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ABSTRACT Macrocyclic lactones are front-line therapies for parasitic roundworm infections;
however, there are no comprehensive studies on the activity of this drug class against
parasitic flatworms. Ivermectin is well known to be inactive against flatworms. However,
the structure-activity relationship of macrocyclic lactones may vary across phyla, and it
is entirely possible other members of this drug class do in fact show antiparasitic activity
on flatworms. For example, there are several reports hinting at the anti-schistosomal activity
of doramectin and moxidectin. To explore this class further, we developed an automated
imaging assay combined with measurement of lactate levels from worm media. This assay
was applied to the screening of 21 macrocyclic lactones (avermectins, milbemycins, and
others such as spinosyns) against adult schistosomes. These in vitro assays identified several
macrocyclic lactones (emamectin, milbemycin oxime, and the moxidectin metabolite 23-
ketonemadectin) that caused contractile paralysis and lack of lactate production. Several
of these were also active against miracidia, which infect the snail intermediate host. Hits
prioritized from these in vitro assays were administered to mice harboring patent schis-
tosome infections. However, no reduction in worm burden was observed. Nevertheless,
these data show the utility of a multiplexed in vitro screening platform to quantitatively
assess drug action and exclude inactive compounds from a chemical series before proceed-
ing to in vivo studies. While the prototypical macrocyclic lactone ivermectin displays mini-
mal activity against adult Schistosoma mansoni, this family of compounds does contain
schistocidal compounds which may serve as a starting point for development of new
anti-flatworm chemotherapies.

KEYWORDS anthelmintic, ivermectin, macrocylic lactone, schistosomiasis, drug
screening

here is a recognized need for new anthelmintics given the limited treatment options for

many parasitic infections and the widespread emergence of veterinary drug resistance
(1). This problem is particularly acute for the neglected tropical disease schistosomiasis. The
current frontline schistosomiasis monotherapy, praziquantel, has been in use for 4 decades.
While praziquantel is typically between 70% and 90% effective (2), there are instances of
treatment failure (3, 4). Parasite resistance has been selected in laboratory settings, and this
is conceivably a risk in the field with more widespread administration of praziquantel mono-
therapy (5, 6). One barrier that contributes to the scarcity of leads in the development pipe-
line is that in vitro phenotypic screens on adult parasitic worms are often low throughput.
The search for new anti-schistosomal compounds has often used schistosomula, the life
cycle stage that precedes adult worms (7). However, schistosomula have fewer cells and
fewer cell types than adults (8-10), and they have differing sensitivity to some drugs (11).
Adult parasites are the disease-causing life cycle stage dwelling within the host, and scalable,
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quantitative methodologies for screening small molecules against these worms are needed
to advance anti-schistosomal drug development.

In this study, we applied automated assays measuring the activity of a specific chemical
series, macrocyclic lactones (ML), on adult schistosomes. MLs have a broad spectrum of activ-
ity, targeting ligand-gated ion channels (LGICs) of parasites across several phyla (roundworms
and arthropods, reviewed in reference 12), as well as numerous vertebrate LGICs (13-16).
However, little is known about the structure -activity relationship of MLs in flatworms.

The most commonly used anthelmintic ML, ivermectin, is inactive against intramamma-
lian parasitic flatworms (17-20). lvermectin is not an agonist on schistosome GluCl isoforms
(21). However, ivermectin B,, does kill aquatic life cycle stages of schistosomes (22), and iver-
mectin does phenocopy praziquantel in several assays on free-living flatworms (23-25).
Therefore, despite the lack of activity of ivermectin against intramammalian stages of para-
sites, this class of compounds is not inactive. Because the structure-activity relationships of
MLs can vary depending on the parasite being studied (26), it is possible that other MLs
do exhibit potent effects on schistosomes even if ivermectin is relatively inactive. For example,
data from human clinical trials (27), screens against schistosomula (28), and computational pre-
dictions of anti-schistosomal drugs (29) have indicated moxidectin may have anti-schistosomal
effects. These data indicate that at least some MLs do exhibit activity against flatworms, even
if they do not act through the GIuCl channels that MLs typically target. Therefore, we sought
to comprehensively assess the structure -activity relationship of MLs on adult schistosomes
using a panel of several phenotypic assays.

