comparison with Ascaris lumbricoides infections in
humans. Parasitology 117, 589-596 10.1017/S0031182098003382. [PubMed: 9881384]

Bolt BJ, Rodgers FH, Shafie M, Kersey PJ, Berriman M, Howe KL, 2018. Using WormBase ParaSite:
an integrated platform for exploring helminth genomic data. Methods Mol. Biol. 1757, 471-491.
10.1007/978-1-4939-7737-6_15. [PubMed: 29761467]

Borgers M, De Nollin S, 1975. Ultrastructural changes in Ascaris suum intestine after mebendazole
treatment in vivo. J. Parasitol. 61, 110-122. [PubMed: 1117352]

Borup A, Boysen AT, Ridolfi A, Brucale M, Valle F, Paolini L, et al. , 2022. Comparison of separation
methods for immunomodulatory extracellular vesicles from helminths. J. Extracell. Biol. 1, e41.
10.1002/jex2.41.

Bowman DD, 2020. 7oxocara and toxocariasis. Adv. Parasitol. 109.

Boysen AT, Whitehead B, Stensballe A, Carnerup A, Nylander T, 2020. Fluorescent labeling of
helminth extracellular vesicles using an in vivo whole organism approach. Biomedicines 8, 213.
10.20944/preprints202007.0215.v1. [PubMed: 32674418]

Buck AH, Coakley G, Simbari F, McSorley HJ, Quintana JF, Le Bihan T, et al. , 2014. Exosomes
secreted by nematode parasites transfer small RNAs to mammalian cells and modulate innate
immunity. Nat. Commun. 5, 1-11. 10.1038/ncomms6488.

Burga A, Ben-David E, Vergara TL, Boocock J, Kruglyak L, 2019. Fast genetic mapping of complex
traits in C. elegans using millions of individuals in bulk. Nat. Commun. 10, 2680. [PubMed:
31213597]

Cai Q, He B, Weiberg A, Buck AH, Jin H, 2019. Small RNAs and extracellular vesicles: new
mechanisms of cross-species communication and innovative tools for disease control. PLoS
Pathog. 15 (12), €1008090. 10.1371/journal.ppat.1008090. [PubMed: 31887135]

Cain JL, Neilsen MK, 2022. The equine ascarids: resuscitating historic model organisms for modern
purposes. Parasitol. Res. 121, 2775-2791. [PubMed: 35986167]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 37

Camp JG, Platt R, Treutlein B, 2019. Mapping human cell phenotypes to genotypes with single-cell
genomics. Science 365, 1401-1405. 10.1126/science.aax6648. [PubMed: 31604266]

Carlin EP, Tyungu EL, 2020. Toxocara: protecting pets and improving the lives of people. Adv.
Parasitol. 109, 3-16. [PubMed: 32381204]

Carlton PM, Davis RE, Ahmed S, 2022. Nematode chromosomes. iyac014. Genetics 221. 10.1093/
genetics/iyac014.

Castro GA, Fairbairn D, 1969. Comparison of cuticular and intestinal absorption of glucose by adult
Ascaris lumbricoides. J. Parasitol. 55, 13-16. 10.2307/3277337. [PubMed: 5764038]

Chalivendra S, 2021. Microbial toxins in insect and nematode pest biocontrol. Int. J. Mol. Sci. 22,
7657. [PubMed: 34299280]

Chen S-Y, Qiu Q-G, Mo H-L, Gong T-F, Li F, He H-L, et al. , 2022. Molecular identification and
phylogenetic analysis of ascarids in wild animals. Front. Vet. Sci. 9, 891672. [PubMed: 35573413]

Choudhary S, Buxton SK, Puttachary S, Verma S, Mair GR, McCoy CJ, et al. , 2020. EAT-18 is
an essential auxiliary protein interacting with the non-alpha nAChR subunit EAT-2 to form a
functional receptor. PL0S Pathog. 16, €1008396. [PubMed: 32243475]

Chaudhry U, Redman EM, Raman M, Gilleard JS, 2015. Genetic evidence for the spread of a
benzimidazole resistance mutation across southern India from a single origin in the parasitic
nematode Haemonchus contortus. Int. J. Parasitol. 45, 721-728. [PubMed: 26099649]

Chelladurai JJ, Brewer MT, 2019. Detection and quantification of Parascaris P-glycoprotein drug
transporter expression with a novel mMRNA hybridization technique. Vet. Parasitol. 267, 75-83.
[PubMed: 30878090]

Coakley G, McCaskill JL, Borger JG, Simbari F, Robertson E, Millar M, et al. , 2017. Extracellular
vesicles from a helminth parasite suppress macrophage activation and constitute an effective
vaccine for protective immunity. Cell Rep. 19, 1545-1557. 10.1016/j.celrep.2017.05.001.
[PubMed: 28538175]

Coakley G, Volpe B, Bouchery T, Shah K, Butler A, Geldhof P, et al. , 2020. Immune serum-activated
human macrophages coordinate with eosinophils to immobilize Ascaris suum larvae. Parasite
Immunol. 42, €12728. 10.1111/pim.12728. [PubMed: 32394439]

Cohen LB, Troemel ER, 2015. Microbial pathogenesis and host defense in the nematode C. elegans.
Curr. Opin. Microbiol. 23, 94-101. 10.1016/j.mib.2014.11.009. [PubMed: 25461579]

Collins JB, Andersen EC The turkey ascarid, Ascaridia dissimilis, as a model genetic system. Int. J.
Parasitol. In Press{C}. 10.1016/j.ijpara.2022.10.005.

Collins JB, Jordan B, Baldwin L, Hebron C, Paras K, Vidyashankar AN, et al. , 2019. Resistance to
fenbendazole in Ascaridia dissimilis, an important nematode parasite of turkeys. Poult. Sci. 98,
5412-5415. [PubMed: 31328783]

Collins JB, Jordan B, Vidyashankar AN, Bishop A, Kaplan RM, 2022. Fenbendazole resistance in
Heterakis gallinarium, the vector of Histomonas meleagridis, on a broiler breeder farm in South
Carolina. Vet. Parasitol. Reg. Stud. Rep. 36, 100785.

Cook DE, Zdraljevic S, Tanny RE, Seo B, Riccardi DD, Noble LM, et al. , 2016. The genetic basis of
natural variation in Caenorhabditis elegans telomere length. Genetics 204, 871-883.

Cook DE, Zdraljevic S, Roberts JP, Andersen EC, 2017. CeNDR, the Caenorhabditis elegans natural
diversity resource. Nucleic Acid. Res. 45, D650-D657. [PubMed: 27701074]

Cooper PJ, Chico M, Sandoval C, Espinel I, Guevara A, Levine MM, et al. , 2001. Human
infection with Ascaris lumbricoides is associated with suppression of the interleukin-2 response to
recombinant cholera toxin B subunit following vaccination with the live oral cholera vaccine
CVD 103-HgR. Infect. Immun. 69, 1574-1580. 10.1128/1Al.69.3.1574-1580.2001. [PubMed:
11179329]

Coronado S, Barrios L, Zakzuk J, Regino R, Ahumada V, Franco L, et al. , 2017. A recombinant
cystatin from Ascarifs lumbricoides attenuates inflammation of DSS-induced colitis. Parasite
Immunol. 39, e12425. 10.1111/pim.12425.

Coronado S, Zakzuk J, Regino R, Ahumada V, Benedetti |, Angelina A, et al. , 2019. Ascaris
lumbricoides cystatin prevents development of allergic airway inflammation in a mouse model.
Front. Immunol. 10, 2280. [PubMed: 31611876]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 38

Courtot E, Miclon M, Reaves B, Wolstenholme AJ, Neveu C, 2023. Functional validation of the
truncated UNC-63 acetylcholine receptor subunit in levamisole resistance. Int. J. Parasitol. 53,
435-440. [PubMed: 36965824]

Cowden C, Stretton AO, Davis RE, 1989. AF1, a sequenced bioactive neuropeptide isolated from the
nematode Ascaris suum. Neuron 2, 1465-1473. [PubMed: 2627377]

Crombie TA, Battlay P, Tanney RE, Evans KS, Buchanan CM, Cook DE, et al. , 2022. Local
adaptation and spatiotemporal patterns of genetic diversity revealed by repeated sampling of
Caenorhabditis elegans across the Hawaiian Islands. Mol. Ecol. 31, 2327-2347. [PubMed:
35167162]

Crombie TA, Zdraljevic S, Cook DE, Tanney RE, Brady SC, Wang Y, et al. , 2019. Deep sampling
of Hawaiian Caenorhabditis elegans reveals high genetic diversity and admixture with global
populations. ELife 8, €50465. [PubMed: 31793880]

Cully DF, Vassilatis DK, Liu KK, Paress PS, Van der Ploeg LH, Schaeffer JM, et al. , 1994. Cloning
of an avermectin-sensitive glutamate-gated chloride channel from Caenorhabditis elegans. Nature
371, 707-711. [PubMed: 7935817]

Cully DF, Wilkinson H, Vassilatis DK, Etter A, Arena JP, 1996. Molecular biology and
electrophysiology of glutamate-gated chloride channels of invertebrates. Parasitology 113, S191-
S200. [PubMed: 9051935]

Dale VM, Martin RJ, 1995. Oxantel-activated single channel currents in the muscle membrane of
Ascaris suum. Parasitology 110, 437-448. [PubMed: 7538657]

Dall LB, Deleuran B, @stergaard LJ, Mardahl M, Denton PW, Nejsum P, 2022. Helminth products
modulate innate immune recognition of nucleic acids in systemic lupus erythematosus. Lupus 31,
415-423. 10.1177/09612033221080548. [PubMed: 35202548]

Da Silva TE, Barbosa FS, Magalhdes LMD, Gazzinelli-Guimardes PH, dos Santos AC, Nogueira DS,
et al. , 2021. Unraveling Ascaris suum experimental infection in humans. Microbes Infect. 23, 2-8.
10.1016/j.micinf.2021.104836.

