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Control of helminth parasites is a key challenge for human and veterinary medicine. In the absence of effective
vaccines and adequate sanitation, prophylaxis and treatment commonly rely upon anthelmintics. There are
concerns about the development of drug resistance, side-effects, lack of efficacy and cost-effectiveness that drive
the need for new classes of anthelmintics. Despite this need, only three new drug classes have reached the animal
market since 2000 and no new classes of anthelmintic have been approved for human use. So where are all the
anthelmintics? What are the barriers to anthelmintic discovery, and what emerging opportunities can be used to
address this? This was a discussion group focus at the 2019 8th Consortium for Anthelmintic Resistance and
Susceptibility (CARS) in Wisconsin, USA. Here we report the findings of the group in the broader context of the
human and veterinary anthelmintic discovery pipeline, highlighting challenges unique to antiparasitic drug
discovery. We comment on why the development of novel anthelmintics has been so rare. Further, we discuss

potential opportunities for drug development moving into the 21st Century.

1. Introduction

Anthelmintics are drugs used for the treatment and control of in-
fections of parasitic nematodes, trematodes and cestodes in animals and
humans. The lack of effective vaccines and inadequate sanitation in
some endemic regions has limited our ability to break the life cycles of
these parasites. Instead, treatment and prophylaxis has had to rely on a
limited number of chemical classes of anthelmintics (Table 1). The
frequent use of these anthelmintics has led to concerns about the
development of anthelmintic resistance in helminths of companion and
production animals, with reports of resistance to multiple classes a clear
threat to our existing control strategies. The evidence from veterinary
medicine and reports of reduced anthelmintic efficacy in human hel-
minths also raise concerns about the risk of resistance in mass drug
administration efforts for humans (Geerts and Gryseels, 2000). New
chemical classes with novel mechanisms of action are required to
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overcome the threat of resistance but, despite the urgent need for
innovation, development of novel compounds for all helminths has been
slow. Since 2000, only three new compounds have reached the animal
market: the cyclic octadepsipeptide, emodepside (Harder and von
Samson-Himmelstjerna, 2001); the aminoacetonitrile, monepantel
(Kaminsky et al., 2008); and the spiroindole, derquantel (Woods et al.,
2012). These products have not yet reached the human market.

Why are new compounds so scarce and what can we do to change
that? An expert group at the 8th Consortium discussed this topic for
Anthelmintic Resistance and Susceptibility (CARS) meeting held on July
6, 2019 in Madison, Wisconsin, United States, in advance of the 27th
International conference for the World Association for Veterinary
Parasitology (WAAVP). Here we summarize these discussions within the
context of the overall anthelmintic discovery and development process,
identifying unique challenges for anthelmintics and opportunities for
advancing discovery into the 21st Century.
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2. Anthelmintic discovery and development

There are a multitude of drivers, processes and hurdles that impact
anthelmintic discovery and development as illustrated in Fig. 1. A
compound (or class) will typically undergo numerous rounds of opti-
mization to improve potency, safety, pharmacokinetics and pharmaco-
dynamics and formulation. The manufacturing process must be
developed, optimized for cost-effectiveness and tightly controlled, ac-
cording to regulatory standards. Finally, a drug must pass the regulatory
hurdles for registration and ongoing pharmacovigilance. Here we
discuss some of the unique challenges in anthelmintic discovery raised
as part of the CARS discussion.

2.1. Economic drivers

The economic drivers need to be significant to support the costly
process of drug discovery, which has been estimated to be $50-100
million for animal health products (Yarborough, 2016) and over U.S.
$2.5 billion for human drugs (DiMasi et al., 2016). Drivers for anthel-
mintic discovery include: the clinical need for anthelmintics in humans
and animals; the value of the market and return on investment for a new
anthelmintic (commercial success, primarily in Animal Health (AH));
and the political awareness and scientific interest for new drug discovery
and development from industry, governments, non-governmental or-
ganizations (NGOs) and academia. These drivers provide the impetus for
development of novel compounds across the scientific, technical, and
legislative landscapes of discovery (Swinney and Anthony, 2011; Eder
et al., 2014; Moffat et al., 2017).