RESULTS

In vitro measurement of drug activity on adult schistosomes. /n vitro phenotypic
screening of worms can be challenging because there is not a single outcome that is a
reliable predictor of impaired viability within the host in vivo. Worm movement is often
used as an initial screening outcome, reasoning that dead worms will not exhibit movement.
Past methods of quantitatively analyzing adult schistosome movement were manual and
low throughput (30), but methods using optical flow algorithms have been developed for
automated screening of parasite movement (31-33). These approaches allow for quantita-
tive readouts not biased by subjective scoring; however, on their own do not necessarily
provide a readout of worm viability because paralyzed worms may still be alive and
recover after drug treatment. Assays benefit from a secondary readout of drug activity,
such as lactate measurements from conditioned media which provides a readout of meta-
bolic activity (6, 34). Therefore, we sought to combine these approaches in a multiplexed
assay for parasite viability (Fig. 1A). We first optimized assay conditions using two drugs
known to paralyze worms in vitro, meclonazepam and dichlorvos, and then proceeded to
screen 21 commercially available MLs.

Adult parasites were harvested from the mesenteric vasculature of mice 6 to 7 weeks
postinfection and allowed to unpair at room temperature. Sexually mature schistosomes
live as pairs with the female worm residing within the male ventral gynecophoral canal,
although worms tend to unpair during in vitro culture. To obtain separate male and female
populations for subsequent assays, unpaired female worms were removed from the petri
dish and cultured separately. The rationale for using unpaired worms is that if a male and
female worm were to unpair in a well, the movement values may be roughly double that of
wells with a single male worm. Additionally, female worms lay many eggs (up to ~100 per
day) which will accumulate in the well. These eggs will move as worms thrash in the media,
producing high motility values because the flow algorithms will detect any pixel that is mov-
ing, regardless of whether it is worm or debris. Female worms also contain more ingested
food than males. These gut contents are heavily pigmented, containing hemozoin produced
from heme in red blood cells. During culture and drug treatment, female worms tend to
expel these contents into the well, further confounding the interpretation of flow data.

After harvesting, worms were treated with meclonazepam (10 wM), which is known to
produce contractile paralysis (35), and the cholinergic compound dichlorvos (10 M), an ace-
tylcholinesterase inhibitor known to produce flaccid paralysis (36, 37). From visual observation,
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FIG 1 Multiplexed assay for schistosome viability. (A) Drug screening workflow on adult S. mansoni. Worms are
harvested from mice, exposed to test compounds for 24 h (3 columns or 32 worms/drug), supplemented with 5-HT and
imaged to record movement (15 sec/well). Media was changed to fresh drug-free media for follow-up assay measuring
lactate production. (B) Quantification of movement for worms exposed to either DMSO control, dichlorvos (DDVP,
10 wM), or meclonazepam (MCLZ, 10 wM). Worms were imaged before (open symbols) or after (closed symbols)
serotonin addition (5-HT, 250 wM). (C) Flow cloud showing worm movement over the period of recording for the plate.
Yellow areas indicate worm movement, while dark wells remain paralyzed. Below = brightfield images of an individual
worm representative of each treatment. (D) Top = plate media after culture (24 h in 5-HT, 250 uM) to allow
accumulation of lactate. Bottom = measurement of lactate from the same plate using the Lactate-Glo assay system.

it was clear that untreated control worms were motile, but the movement was too slow to re-
cord within a recording window that allowed for convenient scaling across multiple wells in
a plate. Within the recording period of 15 s per well, only a roughly 20% difference in control
and drug-treated worms was detectable. Therefore, to expand the signal window between
DMSO control and drug treated worms, we supplemented the wells with serotonin (5-HT,
250 M) for 1 h prior to recording worm movement (Fig. 1B). This concentration was chosen
because it causes maximal stimulation of adult worm movement (38). Adding exogenous 5-
HT to the assay does create the opportunity for drug-drug interactions, and this would need
to be considered when interpreting the results of compounds that interact with serotoner-
gic signaling pathways (known GPCR ligands, for example). Treatment with 5-HT increased
the baseline motility of worms >8-fold relative to control worms without 5-HT. Under these
conditions, dichlorvos and meclonazepam inhibited movement by 92% and 93%, respec-
tively, relative to 5-HT treated controls (Fig. 1B and C).