Davis MW, Fleischhauer R, Dent JA, Joho RH, Avery L, 1999. A mutation in the C. elegans EXP-2
potassium channel that alters feeding behavior. Science 286, 2501-2504. [PubMed: 10617464]

Davis RE, 1996. Spliced leader RNA trans-splicing in metazoa. Parasitol. Today 12, 33-40. [PubMed:
15275306]

Davis RE, Stretton AO, 1989a. Passive membrane properties of motorneurons and their role in long-
distance signaling in the nematode Ascaris. J. Neurosci. 9, 403-414. [PubMed: 2918369]

Davis RE, Stretton AO, 1989b. Signaling properties of Ascaris motorneurons: graded active responses,
graded synaptic transmission, and tonic transmitter release. J. Neurosci. 9, 415-425. [PubMed:
2563763]

Dawson H, Solano-Aguilar G, Beal M, Beshah E, Vangimalla V, Jones E, et al. , 2009. Localized Th1-,
Th2-, T regulatory cell-, and inflammation-associated hepatic and pulmonary immune responses
in Ascaris suum-infected swine are increased by retinoic acid. Infect. Immun. 77, 2576-2587.
10.1128/1A1.00827-07. [PubMed: 19332534]

Dawson HD, Beshah E, Nishi S, Solano-Aguilar G, Morimoto M, Zhao A, et al. , 2005. Localized
multigene expression patterns support an evolving Th1/Th2-like paradigm in response to
infections with 7oxgplasma gondiiand Ascaris suum. Infect. Immun. 73, 1116-1128. 10.1128/
1Al1.73.2.1116-1128.2005. [PubMed: 15664955]

De Castro JC, de Almeida LV, Santos Cardoso M, Silva Oliveira FM, Nogueira DS, Reis-Cunha
JL, et al. , 2021. Vaccination with chimeric protein induces protection in murine model against
ascariasis. Vaccine 39, 394-401. 10.1016/j.vaccine.2020.11.046. [PubMed: 33248854]

Del Castillo J, De Mello WC, Morales T, 1963. The physiological role of acetylcholine in the
neuromuscular junction of Ascaris lumbricoides. Arch. Int. Physiol. Biochim. 71, 741-757.
[PubMed: 14097308]

Del Castillo J, De Mello WC, Morales T, 1964a. Inhibitory action of gamma-aminobutyric acid
(GABA) on Ascaris muscle. Experientia 20, 141-143. [PubMed: 5853680]

Del Castillo J, De Mello W, Morales T, 1964b. Hyperpolarizing action potentials recorded from the
oesophagus of Ascaris lumbricoides. Nature 203, 530-531. [PubMed: 14202383]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 39

Del Castillo J, De Mello WC, Morales T, 1967. The initiation of action potentials in the somatic
musculature of Ascaris lumbricoides. J. Exp. Biol. 46, 263-279. [PubMed: 6033994]

Dent JA, Davis MW, Avery L, 1997. avr-15encodes a chloride channel subunit that mediates
inhibitory glutamatergic neurotransmission and ivermectin sensitivity in Caenorhabditis elegans.
EMBO J. 16, 5867-5879. [PubMed: 9312045]

Dent JA, Smith MM, Vassilatis DK, Avery L, 2000. The genetics of ivermectin resistance in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. U. S. A. 97, 2674-2679. [PubMed: 10716995]

Deslyper G, Sowemimo OA, Beresford J, Holland CV, 2020. Ascaris lumbricoides and Ascaris
suum vary in their larval burden in a mouse model. J. Helminthol. 94 e128. 10.1017/
S0022149X20000127. [PubMed: 32100653]

Dilks CM, Hahnel SR, Sheng Q, Long L, McGrath PT, Andersen EC, 2020. Quantitative
benzimidazole resistance and fitness effects of parasitic nematode beta-tubulin alleles. Int. J.
Parasitol. Drugs Drug. Res. 14, 28-36.

Dilks CM, Koury EJ, Buchanan CM, Andersen EC, 2021. Newly identified parasitic nematode beta-
tubulin alleles confer resistance to benzimidazoles. Int. J. Parasitol. Drugs Drug. Resist. 17, 168—
175. [PubMed: 34637983]

DiMasi JA, Grabowski HG, Hansen RW, 2016. Innovation in the pharmaceutical industry: new
estimates of R&D costs. J. Health Econ. 47, 20-33. [PubMed: 26928437]

Ding F, Gu S, Yi M-R, Yan Y-R, Wang W-K, Kung K-C, 2022. Demographic history and population
genetic structure of Anisakis pegreffii in the cutlassfish Trichiurus japonicus along the coast
of mainland China and Taiwan. Parasitol. Res. 121, 2803-2816. 10.1007/s00436-022-07611-7.
[PubMed: 35918454]

Donahue MJ, Yacoub NJ, Michnoff CA, Masaracchia RA, Harris BG, 1981. Serotonin (5-
hydroxytryptamine): a possible regulator of glycogenolysis in perfused muscle segments of
Ascaris suum. Biochem. Biophys. Res. Commun. 101, 112-117. [PubMed: 6269541]

Doyle SR, Cotton JA, 2019. Genome-wide approaches to investigate anthelmintic resistance. Trends
Parasitol. 35, 289-301. 10.1016/j.pt.2019.01.004. [PubMed: 30733094]

Doyle SR, Illlingworth CJR, Laing R, Bartley DJ, Redman E, Martinelli A, et al. , 2019. Population
genomic and evolutionary modelling analyses reveal a single major QTL for ivermectin drug
resistance in the pathogenic nematode, Haemonchus contortus. BMC Genomics 20, 218.
[PubMed: 30876405]

Doyle SR, Laing R, Bartley DJ, Britton C, Chaudhry U, Gilleard JS, et al. , 2018. A genome
resequencing-based genetic map reveals the recombination landscape of an outbred parasitic
nematode in the presence of polyploidy and polyandry. Genome Biol. Evol. 1, 396-409.

Doyle SR, Laing R, Bartley DJ, Morrison A, Holroyd N, Maitland K, et al. , 2022. Genomic landscape
of drug response reveals mediators of anthelmintic resistance. Cell Rep. 41, 1115222.

Doyle SR, Tracey A, Laing R, Holroyd N, Bartley D, Bazant W, et al. , 2020. Genomic and
transcriptomic variation defines the chromosome-scale assembly of Haemonchus contortus, a
model gastrointestinal worm. Commun. Biol. 3, 656. [PubMed: 33168940]

Dube F, Hinas A, Roy S, Martin F, Abrink M, Svard S, et al. , 2022. Ivermectin-induced gene
expression changes in adult Parascaris univalens and Caenorhabditis elegans. a comparative
approach to study anthelminthic metabolism and resistance in vitro. Parasit. Vectors 15, 158.
[PubMed: 35513885]

Eamsobhana P, Yong H-S, Boonyong S, Wanachiwanawin D, Tungtrongchitr A, 2022. Genetic
diversity and identity of Ascaris worms from human and pig hosts in Thailand. Vet. Parasitol.
Reg. Stud. Reps 33, 100752.

Easton A, Gao S, Lawton SP, Bennuru S, Khan A, Dahlstrom E, et al. , 2020. Molecular evidence
of hybridization between pig and human Ascaris indicates an interbred species complex infecting
humans. Elife 9, e61562. 10.7554/eLife.61562. [PubMed: 33155980]

Ebner F, Kuhring M, Radonic A, Midha A, Renard BY, Hartmann S, 2018. Silent witness: dual-species
transcriptomics reveals epithelial immunological quiescence to helminth larval encounter and
fostered larval development. Front. Immunol. 9, 1-15. 10.3389/fimmu.2018.01868. [PubMed:
29403488]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 40

Ebner F, Morrison E, Bertazzon M, Midha A, Hartmann S, Freund C, et al. , 2020. CD4 +
T h immunogenicity of the Ascaris spp. secreted products. Npj Vaccines 5, 1-8. 10.1038/
s41541-020-0171-z. [PubMed: 31908850]

Ebner F, Schwiertz P, Steinfelder S, Pieper R, Zentek J, Schitze N, et al. , 2017. Pathogen-reactive T
helper cell analysis in the pig. Front. Immunology 8, 565. 10.3389/fimmu.2017.00565.

Else KJ, Keiser J, Holland CV, Grencis RK, Sattelle DB, Fujiwara RT, et al. , 2020. Whipworm
and roundworm infections. Nat. Rev. Dis. Prim. 6, 44. 10.1038/s41572-020-0171-3. [PubMed:
32467581]

Estrem B, Wang J, 2023. Programmed DNA elimination in the parasitic nematode Ascaris. PLoS
Pathog. 19, €1011087. [PubMed: 36730159]

Evangelista FMD, van Vliet AHM, Lawton SP, Betson M, 2022. A reverse vaccinology approach
adentifies putative vaccination targets in the zoonotic nematode Ascaris. Front. Vet. Sci. 9
1014198. {https://www.frontiersin.org/articles/10.3389/fvets.2022.1014198). [PubMed: 36387396]

Evans KS, Van Wijk MH, McGrath PT, Anderson EC, Sterken MG, 2021a. From QTL to gene:

C. elegans facilitates discoveries of the genetic mechanisms underlying natural variation. Trends
Genet. 37, 933-947. [PubMed: 34229867]

Evans KS, Wit J, Stevens L, Hahnel SF, Rodriguez B, Park G, et al. , 2021b. Two novel loci underlie
natural differences in Caenorhabditis elegans abamectin responses. PLoS Pathog. 17.61009297.
[PubMed: 33720993]

Feder ME, Hofmann GE, 1999. Heat-shock proteins, molecular chaperones, and the stress response:
evolutionary and ecological physiology. Annu. Rev. Physiol. 61, 243-282. [PubMed: 10099689]

Fellowes RA, Maule AG, Martin RJ, Geary TG, Thompson DP, Kimber MJ, et al. , 2000. Classical
neurotransmitters in the ovijector of Ascaris suum: localization and modulation of muscle activity.
Parasitology 121, 325-336. [PubMed: 11085252]

Forbes K, Basanez M-G, Hollingsworth TD, Anderson RM, 2023. Introduction to the special issue:
challenges and opportunities in the fight against neglected tropical diseases: a decade from the
London Declaration on NTDs. Philosph Trans. Roy. Soc. Lond. B 378, 20220272.