Throughout the anthelmintic development process, the overall

Table 1
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market value, clinical benefit and final cost of goods must be considered.
Following World War 2 and the challenges of tropical parasitic diseases
encountered by the military, government, academic and industrial lab-
oratories discovered a range of antimalarial and anti-schistosomal drugs
for human diseases (Beaumier et al., 2013). However, due to the sig-
nificant costs of developing human anthelmintic medicines, subsequent
research has been driven by veterinary commercial needs and the ma-
jority of human anthelmintics have been leveraged from AH pharma-
ceutical research (Aziz et al., 1982; Woods et al., 2007; Kyne et al.,
2019). Ongoing collaborations between industry and academia continue
to tackle human helminth infections with existing animal anthelmintics,
including the companion animal anthelmintic, emodepside, which is
currently being evaluated for onchocerciasis in humans (Karpstein et al.,
2019).

Consequently, the economic drivers of the AH industry have been-
and continue to be—critical to the overall success of novel anthel-
mintic discovery; however, different factors affect the commercial
viability of discovery for different species in AH. While the owners of
companion animals are often willing to pay a substantial price to protect
their pets from parasites, producers and livestock owners must be far
more cost-conscious. Given the significant additional hurdles for regis-
tration of production animal anthelmintics for food safety (see Section
2.4 Regulatory Challenges for Animal and Human Health) and the re-
quirements for larger amounts of drug per animal, developing low-cost,
practical, and long-action drugs are key challenges for livestock
anthelmintics.

Primarily human parasitic diseases such as schistosomiasis however,
lack the animal health economic drivers to support this approach. The
cost of developing an entirely novel anthelmintic for human use would

List of drug classes and anthelmintics available for treating nematodes, trematodes and cestodes discovered pre- and post-2000.

Drug Class

Nematode (roundworm)

Trematode (fluke) Cestode (tapeworm)

Classes discovered pre-2000 Benzimidazoles

Albendazole
Febantel

Albendazole Albendazole Fenbendazole

Triclabendazole Oxfendazole

Fenbendazole
Flubendazole

Mebendazole
Oxfendazole
Oxibendazole
Thiabendazole

Salicylanilides

Pyrazinoisoquinolones

Sulphonamide
Imidazothiazole/Tetrahydropyrimidines

Closantel
Rafoxanide
Disophenol
Nitroscanate

Closantel
Rafoxanide
Niclosamide

Closantel
Rafoxanide
Oxyclozanide
Resorantel
Nitroscanate
Epsiprantel
Praziquantel

Oxamniquine
Praziquantel
Clorsulon

Levamisole

Morantel
Pyrantel
Oxantel

Organophosphates

Dichlorvos

Haloxon
Napthalofos

Macrocylic lactones

Abamectin

Doramectin
Eprinomectin
Ivermectin
Moxidectin
Milbemycin oxime
Selamectin

Other Piperazine
Diethylcarbamazine
Doxycycline (anti-Wolbachia)
Melarsomine
Nitroxynil

Post-2000 Cyclic octadepsipeptide
Aminoacetonitrile derivatives

Spiroindole

Nitroxynil
Derquantel
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Fig. 1. An overview of the anthelmintic discovery and development process, identifying economic drivers, challenges for anthelmintic discovery and opportunities to

further the field.

be enormous: a high-risk project, with no financial means of returning
the investment. Here, product development partnerships (PDPs) will be
essential in bridging this gap, enabling donors to provide funding and
pharma and academia to provide technical expertise on projects. PDPs
for anthelmintic discovery are being led through organizations like
Drugs for Neglected Diseases Initiative (DNDi: www.dndi.org) and the
World Intellectual Property Research Organization (WIPO) Re:Search
consortium (Ramamoorthi et al., 2014). In addition to PDPs, the possi-
bility of leveraging military partnerships, as was done for early anthel-
mintics by the Rockefeller foundation for hookworm treatment, was
raised in the discussion as a source of future human anthelmintic
funding and research; building on the already considerable support for
vector-borne diseases like malaria and leishmaniasis, together with
other communicable diseases that threaten military personnel (Ratto--
Kim et al., 2018).