Following motility recordings (Fig. 1B), drug-containing media was removed and replaced
with fresh 5-HT containing media (200 L per well). Adult schistosomes consume large quanti-
ties of glucose (roughly 5x their dry body weight each day), and even in the presence of oxy-
gen up to 90% of this glucose is converted into lactic acid (39). The addition of 5-HT, which
was required for increasing the signal to noise in the motility assays, also has the benefit of
increasing the amount of lactate produced by hyperactive worms (40). Therefore, lactate is a
reasonable proxy for adult schistosome metabolic activity, and lactate measurement has been
used as schistosome viability assay (6, 34). Lactate levels were quantified using the Lactate-Glo
luminescence assay (Fig. 1D). Worms treated with meclonazepam appeared killed by drug
treatment, and lactate measurements were 58% less than that of control wells. Dichlorvos
treated worms appear to be merely paralyzed but not killed, because these worms produced
lactate at levels comparable to control worms (only a 7% decrease) (Fig. 1D). The differences
between these two compounds, which both inhibit worm movement, illustrate the utility of
using a workflow with multiple readouts to assess drug activity.

In vitro screen of macrocyclic lactones. Using this multiplexed, quantitative assay
of worm movement and metabolic activity, we proceeded to profile the activity of commercially
available MLs against Schistosoma mansoni. These compounds included various avermectins
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(which contain a carbohydrate attached to the macrocyclic lactone ring system) and milbe-
mycins (which lack the carbohydrate), as well as several other members of the class that are
more structurally divergent (Fig. 2A; Table S1). Adult parasites were incubated in various
concentrations of compound (1 to 20 uM) for 24 h. While most worms did not exhibit
changes in morphology with ML treatment, several treatments caused a coiled, contractile
phenotype (emamectin, doramectin, milbemycin oxime, milbemycin D, 23-ketonemadectin,
spinosad; Fig. 2B; Fig. S1). Worms were then imaged in 96-well plates in media supple-
mented with 5-HT (250 uM), using the motility assay described above. Concentration-
response data are summarized in Fig. 2A, with 1C,, values denoting the concentration at
which worm motility was by 50% relative to untreated controls. Compounds that caused
obvious changes to worm morphology generally also were effective at inhibiting worm
movement relative to controls. However, several compounds that did not cause clear contractile
phenotypes were also nonetheless effective at inhibiting movement. For example, eprinomec-
tin-treated worms appeared morphologically normal but their movement was inhibited at drug
concentrations 5 M and above. Full concentration-response curves for all compounds tested
are shown in Fig. S2.

Following imaging of worm movement, drug-containing media was replaced with fresh,
drug-free culture media supplemented with 5-HT (250 wM). Plates were incubated for a fur-
ther 24 h to 48 h, and then media was harvested to measure lactate production (Fig. 2A and
Q). Lactate concentration-response curves were right-shifted relative to the motility readout,
indicating that worms are capable of a degree of recovery after drug-washout. Treatments
that caused contractile paralysis typically also inhibited lactate production at concentrations
that corresponded to maximal movement inhibition. For example, 23-ketonemadectin caused
complete contractile paralysis of worms at 10 «M and also completely inhibited movement
and lactate production at this concentration. However, at lower concentrations, movement
was partially inhibited while lactate remained relatively unchanged. Finally, not all treatments
that caused contractile paralysis killed worms. For example, spinosad and doramectin treated
worms displayed clear changes in morphology (Fig. 2B) and movement was inhibited (Fig.
20); however, following drug washout, these worms recovered and produced lactate at levels
comparable to controls at all concentrations tested.

In other organisms, MLs act through activation of inhibitory LGICs (41). Another compound
that works through activation of inhibitory LGICs and has activity on S. mansoni is the benzo-
diazepine meclonazepam (42). However, meclonazepam does not exhibit activity against
all species of schistosomes; Schistosoma japonicum are unaffected by this compound (35).
Therefore, we were interested in whether MLs may also be inactive against this species.
Adult S. japonicum were harvested from mice 7 weeks postinfection and treated with a
selection of compounds that displayed activity on S. mansoni (23-ketonemadectin, emamectin,
milbemycin oxime, and doramectin). All hits that were active against S. mansoni also displayed
activity against S. japonicum, causing contractile paralysis (Fig. 3A) and inhibition of motility
and lactate production (Fig. 3B). These data indicate that MLs may be capable of targeting
multiple species of parasites.