Franks CJ, Holden-Dye L, Bull K, Luedtke S, Walker RJ, 2006. Anatomy, physiology and
pharmacology of Caenorhabditis elegans pharynx: a model to define gene function in a simple
neural system. Invert. Neurosci. 6, 105-122. [PubMed: 16862440]

Freeman F, Kc M, Amateau SK, 2022. Identification of Ascaris lumbricoides eggs within the pancreas

using endoscopic ultrasound. Am. J. Trop. Med. Hyg. 107, 729-730. [PubMed: 36067992]

Frakjaer-Jensen C, 2013. Exciting prospects for precise engineering of Caenorhabditis elegans
genomes with CRISPR/Cas9. Genetics 195, 635-642. [PubMed: 24190921]

Frontera E, Alcaide M, Dominguez-Alpizar JL, Boes J, Reina D, Navarrete I, 2005. Evidence of
interaction between Ascaris suum and Metastrongylus apriin experimentally infected pigs. Vet.
Parasitol. 127, 295-301. 10.1016/j.vetpar.2004.11.001. [PubMed: 15710530]

Fukagawa T, Earnshaw WC, 2014. The centromere: chromatin foundation for the kinetochore
machinery. Dev. Cell 30, 496-508. 10.1016/j.devcel.2014.08.016. [PubMed: 25203206]

Gassmann R, Rechtsteiner A, Yuen KW, Muroyama A, Egelhofer T, Gaydos L, et al. , 2012. An
inverse relationship to germline transcription defines centromeric chromatin in C. elegans. Nature
484, 534-537. 10.1038/nature10973. [PubMed: 22495302]

Gazzinelli-Guimaraes AC, Gazzinelli-Guimardes PH, Nogueira DS, Oliveira FMS, Barbosa FS,
Amorim CCO, et al. , 2018. 1gG induced by vaccination with Ascaris suum extracts is protective
against infection. Front. Immunol. 9, 2535. 10.3389/fimmu.2018.02535. [PubMed: 30473693]

Gazzinelli-Guimarées AC, Gazzinelli-Guimaraes P, Weatherhead JE, 2021. A historical and
systematic overview of Ascaris vaccine development. Parasitology 148, 1-11. 10.1017/
S0031182021001347.

Gazzinelli-Guimaraes PH, de Queiroz Prado R, Ricciardi A, Bonne-Année S, Sciurba J, Karmele
EP, et al. , 2019. Allergen presensitization drives an eosinophil-dependent arrest in lung-
specific helminth development. J. Clin. Invest. 129, 3686-3701. 10.1172/JCI127963. [PubMed:
31380805]

Gonzalez-Hernandez A, Borloo J, Peelaers I, Casaert S, Leclercq G, Claerebout E, et al. , 2018.
Comparative analysis of the immune responses induced by native versus recombinant versions of

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.


https://www.frontiersin.org/articles/10.3389/fvets.2022.1014198

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 41

the ASP-based vaccine against the bovine intestinal parasite Cooperia oncophora. Int. J. Parasitol.
48, 41-49. 10.1016/j.ijpara.2017.07.002. [PubMed: 28859849]

Geiger SM, Massara CL, Bethony J, Soboslay PT, Carvalho OS, Corréa-Oliveira R, 2002. Cellular
responses and cytokine profiles in Ascaris lumbricoides and Trichuris trichiura infected patients.
Parasite Immunol. 24, 499-509. 10.1046/j.1365-3024.2002.00600.x. [PubMed: 12694600]

Gerbe F, Sidot E, Smyth DJ, Ohmoto M, Matsumoto I, Dardalhon V, et al. , 2016. Intestinal epithelial
tuft cells initiate type 2 mucosal immunity to helminth parasites. Nature 529, 226-230. 10.1038/
nature16527. [PubMed: 26762460]

Gerhard AP, Krucken J, Heitlinger E, Janssen 1JI, Basiaga M, Kornas S, et al. , 2020. The P-
glycoprotein repertoire of the equine parasitic nematode Parascarfs univalens. Sci. Rep. 10,
13586. 10.1038/s41598-020-70529-6. [PubMed: 32788636]

Ghosh R, Andersen EC, Shapiro JA, Gerke JP, Krugylak L, 2012. Natural variation in a chloride
channel subunit confers avermectin resistance in C. elegans. Science 335, 574-578. [PubMed:
22301316]

Goldschmidt R, 1908. Das Nervensystem von Ascaris lumbricoides und megalocephala. Z. \Wiss. Zool.
90, 73-136.

Greenwood K, Williams T, Geary T, 2005. Nematode neuropeptide receptors and their development as
anthelmintic screens. Parasitology 131, S169-S177. [PubMed: 16569288]

Hagel I, Cabrera M, Puccio F, Santaella C, Buvat E, Infante B, et al. , 2011. Co-infection with
Ascaris lumbricoides modulates protective immune responses against Glardia duodenalis in
school Venezuelan rural children. Acta Trop. 117, 189-195. 10.1016/j.actatropica.2010.12.001.
[PubMed: 21172297]

Hahnel S, Zdraljevic S, Rodriguez BC, Zhao Y, McGrath PT, Andersen EC, 2018. Extreme allelic
heterogeneity at a Caenorhabditis elegans beta-tubulin locus explains natural resistance to
benzimidazoles. PLoS Path 14, e1007226.

Hansen EP, Fromm B, Andersen SD, Marcilla A, Andersen KL, Borup A, et al. , 2019. Exploration
of extracellular vesicles from Ascaris suum provides evidence of parasite-host cross talk. J.
Extracell. Vesicles 8, 1578116. 10.1080/20013078.2019.1578116. [PubMed: 30815237]

Hansen TVA, Cirera S, Neveu C, Courtot E, Charvet CL, Calloe K, et al. , 2021. The narrow-spectrum
anthelmintic oxantel is a potent agonist of a novel acetylcholine receptor subtype in whipworms.
PLoS Pathog. 17, €1008982. [PubMed: 33544769]

Hayes KS, Bancroft AJ, Goldrick M, Portsmouth C, Roberts IS, Grencis RK, 2010. Exploitation of
the intestinal microflora by the parasitic nematode 7richuris muris. Science 328, 1391-1394.
10.1126/science.1187703. [PubMed: 20538949]

Helwigh AB, Christensen CM, Roepstorff A, Nansen P, 1999. Concurrent Ascaris suum
and Oesophagostomum dentatum infections in pigs. Vet. Parasitol. 82, 221-234. 10.1016/
S0304-4017(99)00007-2. [PubMed: 10348102]

Holden-Dye L, Brownlee DJ, Walker RJ, 1997. The effects of the peptide KPNFIRFamide (PF4)
on the somatic muscle cells of the parasitic nematode Ascaris suum. Brit J. Pharmacol. 120,
379-386. [PubMed: 9031739]

Holden-Dye L, Joyner M, O’Connor V, Walker RJ, 2013. Nicotinic acetylcholine receptors: a
comparison of the nAChRs of Caenorhabditis elegans and parasitic nematodes. Parasitol. Int.
62, 606—615. [PubMed: 23500392]

Holden-Dye L, Walker RJ, 1994. Characterization of identifiable neurones in the head ganglia of the
parasitic nematode Ascaris suun. a comparison with central neurones of Caenorhabditis elegans.
Parasitology 108, 81-87. [PubMed: 8152859]

Holland C (Ed.), 2013. Ascaris, the Neglected Parasite. Academic Press.

Holland C, Sepidarkish M, Deslyper G, Abdollahi A, Valizadeh S, Mollalo A, et al. , 2022. Global
prevalence of Ascaris infection in humans (2010-2021): a systematic review and meta-analysis.
Infect. Dis. Poverty 11, 113. [PubMed: 36401308]

Horoszok L, Raymond V, Sattelle DB, Wolstenholme AJ, 2001. GLC-3: a novel fipronil and
BIDN-sensitive, but picrotoxinin-insensitive, L-glutamate-gated chloride channel subunit from
Caenorhabditis elegans. Brit J. Pharmacol. 132, 1247-1254. [PubMed: 11250875]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 42

Hotez PJ, Strych U, Lustigman S, Bottazzi ME, 2016. Human anthelminthic vaccines: rationale and
challenges. Vaccine 34, 3549-3555. 10.1016/j.vaccine.2016.03.112. [PubMed: 27171753]

Howitt M, Sydney L, Monia M, Blum AM, Tran S, Weinstock JV, et al. , 2016. Tuft cells, taste-
chemosensory cells, orchestrate parasite type 2 immunity in the gut. Scienc 351, 1329-1333.
10.1126/science.aaf1648.

Hsu S-C, Johansson KR, Donahue MJ, 1986. The bacterial flora of the intestine of Ascaris suum
and 5-hydroxytryptamine production. J. Parasitol. 72, 545-549. 10.2307/3281505. [PubMed:
3783348]

Hu Y, Georghiou SB, Kelleher AJ, Aroian RV, 2010. Bacillus thuringiensis Cry5B protein is highly
efficacious as a single-dose therapy against an intestinal roundworm infection in mice. PLoS
Negl. Trop. Dis. 4, €614. [PubMed: 20209154]

HuY, Yu L, Fan H, Huang G, Wu Q, Nie Y, et al. , 2020. Genomic signatures of coevolution between
non-model mammals and parasitic roundworms. Mol. Biol. Evol. 38, 531-544. 10.1093/molbev/
msaa243.