Discussions at the CARS meeting identified the lack of investment in
basic biology, which is a fundamental consideration in the discovery of
novel anthelmintics, highlighting the urgent need for stimulating po-
litical awareness and funding schemes for greater financial support. One
opportunity is to influence representation by parasitologists on gov-
ernment grant awarding committees (such as the National Institutes of
Health (NIH) in the United States; National Health and Medical Research
Council (NMRC) and Australian Research Council (ARC) in Australia;
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Biotechnology and Biological Sciences Research Council (BBSRC) in the
United Kingdom and the European Union research funding initiatives)
bringing the need for anthelmintics to the forefront of funding discus-
sions. The growth and stability of federal support for “curiosity-driven”
molecular helminthology research is another important goal for such
advocacy. Basic research that is not explicitly motivated by translational
endpoints is a major driving force for discoveries that prove useful in
unforeseen biomedical contexts (Botstein, 2012). The unique adapta-
tions of parasitic worms that govern their coevolutionary interactions
with mammals are fertile ground for novel biological insights. The study
of helminths has already led to a fundamentally better understanding of
human immunology (Jackson et al., 2009) and to bio-inspired medical
devices (Yang et al., 2013). It is reasonable to assume that exploring the
basic biology of parasitic worms will also illuminate new paths to
anthelmintic discovery and parasite control. Advocacy for basic hel-
minthology research also serves as an acknowledgement of the role of
serendipity in pharmaceutical development (Campbell, 2005). We
recognized that in addition to investment in basic biology, the successful
basic biology needs to be taken up and used to develop effective prod-
ucts that are safe and used appropriately in the field. This too, requires
investment and collaborative efforts across disciplines and academic and
industry organizations.


http://www.dndi.org
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2.2. Screening strategies for anthelmintics

Optimal approaches to screening remain an ongoing discussion in
anthelmintic discovery. Anthelmintic discovery has traditionally been
empirical, with large-scale screening performed using phenotypic whole
organism assays with living parasites. Assay readouts include motility,
larval development and lethality. The advantage of this approach is that
assays are target-blind and may identify novel compound classes that
would be missed in a single target approach. However, one of the key
challenges in anthelmintic discovery is that whole organism screening is
often, but not exclusively (Marcellino et al., 2012), low-throughput,
resource-intensive, costly and requires specialist training. By necessity,
parasitic helminths must be passaged through a host, maintained in vivo
and subsequently isolated for testing. As such, the relevant species or
life-stages may be difficult or even impossible to obtain. This substan-
tially raises the costs for anthelmintic discovery relative to anti-
biotics—bacteria can be maintained far more cheaply, grown, and
assayed much more rapidly. Ruminant parasites are especially costly,
with only a few successful rodent models available to reduce these costs.
History also teaches us that whole organism in vitro screens are not
necessarily predictive of clinical efficacy, adding another layer of diffi-
culty. For example, the macrocyclic lactones (MLs) are the primary
drugs for prevention of disease caused by the canine heartworm Dirofi-
laria immitis. MLs only show activity against isolated microfilaria and
larvae in vitro at vastly higher concentrations than needed for clinical
efficacy in an infected animal (Blair et al., 1982). Similarly, for the
human worm Onchocerca volvulus, vastly higher concentrations of iver-
mectin are required for in vitro activity against microfilaria than are
achieved by the approved doses for human use (Laing et al., 2017). A
strictly rational approach using phenotypic whole-organism motility
screens would not necessarily have identified this chemical class as a
candidate for filarial worm control.

There are however potential opportunities to expand and nuance
whole-organism screening to include phenotypes that may be more
predictive of in vivo drug efficacy with new technologies (see Aulner
et al. (2019) for a review). The move towards automated imaging and
processing pipelines enhances the throughput relative to traditional
manual microscopy, as exemplified by screening systems such as Wor-
minator and INVAPP (Storey et al., 2014; Partridge et al., 2018) and
freely available analysis toolkits incorporating machine learning
(Wahlby et al., 2012; Hakim et al., 2018). Discussions proposed greater
utilisation of high-content imaging platforms, which can offer deeper
insight into parasite morphological states, complex patterns of move-
ment, or vital dye staining dynamics in response to drug exposure.
Additionally, in vitro organoid screens that incorporate co-culture with
host immune cells may better model relevant interactions at the
drug-parasite-host interface (Duque-Correa et al., 2020). Some of the
‘cryptic’ phenotypes revealed by these lines of work can be paired to
computational pipelines, including unsupervised or semi-supervised
machine learning techniques, that allow for parasite phenotyping
divorced from preconceived notions of how a novel antiparasitic should
act. Progress on this front can conceivably improve the predictive power
of in vitro whole-organism screening and should be an area of further
research.