The activity of MLs on adult schistosomes is of clear interest because this life cycle stage
dwells within infected humans. However, one of the few published reports of ML activity on
schistosomes is on the life cycle stage that emerges from the snail intermediate host (22). To
determine whether the activity profile we observed in adults may also hold for other life
cycle stages, we performed a motility assay on S. mansoni miracidia hatched from eggs iso-
lated from the livers of S. mansoni-infected mice. Miracidia were aliquoted into 24-well plates
and incubated in drug-containing artificial pond water. A selection of MLs were screened at
a fixed concentration of 5 wM. This concentration was chosen because it represents an inter-
mediate concentration at which more potent compounds displayed activity against adult
worms while less active compounds showed no discernible effect. Videos of worm motility
(30 s each) were recorded after a 1-h drug incubation period. Praziquantel (3 M) was cho-
sen as a positive control because this concentration was previously reported to kill miracidia
(43). The image stacks from the acquired videos were processed to provide a single minimum
intensity projection for each well, providing a proxy for worm movement over the recording
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FIG 2 In vitro effect of macrocyclic lactones on adult S. mansoni. (A) Summary of IC, values from motility and lactate assay concentration-
response screens on 21 macrocyclic lactones. NA = no inhibition relative to controls, no IC;, value could be determined. Adult male S.
mansoni were cultured in drug for 24 h (1 column or 8 worms per drug concentration) and then assayed for movement and lactate
production as per Fig. 1. Motility is shown in black symbols and lactate assays in orange. (B) Images of adult male worms treated with various
concentrations of drug, showing concentration-dependent effects on worm morphology for certain compounds. (C) Concentration-response
curves for compounds shown in B, plotted with motility (black) and lactate (orange) reflecting mean = standard error. Concentration-response
curves for all 21 compounds listed in (A) can be found in Fig. S2.
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FIG 3 Activity of macrocyclic lactones on adult S. japonicum. (A) Morphology of adult male and female worms treated with selected macrocyclic
lactones active on S. mansoni (23-ketonemadectin, emamectin, milbemycin oxime, doramectin). (B) Concentration = response curves for motility

(black) and lactate production (orange) of worms treated with drugs shown in (A). Symbols reflect mean = standard error.

period. Paths of individual miracidia can be inferred from dark trails across the images (Fig. 4).
This provides a qualitative readout of whether worms in the wells exhibit movement or not.
Because miracidia also swim rapidly up and down in the Z axis, entering and leaving the focal
plane, quantitative analysis of individual worm movement from these videos is more difficult.
However, these minimum intensity projections allow for simple scoring of whether miracidial
movement does or does not occur for a given treatment. The results were consistent across
replicates that milbemycin oxime and 23-ketonemadectin were active against miracidia (0/6
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FIG 4 Activity of macrocyclic lactones against S. mansoni miracidia. Freshly hatched S. mansoni miracidia
were incubated in either DMSO, test compound (5 uM each ML), or praziquantel (3 M) for 1 h. Movement
was recorded for 30 s, and the resulting image stacks were processed to produce the maximum intensity
projections shown above. Each drug treatment was repeated as 6 technical replicates, the scored number
shown reflects wells with worm movement.

replicates moving for each). lvermectin and doramectin, which were less effective against adult
wormes, did not obviously reduce movement relative to DMSO controls.

In vivo activity of macrocyclic lactones against S. mansoni. We proceeded to test
the in vivo efficacy of several MLs in a murine model of schistosomiasis. Prior studies on the
ML doramectin reported that this drug reduced S. mansoni parasite burden in mice by 60%
(28). In addition to doramectin (30 mg/kg), we chose to test emamectin (20 mg/kg), 23-keto-
nemadectin (12.5 mg/kg) and milbemycin oxime (100 mg/kg) because of the activity of
these compounds in motility and lactate assays. Ivermectin (10 mg/kg) was selected as a
negative control as it has been extensively reported as inactive against schistosomes, and
eprinomectin (20 mg/kg) was also selected due to the structural similarity to emamectin.
Meclonazepam (30 mg/kg) was selected as a positive control given its established efficacy
against S. mansoni in rodents (35) and humans (44). Female Swiss Webster mice harboring
6-week S. mansoni infections were administered compounds by oral gavage. Doses were
chosen to be as close to the maximum tolerated dose as possible while not exhibiting toxic
effects. These doses are much higher than those typically given to treat parasitic nematodes.
For example, ivermectin is typically dosed in the range of 100 to 200 ng/kg (45). Rodent oral
LD, toxicity data were used to inform the doses chosen in this study (45, 46), or literature
on previous studies on murine models (28, 47). Animals were sacrificed 1 week later to count
parasite burden. No reduction in worm burden was observed for any treatment (Fig. 5), de-
spite the relatively high doses of compound administered.
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FIG 5 In vivo efficacy of macrocyclic lactones against adult S. mansoni. Mice harboring patent schistosome
infections were treated orally with either vehicle negative control, various MLs, or meclonazepam (positive
control) at the dose indicated. Open symbol = worm burden of an individual mouse, solid bar = mean
worm burden.
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DISCUSSION