Hubbard IC, Thompson JS, Else KJ, Shears RK, 2023. Another decade of Trichuris muris reseearch:
an update and application of key discoveries. Adv. Parasitol. 121, 1-63. [PubMed: 37474238]

Ing R, Su Z, Scott ME, Koski KG, 2000. Suppressed T helper 2 immunity and prolonged survival of a
nematode parasite in protein-malnourished mice. Proc. Natl. Acad. Sci. U. S. A. 97, 7078-7083.
10.1073/pnas.97.13.7078. [PubMed: 10860974]

International Helminth Genomes Consortium, 2019. Comparative genomics of the major parasitic
worms. Nat. Genet. 51, 163-174. 10.1038/s41588-018-0262-1. [PubMed: 30397333]

Isah AUJ, Ekwunife Ol, Ejie IL, Mandrik O, 2020. Effects of nutritional supplements on the re-
infection rate of soil-transmitted helminths in school-age children: a systematic review and
meta-analysis. PL0oS One 15, e0237112. [PubMed: 32790693]

Jackson JA, Turner JD, Rentoul L, Faulkner H, Behnke JM, Hoyle M, et al. , 2004. T helper cell Type
2 responsiveness predicts future susceptibility to gastrointestinal nematodes in humans. J. Infect.
Dis. 190, 1804-1811. 10.1086/425014. [PubMed: 15499537]

Jacobs CT, Scholtz CH, 2015. A review on the effect of macrocyclic lactones on dung-dwelling
insects: toxicity of macrocyclic lactones to dung beetles. Onderstepoort J. Vet. Res. 82, 858.
[PubMed: 26017637]

Jannsen 1J, Krucken J, Demeler J, Basiaga M, Kornas S, Von Samson-Himmelstjerna G, 2013. Genetic
variants and increased expression of Parascaris equorum P-glycoprotein-11 in populations with
decreased ivermectin susceptibility. PLoS One 8, e61635. [PubMed: 23637871]

Jasmer DP, Rosa BA, Mitreva M, 2015. Peptidases compartmentalized to the Ascaris suum intestinal
lumen and apical intestinal membrane. PLoS Negl. Trop. Dis. 9, e3375. [PubMed: 25569475]

Jékely G, Melzer S, Beets I, Kadow ICG, Koene J, Haddad S, et al. , 2018. The long and the short of it
— a perspective on peptidergic regulation of circuits and behaviour. J. Exp. Biol. 221 jeb166710.
[PubMed: 29439060]

Jex AR, Liu S, Li B, Young ND, Hall RS, Li Y, et al. , 2011. Ascarfs suum draft genome. Nature 479,
529-533. 10.1038/nature10553. [PubMed: 22031327]

Johnston CJC, Smyth DJ, Kodali RB, White MPJ, Harcus Y, Filbey KJ, et al. , 2017. A structurally
distinct TGF-p mimic from an intestinal helminth parasite potently induces regulatory T cells.
Nat. Commun. 8, 1741. 10.1038/s41467-017-01886-6. [PubMed: 29170498]

Jones AK, Sattelle DB, 2008. The cys-loop ligand-gated ion channel gene superfamily of the
nematode, Caenorhabditis elegans. Invert. Neurosci. 8, 41-47. [PubMed: 18288508]

Kang Y, Wang J, Neff A, Kratzer S, Kimura H, Davis RE, 2016. Differential chromosomal localization
of centromeric histone CENP-A contributes to nematode programmed DNA elimination. Cell
Rep. 16, 2308-2316. 10.1016/j.celrep.2016.07.079. [PubMed: 27545882]

Kashyap SS, Verma S, McHugh M, Wolday M, Williams PD, Robertson AP, et al. , 2021.
Anthelmintic resistance and homeostatic plasticity (Brugia malayi). Sci. Rep. 11, 14499.
[PubMed: 34262123]

Kaur R, Arora N, Rawat SS, Keshri AK, Singh N, Show SK, et al. , 2021. Immunoinformatics driven
construction of multi-epitope vaccine candidate against Ascaris lumbricoides using Its entire
immunogenic epitopes. Exp. Rev. Vaccines 20, 1637-1649. 10.1080/14760584.2021.1974298.

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 43

Kdéhler P, Bachmann R, 1981. Intestinal tubulin as possible target for the chemotherapeutic action of
mebendazole in parasitic nematodes. Mol. Biochem. Parasitol. 4, 325-336. [PubMed: 7335116]

Kriicken J, Fraundaufer K, Mugisha JC, Ramiinke S, Sifft KC, Geus D, et al. , 2017. Reduced efficacy
of albendazole against Ascaris lumbricoides in Rwandan schoolchildren. Int. J. Parasitol. Drugs
Drug. Res. 7, 262-271.

Kupritz J, Angelina A, Nutman T, Gazzinelli-Guimaraes P, Sibley LD, 2021. Helminth-induced human
gastrointestinal dysbiosis: a systematic review and meta-analysis reveals insights into altered
taxon diversity and microbial gradient collapse. e02890-21. MBio 12. 10.1128/mBi0.02890-21.

Laan LC, Williams AR, Stavenhagen K, Giera M, Kooij G, Vlasakov I, et al. , 2017. The whipworm
(Trichuris suis) secretes prostaglandin E2 to suppress proinflammatory properties in human
dendritic cells. FASEB J. 31, 719-731. 10.1096/fj.201600841R. [PubMed: 27806992]

Laing R, Bartley DJ, Morrison AA, Rezansoff A, Martinelli A, Laing ST, et al. , 2015. The cytochrome
P450 family in the parasitic nematode Haemonchus contortus. Int. J. Parasitol. 45, 243-251.
[PubMed: 25558056]

Laing R, Doyle SR, Mclntyre J, Maitland K, Morrison A, Bartley DJ, et al. , 2022. Transcriptomic
analyses implicate neuronal plasticity and chloride homeostasis in ivermectin resistance and
response to treatment in a parasitic nematode. PLoS Pathog. 18.e1010545. [PubMed: 35696434]

Lamassiaude N, Courtot E, Corset A, Charvet CL, Neveu C, 2022. Pharmacological characterization of
novel heteromeric GIuCl subtypes from Caenorhabditis elegans and parasitic nematodes. Brit J.
Pharmacol. 179, 1264-1279. [PubMed: 34623639]

Lamassiaude N, Toubate B, Neveu C, Charnet P, Dupuy C, Debierre-Grockiego F, et al. , 2021.

The molecular targets of ivermectin and lotilaner in the human louse Pediculus humanus
humanus. new prospects for the treatment of pediculosis. PLoS Pathog. 17, e1008863. [PubMed:
33600484]

Learmount J, Taylor MA, Bartram DJ, 2012. A computer simulation study to evaluate resistance
development with a derquantel-abamectin combination on UK sheep farms. Vet. Parasitol. 187,
244-253. [PubMed: 22277626]

Lee D, Zdraljevic S, Stevens L, Wang Y, Tanny RE, Crombie TA, et al. , 2021. Balancing selection
maintains hyper-divergent haplotypes in Caenorhabditis elegans. Nat. Ecol. Evol. 5, 794-807.
[PubMed: 33820969]

Lee JH, Daugharthy ER, Scheiman J, Kalhor R, Yang JL, Ferrante TC, et al. , 2014.

Highly multiplexed subcellular RNA sequencing in situ. Science 343, 1360-1363. 10.1126/
science.1250212. [PubMed: 24578530]

Lepper HC, Prada JM, Davis EL, Gunawardena SA, Hollingsworth TD, 2018. Complex interactions in
soil-transmitted helminth co-infections from a cross-sectional study in Sri Lanka. Trans. R. Soc.
Trop. Med. Hyg. 112, 397-404. 10.1093/trstmh/try068. [PubMed: 30053259]

Leroux LP, Nasr M, Valanparambil R, Tam M, Rosa BA, Siciliani E, et al. , 2018. Analysis of
the Trichuris suis excretory/secretory proteins as a function of life cycle stage and their
immunomodulatory properties. Sci. Rep. 8, 1-17. 10.1038/s41598-018-34174-4. [PubMed:
29311619]

Li BW, Rush AC, Weil GJ, 2014. High level expression of a glutamate-gated chloride channel gene in
reproductive tissues of Brugia malayi may explain the sterilizing effect of ivermectin on filarial
worms. Int. J. Parasitol. Drugs Drug. Resist. 4, 71-76. [PubMed: 25057456]

Lukes S, 1992. Ascaris suum — vaccination of mice with liposome encapsulated antigen. Vet. Parasitol.
43, 105-113. 10.1016/0304-4017(92)90053-c. [PubMed: 1496793]

Lyons ET, Tolliver SC, lonita M, Lewellen A, Collins SS, 2008. Field studies indicating reduced
activity of ivermectin on small strongyles in horses on a farm in Central Kentucky. Parasitol. Res.
103, 209-215. [PubMed: 18389281]

Mapes CJ, 1966. Structure and function in the nematode pharynx. 3. The pharyngeal pump of Ascaris
lumbricoides. Parasitology 56, 137-149. [PubMed: 5912224]

Martin F, Halvarsson P, Delhomme N, Hoéglund J, Tydén E, 2021. Exploring the p-tubulin gene family
in a benzimidazole-resistant Parascaris univalens population. Int. J. Parasitol. Drugs Drug. Resist.
17, 84-91. [PubMed: 34467878]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 44

Martin F, Hoglund J, Bergstrém TF, Karlsson Lindsjoé O, Tydén E, 2018. Resistance to pyrantel
embonate and efficacy of fenbendazole in Parascaris univalens on Swedish stud farms. Vet.
Parasitol. 264, 69-73. [PubMed: 30503095]

Martin RJ, 1980. The effect of gamma-aminobutyric acid on the input conductance and membrane
potential of Ascaris muscle. Brit J. Pharmacol. 71, 99-106. [PubMed: 7470749]

Martin RJ, 1993. Neuromuscular transmission in nematode parasites and antinematodal drug action.
Pharmacol. Ther. 58, 13-50. [PubMed: 8415872]

Martin RJ, 1997. Modes of action of anthelmintic drugs. Vet. J. 154, 11-34. [PubMed: 9265850]

Martin RJ, Valkanov MA, Dale VM, Robertson AP, Murray |, 1996. Electrophysiology of Ascaris
muscle and anti-nematodal drug action. Parasitology 113, S137-S156. [PubMed: 9051932]

Masuda A, Allen JE, Houdijk JGM, Athanasiadou S, 2022. Dietary protein supplementation results
in molecular and cellular changes related to T helper type 2 immunity in the lung and small
intestine in lactating rats re-infected with Nippostrongylus brasiliensis. Parasitology 149, 337—
346. 10.1017/S0031182021001876. [PubMed: 35264261]

Masure D, Vlaminck J, Wang T, Chiers K, Van den Broeck W, Vercruysse J, et al. , 2013a. A role for
eosinophils in the intestinal immunity against infective Ascaris suum larvae. PLoS Negl. Trop.
Dis. 7, 1-7. 10.1371/journal.pntd.0002138.

Masure D, Wang T, Vlaminck J, Claerhoudt S, Chiers K, Van den Broeck W, et al. , 2013b.