Today, there is increasing emphasis on target-based drug screening
approaches, to improve throughput and leverage new technologies for
identifying substrate. The major caveat of this approach is that com-
pounds must be able to bio-accumulate in parasites to demonstrate ef-
ficacy, whereas small molecules with activity in target-based screens do
not necessarily have the physicochemical properties to achieve this
(Zhou et al., 2014; Lanusse et al., 2016). Despite this additional hurdle,
target-based screening can be valuable in supporting lead optimization
and understanding structure activity relationships, including optimizing
for parasite selectivity over the host (Geary et al., 2009; Woods and
Knauer, 2010). While this approach can improve throughput and enable
medicinal chemistry, to be optimal it requires in-depth knowledge of the
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basic biology of the parasite—an area of research which has been
underfunded for helminths. Advances in ‘omics’, such as genomics,
transcriptomics, proteomics and metabolomics are facilitating rational
target discovery in pathways and mechanisms considered vitally
important for the parasite. However, these approaches must be validated
with functional biology experiments. For example, the glutamate-gated
chloride (GluCl) channel is the target of macrocyclic lactones in nema-
todes (Martin et al., 1992; Hibbs and Gouaux, 2011; Althoff et al., 2014).
However, in filarial larvae, ML-responsive channels appear to only be
expressed in muscles surrounding the excretory-secretory pore (Moreno
et al., 2010) and unlikely to play the same role in locomotion and
motility for filarial worms as it does for other nematodes (Wolstenholme
et al., 2016). Current publications indicate that the immune system of
the host and the host-parasite interaction may play a major role (Vatta
et al., 2014; Wolstenholme et al., 2016), which may be related to the
effect of MLs on secretion of immune modulatory products, but this still
has to be demonstrated. Hence, it is clear that no single approach suits
all parasites or all discovery purposes. Ultimately, we are in favor of
more research into fundamental parasite biology, which can inform
model and assay development to build more predictive assays for the
identification and progression of better anthelmintics.

2.3. The challenges of preclinical development of drug candidates

Efficacy in vitro is only the first hurdle—a compound must also have
appropriate safety, stability, solubility, desirable pharmacokinetics
and—dynamics and in vivo efficacy to progress to clinical development.
Anthelmintics represent unique challenges in all of these areas. Safety is
a key priority in any drug discovery program, and any compound may
prove harmful to a patient, due to both on- and off-target effects. As
eukaryotes, parasites share significant homology with their hosts mak-
ing selectivity and safety more difficult to achieve than for antibiotics
against bacteria. Counter-screening for unwanted mechanisms of action
and adverse side effects can and should be built early into the discovery
process to help identify unsuitable compounds well before they are
administered to an animal. An emerging opportunity is the use of
machine-learning, analyzing large compound libraries to predict
adverse reactions for new combinations of molecular structures, which
could help reduce the time involved in producing and testing analogues
(Gao et al., 2017; Dey et al., 2018).

Some helminth diseases require drugs with life-stage specificity to
achieve patient safety, for example, L3/L4 larval-specific therapies are
required for the filarial nematode D. immitis (canine heartworm) where
rapid death of microfilariae and the adult life-stage can result in pul-
monary thromboembolism or anaphylaxis and prove rapidly fatal for the
dog (Keith et al., 1983; Hoch and Strickland, 2008; Bowman and Atkins,
2009). For the human filarial worm O. volvulus, which causes river
blindness, the rapid death of microfilaria induced by diethylcarbama-
zine can lead to severe adverse reactions with increased ocular lesions
and systemic inflammation (Bryceson et al., 1977; Greene et al., 1985).
Consequently, ivermectin is preferred as a safer alternative; however,
ivermectin similarly rapidly kills Loa microfilaria leading to severe
neurological adverse reactions with high L. loa microfilaraemia (Gardon
et al., 1997). Consequently millions of people are left untreated,
hampering efforts to eliminate onchocerciasis (Gebrezgabiher et al.,
2019). Hence, in some cases it is necessary to find drugs with life-stage
and even species selectivity to improve patient outcomes. In dogs, an
additional issue with the mdr-1 mutation in some breeds leads to toxicity
of macrocyclic lactones and other drugs, limiting their use at higher
doses (Dowling, 2006) and requiring additional safety testing for canine
drugs.

Beyond safety, a new anthelmintic should be active against existing
resistant isolates and optimally be active against a broad spectrum of
parasites, especially in AH. Farmers and pet owners want to reduce
animal dosing as much as possible, so long-lasting efficacy against a
spectrum of parasites is preferred. Likewise, for human helminths,
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minimal dosing is preferred to ease the logistics of mass drug adminis-
tration. In both cases, a product that is stable with a long shelf life is
needed. Once all these factors are established, the compound may be
administered to an animal—where we then encounter further challenges
in anthelmintic discovery. The pharmacokinetics and pharmacody-
namics (PK/PD) of the compound are critical in achieving efficacy of
anthelmintics; the compound must be absorbed and distributed to the
tissue where the parasite resides within the host, without being trans-
formed to an inactive metabolite or excreted before acting on the
parasite. There is a complex relationship between the anthelmintic drug
concentration in the plasma, gastrointestinal tract and the concentration
found in different species of nematode parasite that has to be overcome
(Cowan et al., 2017). An exception can occur in gastrointestinal worm
drug discovery, as orally administered compounds in principle do not
need to be absorbed into the bloodstream for activity against the hel-
minths, potentially avoiding systemic toxicities with poorly absorbed
compounds. Of course, this does not account for situations where there
may be advantages to enabling reduced drug dose due to intestinal
reabsorption of drugs excreted via the bile (Alvarez-Bujidos et al., 1998).
It is also unclear whether a product for blood-feeding nematodes (such
as hookworm species) needs to be available in the blood at therapeutic
levels for efficacy (Garcia-Bustos et al., 2019). Furthermore, given that
many worms are found in tissues other than the gastrointestinal tract,
the desire for a broad-spectrum anthelmintic may negate this advantage.
Formulation and delivery technologies to overcome these issues are
available, but may not be economically feasible for each indication and
target species (Pritchard et al., 2003; Datta and Grant, 2004; Porter
et al., 2007).

2.4. Regulatory challenges for animal and human health

Ultimately, a successful new anthelmintic drug must pass regulatory
hurdles for safety, efficacy and manufacturing. In contrast to other
indication areas, the efficacy for anthelmintics is required to be as high
as 90%, based on Veterinary International Committee on Harmonization
(VICH) guidelines, and may be required to be up to 100% for parasites
such as D. immitis or Echinococcus granulosus. Effectiveness below 90%
may be adequate when the claimed parasites do not have any other
effective treatment.

Beyond efficacy and target animal safety, there are several additional
regulatory hurdles for livestock regarding how anthelmintics affect food
production—such as milk, meat or eggs. To ensure the safety of the
consumer, the regulatory body calculates maximum residues levels
(MRL). Detectable levels of the anthelmintic must be below the MRL,
leading to a withdrawal period defined by the regulatory body which
must be adhered to by producers (Delatour et al., 2018). As a result, food
safety hurdles must also be factored into the livestock anthelmintic
discovery and development process. For example, high lipophilicity is
undesirable for dairy cattle anthelmintics as the drug and its metabolites
are likely to be eliminated at least in part via the milk, necessitating a
long withdrawal period. The high lipophilicity and subsequent long
withdrawal period of ivermectin, therefore made it undesirable as an
anthelmintic for dairy cattle, despite its effectiveness (Campbell, 2016).
In contrast, eprinomectin can be used with a withdrawal period of 0 days
for milk in lactating cows, due to its pharmacokinetic properties
resulting in a low plasma-milk ratio. Environmental safety is another
issue that is becoming increasingly challenging, for both human and
animal drug production. Because of the potential impacts of pharma-
ceutical residues on the aquatic and terrestrial ecosystems, regulatory
authorities require an environmental risk assessment (ERA) of all
pharmaceutical products before marketing is allowed (Lee and Choi,
2019). For livestock on pastures, the risk is considered even higher, due
to a combination of ecotoxicity and persistence in soil/sediment (Liebig
etal., 2010; Lumaret et al., 2012), which is an added hurdle for livestock
anthelmintics. For both human and animal pharmaceuticals, safety of
the manufacturing process is essential, user safety is critical, with
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occupational exposure values determined following toxicological
evaluations.