The intestinal expulsion of the roundworm Ascaris suum is associated with eosinophils, intra-
epithelial T cells and decreased intestinal transit time. PLoS Negl. Trop. Dis. 7.62588. [PubMed:
24340121]

Maule AG, Bowman JW, Thompson DP, Marks NJ, Friedman AR, Geary TG, 1996. FMRFamide-
related peptides (FaRPs) in nematodes: occurrence and neuromuscular physiology. Parasitology
113, S119-S135. [PubMed: 9051931]

McCoy CJ, Warnock ND, Atkinson LE, Atcheson E, Martin RJ, Robertson AP, et al. , 2015. RNA
interference in adult Ascaris suum— an opportunity for the development of a functional genomics
platform that supports organism-, tissue- and cell-based biology in a nematode parasite. Int. J.
Parasitol. 45, 673-678. [PubMed: 26149642]

McHugh M, Williams P, Verma S, Powell-Coffman JA, Robertson AP, Martin RJ, 2020. Cholinergic
receptors on intestine cells of Ascaris suum and activation of NAChRs by levamisole. Int. J.
Parasitol. Drugs Drug. Resist. 13, 38-50. [PubMed: 32470835]

McKay JP, Raizen DM, Gottschalk A, Schafer WR, Avery L, 2004. eat-2and eat18are required
for nicotinic neurotransmission in the Caenorhabditis elegans pharynx. Genetics 166, 161-1609.
[PubMed: 15020415]

Mejer H, Roepstorff A, 2006. Ascaris suum infections in pigs born and raised on contaminated
paddocks. Parasitology 133, 305-312. 10.1017/S0031182006000394. [PubMed: 16740179]

Menéndez-Arias L, Delgado R, 2022. Update and latest advances in antiretroviral therapy. Trends
Pharmacol. Sci. 43, 16-29. [PubMed: 34742581]

Midha A, Ebner F, Schlosser-Brandenburg J, Rausch S, Hartmann S, 2021. Trilateral relationship:
Ascaris, microbiota, and host cells. Trends Parasitol. 37, 251-262. 10.1016/j.pt.2020.09.002.
[PubMed: 33008723]

Midha A, Janek K, Niewienda A, Henklein P, Guenther S, Serra DO, et al. , 2018. The intestinal
roundworm Ascarfs suum releases antimicrobial factors which interfere with bacterial growth and
biofilm formation. Front. Cell. Infect. Microbiol. 8. 10.3389/fcimb.2018.00271.

Midha A, Jarquin-Diaz V, Ebner F, Lober U, Cardilli A, Heitlinger E, et al. , 2022. Guts within guts:
the microbiome of the intestinal helminth parasite Ascaris suum is derived but distinct from its
host. Microbiome 10, 229. [PubMed: 36527132]

Midttun HLE, Acevedo N, Skallerup P, Almeida S, Skovgaard K, Andresen L, et al. , 2018. Ascaris
suum infection downregulates inflammatory pathways in the pig intestine in vivo and in human
dendritic cells in vitro. J. Infect. Dis. 217, 310-319. 10.1093/infdis/jix585. [PubMed: 29136163]

Minkler SJ, Loghry-Jansen HJ, Sondjaja NA, Kimber MJ, 2022. Expression and secretion of
circular RNAs in the parasitic nematode, Ascaris suum. Front. Genet. 13, 1-17. 10.3389/
fgene.2022.884052.

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 45

Mohd-Shaharuddin N, Lim YAL, Ngui R, Nathan S, 2021. Expression of Ascaris lumbricoides
putative virulence-associated genes when infecting a human host. Parasites Vectors 14, 176.
10.1186/s13071-021-04680-y. [PubMed: 33757548]

Mousley A, Novozhilova E, Kimber MJ, Day TA, 2010. Neuropeptide physiology in helminths. Adv.
Exp. Med. Biol. 692, 78-97. [PubMed: 21189675]

Mullaney BC, Blind RD, Lemieux GA, Perez CL, Elle IC, Faergeman NJ, et al. , 2010. Regulation of
C. elegans fat uptake and storage by acyl-CoA synthase-3 is dependent on NR5A family nuclear
hormone receptor NHR-25. Cell Metab. 12, 398-410. [PubMed: 20889131]

Munn EA, Munn PD, 2002. Feeding and digestion. Biology of Nematodes. Taylor & Francis, London.

Muriuki JM, Mentzer AJ, Webb EL, Morovat A, Kimita W, Ndungu FM, et al. , 2020. Estimating
the burden of iron deficiency among African children. BMC Med. 18, 1-14. 10.1186/
$12916-020-1502-7. [PubMed: 31898501]

Myhill LJ, Jensen P, Zakeri A, Nielsen LF, Jakobsen SR, Mejer H, et al. , 2020. Effects of the
dietary fibre inulin and 7richuris suis products on inflammatory responses in lipopolysaccharide-
stimulated macrophages. Mol. Immunol. 121, 127-135. 10.1016/j.molimm.2020.03.006.
[PubMed: 32200170]

Myhill LJ, Stolzenbach S, Hansen TVA, Skovgaard K, Stensvold CR, Andersen LO, et al. , 2018.
Mucosal barrier and Th2 immune responses are enhanced by dietary inulin in pigs infected with
Trichuris suis. Front. Immunol. 9, 2557. [PubMed: 30473696]

Nalin DR, McLaughlin J, 1976. Colonization of Ascaris lumbricoidesby V. cholerae. J. Parasitol. 62,
839-841. 10.2307/3278979. [PubMed: 978375]

Nielsen MK, Wang J, Davis R, Bellaw JL, Lyons ET, Lear TL, et al. , 2014. Parascaris
univalens — a victim of large-scale misidentification? Parasitol. Res. 113, 4485-4490. 10.1007/
s00436-014-4135-y. [PubMed: 25231078]

Nejsum P, Betson M, Bendall RP, Thamsborg SM, 2012. Assessing the zoonotic potential of Ascaris
suum and Trichuris suis. looking to the future from an analysis of the past. J. Helminthol. 86,
148-155. 10.1017/S0022149X12000193. [PubMed: 22423595]

Nejsum P, Frydenberg J, Roepstorff A, Parker ED Jr., 2005. Population structure in Ascaris
suum (Nematoda) among domestic swine in Denmark as measured by whole genome DNA
fingerprinting. Hereditas 142, 7-14. 10.1111/j.1601-5223.2005.01864.x. [PubMed: 16970605]

Nejsum P, Roepstorff A, Jgrgensen CB, Fredholm M, Goring HHH, Anderson TJC, et al. , 2009. High
heritability for Ascarisand Trichurisinfection levels in pigs. Heredity (Edinb.) 102, 357-364.
10.1038/hdy.2008.131. [PubMed: 19142203]

Niedermaier J, Moritz KB, 2000. Organization and dynamics of satellite and telomere DNAs in
Ascaris: implications for formation and programmed breakdown of compound chromosomes.
Chromosoma 109, 439-452. [PubMed: 11151673]

Nisbet AJ, Meeusen EN, Gonzalez JF, Piedrafita DM, 2016. Immunity to Haemonchus contortus and
vaccine development. Adv. Parasitol. 93, 353-396. [PubMed: 27238008]

Nogueira D, Gazzinelli-Guimaraes PD, Barbosa FS, Resende NM, Silva CC, De Oliveira LM,
etal., 2016. Multiple exposures to Ascarfs suum induce tissue injury and mixed Th2/Th17
immune response in mice. PLOS Negl. Trop. Dis. 10, e0004382. 10.1371/journal.pntd.0004382.
[PubMed: 26814713]

Notari L, Riera DC, Sun R, Bohl JA, McLean LP, Madden KB, et al. , 2014. Role of macrophages
in the altered epithelial function during a type 2 immune response induced by enteric nematode
infection. PLoS One 9, e84763. [PubMed: 24465430]

O’Halloran DM, 2022. Database of glutamate-gated chloride (GIuCl) subunits across 125 nematode
species: patterns of gene accretion and sequence diversification. G3 (Bethesda) 12 kab438.

Olliaro PL, Vaillant MT, Diawara A, Speich B, Albonico M, Utzinger J, et al. , 2022. Egg excretion
indicators for the measurement of soil-transmitted helminth response to treatment. PLoS Negl.
Trop. Dis. 16, 0010593. 10.1371/journal.pntd.0010593. [PubMed: 35917364]

Olsen LS, Kelley GW, Sen HG, 1958. Longevity and egg-production of Ascaris suum. Trans. Am.
Microsc. Soc. 77, 380-383.

Oshiro TM, Enobe CS, Aratjo CA, Macedo MS, Macedo-Soares MF, 2006. PAS-1, a protein affinity
purified from Ascaris suum worms, maintains the ability to modulate the immune response

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 46

to a bystander antigen. Immunol. Cell Biol. 84, 138-144. 10.1111/j.1440-1711.2005.01404.
[PubMed: 16519731]

Ozben M, Von Samson-Himmelsjerna G, Freiin von Streit MKB, Wilkes EJA, Hughes KJ, Kriicken J,
2022. Absence of polymorphisms in codons 167, 198 and 200 of all seven p-tubulin isotypes of
benzimidazole susceptible and resistant Parascaris spp. specimens from Australia. Pathogens 11,
490. [PubMed: 35631011]

Pallatto LM, Dilks CM, Park Y-J, Smit RB, Lu BT, Gopalakrishnan C, et al. , 2022. Interactions
of Caenorhabditis elegans B-tubulins with the microtubule inhibitor and anthelmintic drug
albendazole. Genetics 221 iyac093. [PubMed: 35731216]

Panic G, Duthaler U, Speich B, Kaiser J, 2014. Repurposing drugs for the treatment and control of
helminth infections. Int. J. Parasitol. Drugs Drug. Resist. 4, 185-200. [PubMed: 25516827]

Payne AC, Chiang ZD, Reginato PL, Mangiameli SM, Murray EM, Yao CC, et al. , 2020. In situ
genome sequencing resolves DNA sequence and structure in intact biological samples. eaay3446.
Science 371. 10.1126/science.aay3446.

Pearson MS, Pickering DA, Tribolet L, Cooper L, Mulvenna J, Oliveira LM, et al. , 2010.
Neutralizing antibodies to the hookworm hemoglobinase NA-APR-1: implications for a
multivalent vaccine against hookworm infection and schistosomiasis. J. Infect. Dis. 201, 1561—
1569. 10.1086/651953. [PubMed: 20367477]

Pedersen S, Saeed I, Michaelsen KF, Friis H, Murell KD, 2002. Impact of protein energy malnutrition
on Trichuris suis infection in pigs concomitantly infected with Ascaris suum. Parasitology 124,
561-568. 10.1017/S0031182002001592. [PubMed: 12049419]

Perera DJ, Ndao M, 2021. Promising technologies in the field of helminth vaccines. Front. Immunol.
12, 3220. 10.3389/fimmu.2021.711650.