Finally, some of the most challenging aspects of the drug approval
process are the Chemistry, Manufacturing and Controls (CMC) re-
quirements, which ensure the consistency and quality of drug
manufacturing.

3. Inspired by nature: Natural products as a source for new
anthelmintics

So-accepting the challenges—where then might we look for new
anthelmintics? Much of our discussion at CARS centered around natural
product anthelmintic discovery. Nature has already proven to be a
valuable resource for anthelmintic discovery, exemplified by the dis-
covery and development of avermectins, originally isolated from the
bacteria Streptomyces avermitilis in the 1970s (Burg et al., 1979; Egerton
et al.,, 1979; Miller et al., 1979). The subsequent development of the
macrocyclic lactone class revolutionized animal and human health to
become the predominant class of anthelmintics and save millions of
lives. This breakthrough was rewarded with the Nobel Prize in Physi-
ology or Medicine 2015 being divided, one half jointly to William C.
Campbell and Satoshi Omura “for their discoveries concerning a novel
therapy against infections caused by roundworm parasites” (Nobel
Media, 2020). Likewise, the emodepside precursor, PF1022 A, was iso-
lated from fungi on camellia plant leaves (Sasaki et al., 1992). Beyond
micro-organisms, a broad range of plants and animals produce defensive
molecules against predators and parasites, including helminths (Trow-
bridge, 2014), presenting a huge library of potential biopharmaceuticals
for anthelmintic discovery.

It is important to note that successful natural product drugs are
primarily single compounds isolated from a natural source, not requiring
the use of the whole plant, fungi or bacteria itself. Due to the highly
variable characteristics of natural product generation, mixtures of nat-
ural products are unsuitable for the tightly regulated drug production
process, which has very strict quality assurance requirements (CMC).
For instance, compound production in plants can be greatly affected by
plant genetics, the environment (rainfall, soil, temperature, pests, pes-
ticides and harvest time) and a host of other factors, resulting in variable
quantities of active compounds, plus impurities also being produced in
similarly variable quantities. In addition, observations of biological ac-
tivity in mixtures of natural products can be lost on purification, possibly
due to synergistic or additive activity of multiple compounds. Conse-
quently, natural product mixtures are not suitable as drugs; rather, the
identification of a single active molecule is critical. However, identifi-
cation of a bioactive molecule is not trivial. The compound must be
isolated, structurally elucidated and produced (either semi-synthetically
or recombinantly). Here too the ‘omics’ revolution and biotechnological
advances are aiding in identification of natural compounds with
microbiome, transcriptome, proteome and metabolome studies. Subse-
quently, this product must be able to be produced reproducibly and cost-
effectively at scale by either natural or synthetic means with quality
control and assurance as per regulatory body standards.

Despite the challenges in natural product drug discovery, there has
been a rapid increase in the medicinal plant and natural product studies
in recent years (Atanasov et al., 2015). A casual PubMed search using
the keywords ‘natural product anthelmintic’ yields over two thousand
results. However as noted by Garcia-Bustos et al. (2019) there has been a
strong bias towards plant extracts with few of the active compounds
identified and even more limited follow-up post initial description. The
lack of follow-through is a key area of weakness in current anthelmintic
discovery; more funding and incentive through industry, academic and
stakeholder partnerships is needed to develop these discoveries beyond
simple screening. We recommend that there is better communication
and expectation management around natural product discovery and the
drug development process, particularly regarding regulatory re-
quirements, to manage the observed lack of follow-up. Nonetheless, the
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identification of numerous anthelmintic compounds from a variety of
plants and even more unusual natural resources, such as funnel-web
spider venoms (Nixon et al., 2019; Herzig et al., 2020) and marine or-
ganisms (Mayer et al., 2009), may because for optimism that the next
ivermectin is out there.

4. Challenge of resistance and ongoing management

Anthelmintic resistance underpinned our discovery discussions, as it
drives further anthelmintic discovery. Our discussion group noted that
we face at least some partial misconceptions around the issue of
anthelmintic resistance. Anthelmintic resistance is clearly a severe
problem in certain parasites and geographic localizations—for example
in Australian livestock production—requiring strong advocacy for
anthelmintic management and increased support for anthelmintic dis-
covery to overcome this. In addition to soil-transmitted helminths, there
is increasing recognition of the food-borne trematode infections and
concerns around the development of resistance to triclabendazole
(Fairweather et al., 2020). However, in our communications around
resistance we must take care not to confound the discussion about
anthelmintic resistance, with the concerns around the use of critically
important antibiotics in human and veterinary medicine (Scott et al.,
2019). One advantage here is that parasites are typically host-selective
and specific, so there are few parasites that are both (1) infectious for
both humans and animals; and (2) exposed to anthelmintics in both
worlds (Sibley and Hunt, 2003). While there is evidence of horizontal
gene transfer between hosts and parasites and retroviral infections in
parasites (reviewed by Wijayawardena et al. (2013)), group discussions
concluded that based on current understandings it is unlikely resistance
would be transferred from animal to human parasites.

Nonetheless, it is clear that we cannot be complacent on the matter of
resistance across a number of host and parasite species. Beyond the
known issue of resistance in livestock helminths (Waghorn et al., 2006;
Geurden et al., 2015), there are issues of reduced efficacy or resistance in
companion animal nematodes, notably with regard to macrocyclic lac-
tones in canine heartworms (Wolstenholme et al., 2015; Bourguinat
et al.,, 2017) and concerning new reports of multidrug resistance in
canine hookworms (Jimenez Castro et al., 2019). There have also been
reports of reduced efficacy of: praziquantel against human Schistosoma
infections (Alonso et al., 2006; Crellen et al., 2016); ivermectin against
O. volvulus (Osei-Atweneboana et al., 2011); and reduced benzimidazole
efficacy against Ascaris lumbricoides (Kriicken et al., 2017; Furtado et al.,
2019), raising concerns for mass drug administration efforts. In order to
monitor development of anthelmintic resistance in human
soil-transmitted nematodes because of concerns about the use of mass
drug administration and the limited number of drug classes, the Star-
Worms (STop Anthelmintic Resistant Worms) Project, funded by the
Gates Foundation, has been developed (www.starworms.org). The dis-
covery of novel classes and mechanisms of action would be a key op-
portunity to circumvent this existing resistance. With the introduction of
any novel anthelmintic, however, we must carefully manage and
monitor for the emergence of resistance to ensure future sustainability of
the new anthelmintic class. This requires collaborative efforts between
industry, academia, governments, regulatory authorities and clinicians
to ensure that owners and producers are accurately informed as to
correct usage —and hence, is an opportunity to strengthen our part-
nerships across all these spheres.

5. Opportunities: Putting anthelmintics back on the map

To address the challenges of anthelmintic discovery, we must seek
out and apply new opportunities and technologies. The key barrier
identified by the discussion group was the lack of funding for basic
helminth research and anthelmintic discovery, which in turn raised
concerns for recruitment and retention of talented scientists in parasi-
tology research. The low visibility of helminth diseases, among the
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neglected diseases, was cited as a key contributing factor for the lack of
funding. There are examples of public-private partnerships between
industry and academia for anthelmintics, such as the recently
announced Helminth Elimination Platform (HELP), part of Europe’s
Horizon 2020 program, where Bayer Animal Health, and the second
industry partner Celgene, now part of Bristol-Myers Squibb, give access
to their proprietary molecules to be tested for efficacy against different
parasitic nematodes. Nonetheless, we agreed that more is needed to
engage with end-users of anthelmintics, media and decision makers. If
WHO and other stakeholders advocate that the existing drugs are suf-
ficient it is not surprising that the interest in developing novel anthel-
mintics is modest. There is a clear need to increase the visibility of the
field and our researchers. So how can we better engage with our target
audiences and increase our visibility and representation?

Our younger researchers advocated for the use of digital communi-
cations, to facilitate global reach and didactic conversations. These
platforms present an opportunity for researchers to communicate their
findings, build community trust, and seek out new collaborations and
opportunities worldwide. We recognize and emphasize the importance
of publishing in traditional academic journals as a key means of
communicating research with the added credibility of peer-review;
however, we encourage researchers to consider co-publishing research
and opinions on freely accessible digital platforms. One example is The
Conversation, where academics communicate their research in short
form online articles for the public. The Conversation has wide readership:
beginning in Australia in March 2011, and expanded into the United
Kingdom in 2013, the United States in 2014, France and then Africa in
2015, Canada in 2017, and Spain in 2018. The Conversation publishes
content under a creative commons licence and in 2019, it had a monthly
online audience of 10.7 million onsite users. As The Conversation is
authored by academics, it is viewed as a reputable source and utilized by
policy makers and media—authors on The Conversation are contacted for
further interviews by traditional media (radio, television and print
media).