Petersen HH, Andreasen A, Kringel H, Roepstorff A, Thamsborg SM, 2014. Parasite population
dynamics in pigs infected with Trichuris suisand Oesgphagostomum dentatum. Vet. Parasitol.
199, 73-80. 10.1016/j.vetpar.2013.09.030. [PubMed: 24126087]

Pike VL, Ford SA, King KC, Rafaluk-Mohr C, 2019. Fecundity compensation is dependent on the
generalized stress response in a nematode host. Ecol. Evol. 9, 11957-11961. 10.1002/ece3.5704.
[PubMed: 31695900]

Pillai A, Ueno S, Zhang H, Kato Y, 2003. Induction of ASABF (Ascaris suum antibacterial factor)-
type antimicrobial peptides by bacterial injection: novel members of ASABF in the nematode
Ascaris suum. Biochem. J. 371, 663-668. 10.1042/BJ20021948. [PubMed: 12617723]

Pillai A, Ueno S, Zhang H, Lee JM, Kato Y, 2005. Cecropin P1 and novel nematode cecropins: a
bacteria-inducible antimicrobial peptide family in the nematode Ascaris suum. Biochem. J. 390,
207-214. 10.1042/BJ20050218. [PubMed: 15850460]

Pilotte N, Maasch J, Easton AV, Dahlstrom E, Nutman TB, Williams SA, 2019. Targeting a highly
repeated germline DNA sequence for improved real-time PCR-based detection of Ascaris
infection in human stool. PLoS Negl. Trop. Dis. 13, e0007593. 10.1371/journal.pntd.0007593.
[PubMed: 31329586]

Poltl G, Kerner D, Paschinger K, Wilson IBH, 2007. N-glycans of the porcine nematode parasite
Ascaris suum are modified with phosphorylcholine and core fucose residues. FEBS J. 274, 714—
726.10.1111/j.1742-4658.2006.05615.x. [PubMed: 17181538]

Pukkila-Worley R, Ausubel FM, 2012. Immune defense mechanisms in the Caenorhabditis elegans
intestinal epithelium. Curr. Opin. Immunol. 24, 3-9. [PubMed: 22236697]

Purcell J, Robertson AP, Thompson DP, Martin RJ, 2002. PF4, a FMRFamide-related peptide, gates
low-conductance CI(-) channels in Ascaris suum. Eur. J. Pharmacol. 456, 11-17. [PubMed:
12450564]

Qian H, Martin RJ, Robertson AP, 2006. Pharmacology of N-, L- and B- subtypes of nematode
nAchR resolved at the single-channel level in Ascaris suum. FASEB J. 20, 2606-2608. [PubMed:
17056760]

Rafaluk-Mohr C, Ashby B, Dahan DA, King KC, 2018. Mutual fitness benefits arise during
coevolution in a nematode-defensive microbe model. Evol. Lett. 2, 246-256. 10.1002/ev13.58.
[PubMed: 30283680]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 47

Ranganathan R, Cannon SC, Horvitz HR, 2000. MOD-1 is a serotonin-gated chloride channel that
modulates locomotory behaviour in C. efegans. Nature 408, 470-475. [PubMed: 11100728]

Rao VT, Siddiqui Sz, Prichard RK, Forrester SG, 2009. A dopamine-gated ion channel (HcGGR3*)
from Haemonchus contortus K expressed in the cervical papillae and is associated with
macrocyclic lactone resistance. Mol. Biochem. Parasitol. 166, 54-61. [PubMed: 19428673]

Rausch S, Midha A, Kuhring M, Affinass N, Radonic A, Kiihl AA, et al. , 2018. Parasitic nematodes
exert antimicrobial activity and benefit from microbiota-driven support for host immune
regulation. Front. Immunol. 9, 2282. [PubMed: 30349532]

Rechavi O, Lev I, 2017. Principles of transgenerational small RNA inheritance in Caenorhabditis
elegans. Curr. Biol. 27, R720-R730. 10.1016/j.cub.2017.05.043. [PubMed: 28743023]

Rew RS, Urban JF, Douvres FW, 1986. Screen for anthelmintics, using larvae of Ascaris suum. Am. J.
Vet. Res. 47, 869-873. [PubMed: 3963590]

Reynolds LA, Smith KA, Filbey KJ, Harcus Y, Hewitson JP, Redpath SA, et al. , 2014. Commensal-
pathogen interactions in the intestinal tract. Gut Microbes 5, 522-532. 10.4161/gmic.32155.
[PubMed: 25144609]

Robertson AP, Clark CL, Burns TA, Thompson DP, Geary TG, Trailovic SM, et al. , 2002.
Paraherquamide and 2-deoxy-paraherquamide distinguish cholinergic receptor subtypes in
Ascaris muscle. J. Pharmacol. Exp. Ther. 302, 853-860. [PubMed: 12183640]

Roepstorff A, Eriksen L, Slotved H-C, Nansen P, 1997. Experimental Ascaris suum infection in the
pig: worm population kinetics following single inoculations with three doses of infective eggs.
Parasitology 115, 443-452. 10.1017/S0031182097001480. [PubMed: 9364572]

Roepstorff A, Murrell KD, 1997. Transmission dynamics of helminth parasites of pigs on
continuous pasture: Ascaris suumand Trichuris suis. Int. J. Parasitol. 27, 563-572. 10.1016/
S0020-7519(97)00022-2. [PubMed: 9193950]

Roose S, Avramenko RW, Pollo SMJ, Wasmuth JD, Ame S, Ayana M, et al. , 2021. Characterization
of the beta-tubulin gene family in Ascaris lumbricoides and Ascaris suum and its implication
for the molecular detection of benzimidazole resistance. PLoS Negl. Trop. Dis. 15, e0009777.
10.1371/journal.pntd.0009777. [PubMed: 34570778]

Rosa BA, Townsend R, Jasmer DP, Mitreva M, 2015. Functional and phylogenetic characterization of
proteins detected in various nematode intestinal compartments. Mol. Cell Proteom. 14, 812-827.

Rosenbluth J, 1965. Ultrastructure of somatic muscle cells in Ascaris lumbricoides. 11. Intermuscular
junctions, neuromuscular junctions, and glycogen stores. J. Cell Biol. 26, 579-591. [PubMed:
5865937]

Sallé G, Doyle SR, Cortet J, Cabaret J, Berriman M, Holroyd N, et al. , 2019. The global diversity of
Haemonchus contortus is shaped by human intervention and climate. Nat. Commun. 10, 4811.
[PubMed: 31641125]

Sargison N, Redman E, Morrison AA, Bartley DJ, Jackson F, Naghra van-Gijzel H, et al. , 2018. A
method for single pair mating in an obligate parasitic nematode. Int. J. Parasitol. 48, 159-165.
[PubMed: 29111440]

Scarff CA, Thompson RF, Newlands GFJ, Jamson AH, Kennaway C, da Silva VJ, et al. , 2020.
Structure of the protective nematode protease complex H-gal-GP and its conservation across
roundworm parasites. PLoS Pathog. 16, e1008465. [PubMed: 32271834]

Schmidt S, Ebner F, Rosen K, Kniemeyer O, Brakhage AA, Loffler J, et al. , 2020. The domestic
pig as human-relevant large animal model to study adaptive antifungal immune responses
against airborne Aspergillus fumigatus. Eur. J. Immunol. 50, 1712-1728. 10.1002/eji.201948524.
[PubMed: 32558930]

Seroussi U, Lugowski A, Wadi L, Lao RX, Willis AR, Zhao W, et al. , 2023. A comprehensive survey
of C. elegans argonaute proteins reveals organism-wide gene regulatory networks and functions.
Elife 12, e83853. [PubMed: 36790166]

Shahkolahi AM, Donahue MJ, 1993. Bacterial flora, a possible source of serotonin in the intestine of
adult female Ascaris suum. J. Parasitol. 79, 17-22. 10.2307/3283271. [PubMed: 8437056]

Shalaby NM, Shalaby NM, 2016. Effect of Ascaris lumbricoides infection on T helper cell type
2 in rural Egyptian children. Ther. Clin. Risk Manag. 12, 379-385. 10.2147/TCRM.S94019.
[PubMed: 27022269]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 48

Shaver AO, Wit J, Dilks CM, Crombie TA, Li H, Aroian RV, et al. , 2023. Variation in anthelmintic
responses are driven by genetic differences among diverse C. elegans wild strains. PLoS Pathog.
19, €1011285. [PubMed: 37011090]

Silva-Filha MHNL, Roméao TP, Rezende TMT, da Silva Carvalho K, de Menenzes HSG, do
Nascimento NA, et al. , 2021. Bacterial toxins active against mosquitoes: mode of action and
resistance. Toxins (Basel) 13, 523. [PubMed: 34437394]

Simbari F, McCaskill J, Coakley G, Millar M, Maizels RM, Fabrias G, et al. , 2016. Plasmalogen
enrichment in exosomes secreted by a nematode parasite versus those derived from its mouse
host: implications for exosome stability and biology. J. Extracell. Vesicles 5, 30741. 10.3402/
jev.v5.30741. [PubMed: 27389011]

Springer A, Wagner L, Koehler S, Klinger S, Breves G, Briiggemann DA, et al. , 2022. Modulation of
the porcine intestinal microbiota in the course of Ascaris suum infection. Parasit. Vectors 15, 433.
[PubMed: 36397169]

Stahl PL, Salmén F, Vickovic S, Lundmark A, Navarro JF, Magnusson J, et al., 2016. Visualization
and analysis of gene expression in tissue sections by spatial transcriptomics. Science 353, 78-82.
[PubMed: 27365449]

Sterken MG, Snoek LB, Kammenga JE, Andersen EC, 2015. The laboratory domestication of
Caenorhabditis elegans. Trends Genet. 31, 224-231. [PubMed: 25804345]

Stolzenbach S, Myhill LJ, Andersen LO, Krych L, Mejer H, Williams AR, et al. , 2020. Dietary
inulin and 7richuris suis infection promote beneficial bacteria throughout the porcine gut. Front.
Microbiol. 11, 312. [PubMed: 32194529]

Streit A, 2022. Opinion: what do rescue experiments with heterologous proteins tell us and what not?
Parasitol. Res. 121, 1131-1135. [PubMed: 34351494]

Streit A, Wang J, Kang Y, Davis RE, 2016. Gene silencing and sex determination by programmed
DNA elimination in parasitic nematodes. Curr. Opin. Microbiol. 32, 120-127. 10.1016/
j.mib.2016.05.012. [PubMed: 27315434]

Thamsborg SM, Nejsum P, Mejer H, 2013. Impact of Ascaris suum in livestock. Ascaris. Negl.
Parasite 363—-381. 10.1016/B978-0-12-396978-1.00014-8.

Trim JE, Holden-Dye L, Willson J, Lockyer M, Walker RJ, 2001. Characterization of 5-HT receptors
in the parasitic nematode, Ascaris suum. Parasitology 122, 207-217. [PubMed: 11272652]

Tromba FG, 1978. Immunization of pigs against experimental Ascaris suum infection by feeding
ultraviolet-attenuated eggs. J. Parasitol. 64, 651-656. 10.2307/3279954. [PubMed: 682067]

Tyagi R, Elfawal MA, Wildman SA, Helander J, Bulman CA, Sakanari J, et al. , 2019. Identification of
small molecule enzyme inhibitors as broad-spectrum anthelmintics. Sci. Rep. 9, 9085. [PubMed:
31235822]

Urban JF, Alizadeh H, Romanowski RD, 1988. Ascaris suunt. development of intestinal immunity
larvae in swine. Exp. Parasitol. 77, 66-77.

Urban JF, Hu Y, Miller MM, Scheib U, Yiu YY, Aroian RV, 2013. Bacillus thuringiensis-derived
Cry5B has potent anthelmintic activity against Ascaris suum. PLoS Negl. Trop. Dis. 7, €2263.
[PubMed: 23818995]

Urban JF, Romanowski RD, 1985. Ascaris suum: protective immunity in pigs immunized with
products from eggs and larvae. Exp. Parasitol. 60, 245-254. 10.1016/0014-4894(85)90028-1.
[PubMed: 4029352]

Urban JF, Tromba FG, 1982. Development of immune responsiveness to Ascaris suum antigens
in pigs vaccinated with ultraviolet-attenuated eggs. Vet. Immunol. Immunopathol. 3, 399-409.
10.1016/0165-2427(82)90022-8. [PubMed: 6889778]

Urban JF, Tromba FG, 1984. An ultraviolet-attenuated egg vaccine for swine ascariasis: parameters
affecting the development of protective immunity. Am. J. Vet. Res. 45, 2104-2108. [PubMed:
6497109]

Vassilatis DK, Arena JP, Plasterk RH, Wilkinson HA, Schaeffer JM, Cully DF, et al. , 1997. Genetic
and biochemical evidence for a novel avermectin-sensitive chloride channel in Caenorhabditis
elegans. Isolation and characterization. J. Biol. Chem. 272, 33167-33174. [PubMed: 9407104]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 49

Vejzagi¢ N, Adelfio R, Keiser J, Kringel H, Thamsborg SM, Kapel CMO, 2015. Bacteria-induced
egg hatching differs for Trichuris murisand Trichuris suis. Parasit. Vectors 8, 371. 10.1186/
513071-015-0986-z. [PubMed: 26174801]

Venkatesan A, Jiminez Castro PD, Morosetti A, Horvath H, Chen R, Redman E, et al. , 2023.
Molecular evidence of widespread benzimidazole drug resistance in Ancylostoma caninum from
domestic dogs throughout the USA and discovery of a novel p-tubulin benzimidazole resistance
mutation. PLoS Pathog. 19, e1011285. [PubMed: 37011090]

Versteeg L, Wei J, Liu Z, Keegan B, Fujiwara RT, Jones KM, et al. , 2020. Protective immunity elicited
by the nematode-conserved as37 recombinant protein against Ascaris suum infection. PLoS Negl.
Trop. Dis. 14, e0008057. 10.1371/journal.pntd.0008057. [PubMed: 32053593]

Vlaminck J, Geldhof P, 2013. Diagnosis and control of ascariasis in pigs. In: Holland
C (Ed.), Ascaris: The Neglected Parasite. Elsevier, Amsterdam, pp. 395-425 10.1016/
B978-0-12-396978-1.00016-1.

Vlaminck J, Supali T, Geldhof P, Hokke CH, Fischer PU, Weil GJ, 2016. Community rates of 1gG4
antibodies to Ascaris haemoglobin reflect changes in community egg loads following mass drug
administration. PLoS Negl. Trop. Dis. 10, e0004532. 10.1371/journal.pntd.0004532. [PubMed:
26991326]

Von Moltke J, Ji M, Liang H-E, Locksley RM, 2016. Tuft-cell-derived IL-25 regulates an intestinal
ILC2—epithelial response circuit. Nature 529, 221-225. 10.1038/nature16161. [PubMed:
26675736]

Walker RJ, Franks CJ, Pemberton D, Rogers C, Holden-Dye L, 2000. Physiological and
pharmacological studies on nematodes. Acta Biol. Hung. 51, 379-394. [PubMed: 11034163]

Walrond JP, Kass IS, Stretton AO, Donmoyer JE, 1985. Identification of excitatory and inhibitory
motoneurons in the nematode Ascaris by electrophysiological techniques. J. Neurosci. 5, 1-8.
[PubMed: 3965635]

Wang J, 2021. Genomics of the parasitic nematode Ascarisand its relatives. Genes. (Basel) 12, 493.
10.3390/genes12040493. [PubMed: 33800545]

Wang J, Czech B, Crunk A, Wallace A, Mitreva M, Hannon GJ, et al. , 2011. Deep small RNA
sequencing from the nematode Ascaris reveals conservation, functional diversification, and
novel developmental profiles. Genome Res. 21, 1462-1477. 10.1101/gr.121426.111. [PubMed:
21685128]

Wang J, Davis RE, 2014a. Contribution of transcription to animal early development. Transcription 5,
€967602. 10.4161/21541264.2014.967602. [PubMed: 25483604]

Wang J, Davis RE, 2014b. Programmed DNA elimination in multicellular organisms. Curr. Opin.
Genet. Dev. 27, 26-34. 10.1016/j.gde.2014.03.012. [PubMed: 24886889]

Wang J, Davis RE, 2020. Ascaris. Curr. Biol. 30, R423-R425. 10.1016/j.cub.2020.02.064. [PubMed:
32428467]

Wang J, Gao S, Mostovoy Y, Kang Y, Zagoskin M, Sun Y, et al. , 2017. Comparative genome
analysis of programmed DNA elimination in nematodes. Genome Res. 27, 2001-2014. 10.1101/
gr.225730.117. [PubMed: 29118011]

Wang J, Garrey J, Davis RE, 2014. Transcription in pronuclei and one- to four-cell embryos drives
early development in a nematode. Curr. Biol. 24, 124-133. 10.1016/j.cub.2013.11.045. [PubMed:
24374308]

Wang J, Mitreva M, Berriman M, Thorne A, Magrini V, Koutsovoulos G, et al. , 2012. Silencing
of germline-expressed genes by DNA elimination in somatic cells. Dev. Cell 23, 1072-1080.
10.1016/j.devcel.2012.09.020. [PubMed: 23123092]

Wang J, Veronezi GMB, Kang Y, Zagoskin M, O’Toole ET, Davis RE, 2020. Comprehensive
chromosome end remodeling during programmed DNA elimination. Curr. Biol. 30, 3397-3413.
10.1016/j.cub.2020.06.058. [PubMed: 32679104]

Wang J, Silva M, Haas LA, Morsci NS, Nguyen KCQ, Hall DH, et al. , 2014. C. elegans ciliated
sensory neurons release extracellular vesicles that function in animal communication. Curr. Biol.
24, 519-525. 10.1016/j.cub.2014.01.002. [PubMed: 24530063]

Wang T, Van Steendam K, Dhaenens M, VIaminck J, Deforce D, Jex AR, et al. , 2013.

Proteomic analysis of the excretory-secretory products from larval stages of Ascaris suum

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 50

reveals high abundance of glycosyl hydrolases. PLoS Negl. Trop. Dis. 7, 0002467. 10.1371/
journal.pntd.0002467.

Wang Y, Liu F, Urban JF, Paerewijck O, Geldhof P, Li RW, 2019. Ascaris suum infection
was associated with a worm-independent reduction in microbial diversity and altered
metabolic potential in the porcine gut microbiome. Int. J. Parasitol. 49, 247-256. 10.1016/
j.ijpara.2018.10.007. [PubMed: 30738924]

Whitehead B, Boysen AT, Mardahl M, Nejsum P, 2020. Unique glycan and lipid composition of
helminth-derived extracellular vesicles may reveal novel roles in hostparasite interactions. Int. J.
Parasitol. 60, 647-654. (10.1016/j.ijpara.2020.03.012).

Williams AR, Andersen-Civil AIS, Zhu L, Blanchard A, 2020. Dietary phytonutrients and animal
health: regulation of immune function during gastrointestinal infections. skaa030. J. Anim. Sci.
98. 10.1093/jas/skaa030.

Williams AR, Fryganas C, Ramsay A, Mueller-Harvey I, Thamsborg SM, 2014. Direct anthelmintic
effects of condensed tannins from diverse plant sources against Ascaris suum. PLoS One 9,
0097053. 10.1371/journal.pone.0097053.

Williams AR, Krych L, Ahmad HF, Nejsum P, Skovgaard K, Nielsen DS, et al. , 2017. A
polyphenol-enriched diet and Ascaris suum infection modulate mucosal immune responses and
gut microbiota composition in pigs. PLoS One 12, 1-21. 10.1371/journal.pone.0186546.