Our younger researchers also highlighted the impact of increasing
visibility via social media. Social media enables us to ‘put a human face’
to our research, generate large reach and rapidly converse with diverse
audiences for science communication (Collins et al., 2016). There is a
variety of platforms, including Twitter, Facebook, YouTube, Instagram,
ResearchGate, LinkedIn, TikTok and WhatsApp broadcast lists. There
has been increasing interest in scientists using social media; a 2015
survey of scientists associated with the American Association for the
Advancement of Science (AAAS) found that about half were using social
media to discuss science and keep up to date with discoveries (Pew
Research Center, 2015). Indeed, Twitter interactions has now overtaken
journal-impact factors as a stronger predictor of citation rates in some
fields of scientific research (Peoples et al., 2016). We recommend that
researchers choose the platform that best suits their target audience (e.g.
clinicians, producers or media) and the content they are able to produce
(e.g. videos for YouTube; Twitter to facilitate rapid sharing of links to
articles). Likewise, it also presents an opportunity for our stake-
holders—clinicians, pet owners and producers—to contribute to the
conversation, rapidly communicate concerns (such as emerging resis-
tance) and build connections between researchers and end-users. A
significant following (>1000 for Twitter) however, is required to reach
diverse audiences beyond scientists within the same discipline (Coté and
Darling, 2018). When combined with existing platforms, such as para-
sitology society websites, we can directly share accurate information
and trainings for veterinarians, producers and pet-owners, increase our
visibility and advocate for evidence-based policy. A good example of this
is the American Heartworm Society, which provides resources specif-
ically targeted for both pet-owners and veterinarians on their website
(www.heartwormsociety.org/), and promotes this information via
Facebook. We also highlight Dr Martin Nielsen’s work (University of
Kentucky), communicating on evidence-based horse parasite manage-
ment and anthelmintic use in his award-winning short, plain English
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videos called ‘Deworm Debunked’ video series shared over Facebook,
Twitter and YouTube (Nielsen, 2019). Hence, digital communications
provide a strong opportunity for us to communicate directly to anthel-
mintic users (e.g. veterinarians, farmers and pet owners) and about the
importance of anthelmintic research to decision-makers, in addition to
our more traditional approaches. As with all new approaches, there does
need to be a recognition that there are attendant risks of this more im-
mediate form of communication (Bucchi, 2019). Researchers may find
the book Communicating Science Effectively, published by the National
Academy of Sciences, Engineering and Medicine (2017) informative
regarding science communication benefits, as it summarizes current
evidence, strategies and risks for a number of communication styles and
platforms, including social media. Regardless of the communications
platform selected (be that digital media, conference presentations or
academic journal articles), time and training are required for researchers
to communicate effectively—providing such training is a further op-
portunity to build new interdisciplinary collaborations. The balance and
exchange, however, between quick and timely individual communica-
tion on the one hand and peer-reviewed publications on the other hand
is important — there must be reliable sources to enable readers to
differentiate trusted information from ideas, hypotheses and, worst case,
fake news. Active communication by parasitologists via social media,
however, can also support the spread of peer-reviewed information.

The importance of collaborations was emphasized in the CARS dis-
cussion group. The group represented diverse career stages, expertise
and academic and industry representatives. The subsequent exchanges
between creative and enthusiastic young researchers familiar with
emerging technologies in science and communications, and highly
experienced senior researchers, across disciplines and professions were
valuable for encouraging new ideas and collaborations. Future confer-
ences may benefit from integrating similar breakout discussions to
facilitate these connections. The nature of anthelmintic discovery re-
quires collaboration and diverse expertise; and ensuring responsible use
of new anthelmintics takes a further collective effort. Providing oppor-
tunities for developing and maintaining strong cross-disciplinary part-
nerships will be key for growing our capacity for anthelmintic discovery
into the 21st Century.
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