Williamson SM, Robertson AP, Brown L, Williams T, Woods DJ, Martin RJ, et al. , 2009. The
nicotinic acetylcholine receptors of the parasitic nematode Ascaris suum. formation of two
distinct drug targets by varying the relative expression levels of two subunits. PLoS Pathog. 5,
€1000517. [PubMed: 19609360]

Wit J, Dilks CM, Andersen EC, 2021. Complementary approaches with free-living and parasitic
nematodes to understanding anthelmintic resistance. Trends Parasitol. 37, 240-250. 10.1016/
j.pt.2020.11.008. [PubMed: 33317926]

Wong MTJ, Anuar NS, Noordin R, Tye GJ, 2023. Soil-transmitted helminthic vaccines: where are we
now. Acta Tropica 239, 106796. 10.1016/j.actatropica.2022.106796. [PubMed: 36586174]

Xie Y, Wang S, Wu S, Gao S, Meng Q, Wang C, et al. , 2021. Genome of the giant panda roundworm
illuminates its host shift and parasitic adaptation. Genomics Proteom. Bioinforma. 20, 366-381.
10.1016/j.gpb.2021.08.002.

Yap P, Utzinger J, Hattendorf J, Steinmann P, 2014. Influence of nutrition on infection and
re-infection with soil-transmitted helminths: a systematic review. Parasit. Vectors 7, 229.
10.1186/1756-3305-7-229. [PubMed: 24885622]

Yarborough C, 2016. Why animal health is the next big growth area. In: Life Science Leader. {https:/
www.lifescienceleader.com/doc/why-animal-health-is-the-next-big-growth-area-0001).

Yilmaz LS, Walhout AJM, 2014. Worms, bacteria, and micronutrients: an elegant model of our diet.
Trends Genet. 30, 496-503. 10.1016/j.tig.2014.07.010. [PubMed: 25172020]

Yin Y, Martin J, Abubucker S, Scott AL, McCarter JP, Wilson RK, et al. , 2008. Intestinal
transcriptomes of nematodes: comparison of the parasites Ascaris suum and Haemonchus
contortus with the free-living Caenorhabditis elegans. PLoS Negl. Trop. Dis. 2, €269. [PubMed:
18682827]

Zagoskin MV, Wang J, 2021. Programmed DNA elimination: silencing genes and repetitive sequences
in somatic cells. Biochem. Soc. Trans. 49, 1891-1903. 10.1042/BST20190951. [PubMed:
34665225]

Zagoskin MV, Wang J, Neff AT, Veronezi GMB, Davis RE, 2022. Small RNA pathways
in the nematode Ascaris in the absence of piRNAs. Nat. Commun. 13, 837. 10.1038/
$41467-022-28482-7. [PubMed: 35149688]

Zakeri A, Hansen EP, Andersen SD, Williams AR, Nejsum P, 2018. Immunomodulation by
helminths: intracellular pathways and extracellular vesicles. Front. Immunol. 9, 2349. 10.3389/
fimmu.2018.02349. [PubMed: 30369927]

Zamanian M, Eriksen EC, 2016. Prospects and challenges of CRISPR/Cas genome editing for the
study and control of neglected vector-borne nematode diseases. FEBS J. 283, 3204-3221.
[PubMed: 27300487]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.


https://www.lifescienceleader.com/doc/why-animal-health-is-the-next-big-growth-area-0001
https://www.lifescienceleader.com/doc/why-animal-health-is-the-next-big-growth-area-0001

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wolstenholme et al.

Page 51

Zeleke AJ, Bayih AG, Afework S, Gilleard JS, 2020. Treatment efficacy and reinfection rates of soil-
transmitted helminths following mebendazole treatment in schoolchildren, northwest Ethiopia.
Tropical Med. Health 48, 90. 10.1186/s41182-020-00282-z.

Zerdo Z, Yohanes T, Tariku B, 2016. Soil-transmitted helminth reinfection and associated risk factors
among school-age children in Chencha district, southern Ethiopia: a cross-sectional study. J.
Parasitol. Res. 2016, 4737891. 10.1155/2016/4737891. [PubMed: 26941997]

Zhang Q, Hua G, Adang MJ, 2017. Effects and mechanisms of Bacillus thuringiensis crystal toxins for
mosquito larvae. Insect Sci. 24, 714-729. [PubMed: 27628909]

Zhao M, Ren K, Xiong X, Xin 'Y, Zou Y, Maynard JC, et al. , 2022. Epithelial STAT6 O-
GIcNAcylation drives a concerted anti-helminth alarmin response dependent on tuft cell
hyperplasia and Gasdermin C. Immunity 55, 623—-638.e5. 10.1016/j.immuni.2022.03.009.
[PubMed: 35385697]

Zhu XQ, Korhonen PK, Cai H, Young ND, Nejsum P, von Samson-Himmelstjerna G, et al. , 2015.
Genetic blueprint of the zoonotic pathogen 7oxocara canis. Nat. Commun. 6, 6145. 10.1038/
ncomms7145. [PubMed: 25649139]

Adv Parasitol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wolstenholme et al.

Page 52

Box 1

Aims:

Scope:

Approach:

The Ascarid Research and Training Initiative.

Fundamental as well as applied research related to ascarids, irrespective of
host species

Training concerning methods, tools and approaches addressing all aspects of
ascarid infections

Foster scientific, multi-disciplinary collaborations

Contribute to new knowledge to the versatile consequences of ascarid
infections

Development of new approaches to combat the negative impact of ascarid
infections in both humans and animals

Establishment of an open network for all researchers and scientists studying
ascarid related research topics

Organize scientific meetings promoting scientific exchange and the
development of multi-disciplinary research collaborations

Highlighting the relevance of ascarid research towards international research
organizations

Contact and current ART] facilitators: For information about future ARTI activities
please contact one of the following.

Adrian Wolstenholme (adrianw1906@gmail.com), Cedric Neveu
(cedric.neveu@inrae.fr), Georg von Samson-Himmelstjerna
(samson.georg@fuberlin.de)
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Fig. 1.
Live Ascaris suum collected from the packing plant.
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Tower/
column

Cell

Fig. 2.
(A) Transverse section of female Ascaris suum in the anterior region of the worm. I:

intestine of the worm. Cn: Canaliculi — canals for perienteric fluid. B: Bag region of the
muscle cell. A: arm region of the muscle cells. S: spindle region of the muscle cells. L:
lateral line. DN: Dorsal nerve cord. VN: Ventral region of the nerve cord. C: Cuticle.

H: Hypodermis. (B) Whole mount preparation of the Ascaris intestine stained with the
calcium dye, Fluo-3 for detection of calcium responses to anthelmintics. Notice that some
of the cells (enterocytes) of the intestine are raised into folds that form towers or columns.
Both panels modified from McHugh, M., Williams, P, Verma, S., Powell-Coffman, J.A.,
Robertson, A.P, Martin R.J., 2020. Cholinergic receptors on intestine cells of Ascaris suum
and activation of nAChRs by levamisole. Int. J. Parasitol. Drugs Drug. Resist. 13, 38-50,
under Creative Commons CC-BY-NC-ND.
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Overview of host environmental interactions of Ascaris. Ascaris shows a complex life cycle
in which they encounter different environmental challenges. These multilateral interactions
include the interwork with the bacterial gut microbiota, the confrontation with host immune
and non-immune cells, direct and indirect exploitation of host nutrients and interspecies
communication. Reactive elements mediating these interactions are excretory/secretory
products of the worms as well as extracellular vesicles and worm metabolites.
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Fig. 4.

ngetic material lost during PDE. A linear presentation of Ascaris germline chromosomes.
All chromosome ends and 12 internal regions are eliminated (shown in red). Many

larger chromosomes have internally eliminated sequences which split them into smaller
chromosomes in the soma. Eliminated regions containing 121-bp repeats are marked with
a red asterisk. Modified from Estrem, B., Wang, J., 2023. Programmed DNA elimination
in the parasitic nematode Ascaris. PLoS Pathog. 19, e1011087 under Creative Commons
CC-BY.
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Table 2

Some common benzimidazole anthelmintics, the cholinergic ligand anthelmintics, the macrocyclic lactone
anthelmintics and the miscellaneous anthelmintics along with their classic target sites.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Benzimidazole anthelmintics
(B-tubulin antagonists)

Cholinergic anthelmintics
(nAChR ligands)

Macrocyclic lactone anthelmintics
(GIuCl positive allosteric
modulators)

Miscellaneous anthelmintics

Thiabendazole

Levamisole (agonist)

Ivermectin (glycone)

Emodepside (SLO-1K channel
activation)

Albendazole

Pyrantel (agonist)

Abamectin (glycone)

Piperazine (GABA agonist)

Flubendazole

Oxantel (agonist)

Doramectin (glycone)

Dichlorvos, diazinon
(organophosphates)

Fenbendazole

Morantel (agonist)

Eprinomectin (glycone)

Oxibendazole

Monepantel (NAChR agonist)

Selamectin (glycone)

Oxfendazole

Derquantel (antagonist)

Moxidectin (aglycone)

Febantel (pro-drug)

Milbemycin (aglycone)
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Table 3

Summary of research priorities.

Theme

Physiology Sensory systems; olfactory, gustatory and mechanosensory that are key regulators of the animal’s behaviour The
hydrostatic skeleton; how it is generated and maintained. G-protein coupled receptors

Drug action Use in silico methods to predict good drug targets and drug chemotypes to support the development of new

anthelmintics: target identification, repurposing drugs, docking studies with lead chemical structures Increase our
knowledge of the details of the modes of action of existing anthelmintics and the mechanisms of resistance: use state
of the art methods to study the physiology and pharmacology of different ascarid tissues including intestine, uterus and
reproductive system, ovary, and pharynx. Develop rational synergistic anthelmintic combinations that delay resistance
using improved knowledge of the mode of drug actions and recognizing the intestine as a focus of drug metabolism,
excretion, and site of action: the Gut-Drug Axis

Host:parasite
interactions

Better understanding of the importance and mechanisms of extra-cellular vesicles in mediating inter-organism
communication. The importance of parasite-parasite communication Impact of ascarid-nutrient and parasite-microbiome
interactions

C. elegans as a tool

Development of methods for genetic crosses C. elegans offers a powerful toolkit to validate any newly discovered genes
and alleles. Development of markers for genome editing

Genomics

Establishment, curation and improvement of high-quality genome resources for target species. Epigenomics

Vaccines

Combine ‘multi-omics’ to promote antigen identification. Target a combination of different antigens. Consider the effect
of antigenic and genetic variation on vaccine efficacy Develop standardized in vitro screening platforms for functional
testing of vaccine targets and testing host immunogenicity. Integrate glycomics and orthologue mapping
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