MLs are considered ineffective against parasitic flatworm infection, largely due to studies
that have shown ivermectin to be inactive on these worms (17-19). However, there are scat-
tered reports of other MLs that do exhibit activity on flatworms in vitro or in vivo (22, 23, 27,
28). To explore this chemical series further, we screened 21 MLs (avermectins, milbemycins,
spinosyns) and identified several MLs active in vitro against S. mansoni and S. japonicum.

Quantitative multiplexed assay for movement and metabolic activity. We looked at
several different endpoints to assess ML activity, and the profile of different compounds varied
across these assays. Motility assays tended to be more sensitive, 16/21 compounds inhibited
movement to some degree at the concentrations tested (Fig. 2A). These include many treat-
ments which did not exhibit obvious changes in worm morphology such as curling/contrac-
tion. However, inhibited movement does not necessarily indicate a particularly deleterious
effect of drug on the parasite. Following drug washout, many worms seem quite capable of
recovering. This is indicated by the right shift in potency of the concentration—response
curves in the lactate measurement assay relative to the motility assays (Fig. 2; Fig. S2). In fact,
some treatments that caused near complete inhibition of movement had no effect on lactate
production after washout (i.e.,, eprinomectin, doramectin, spinosad). A few compounds did
show activity in all endpoints—emamectin, milbemycin oxime and 23-ketonemadectin
caused contractile paralysis and inhibition of movement and lactate production. Several
MLs have been screened against schistosomes as part of a larger library (28); however,
the activity of these three compounds has not been previously reported.

These data provide an example of the utility of obtaining multiple readouts from an
in vitro drug screen. Integrating additional endpoints is possible given the power of high
content imaging systems and the range of assays developed on different worms (7, 33, 48-52).
For example, additional steps could conceivably be incorporated to image tegument
damage—an important parasite response to some antischistosomal compounds such as
praziquantel. These assays could be developed using fluorescent-conjugated antibodies
against known tegument antigens. The decision to increase the number of endpoints may
depend on the intent of the screen, as there is some trade-off between increased workflow
complexity (i.e., blocking, staining, and washing steps involved with immunocytochemistry)
and assay throughput.

Notably, all of the compounds we tested were inactive in vivo (Fig. 5). This included dora-
mectin, which had subcurative efficacy in another murine model (28). However, the Liberian
strain of S. mansoni and NMRI line of mice used in that study differ from the parasite and
host strains provided by the NIH-NIAID Schistosomiasis Resource Center (NMRI S. mansoni in
Swiss Webster mice). Variability in drug screening results between laboratories that use dif-
ferent parasite and mouse strains has been reported (28, 53). Our in vitro data (Fig. 2 and 3)
show that compounds exhibit activity in the low micromolar range when incubated for
24 h. While adult S. mansoni reside in the mesenteric vasculature and would be transiently
exposed to higher concentrations of drug prior to first pass-metabolism, it is likely that the
free-drug concentration that worms are exposed to in vivo is below micromolar concentrations
over a period of 24 h, particularly in a murine model where mice have more rapid metabolism
than humans. This issue of whether in vitro concentrations of drug can be therapeutically
achieved in vivo has also been raised regarding the repurposing of ivermectin as a SARS-CoV-
2 therapy. Ivermectin exhibited antiviral effects in vitro at 5 wM, but in vivo only reaches submi-
cromolar plasma concentrations—and even then much of the drug is protein bound (54).
Nevertheless, our data still show that MLs as a class can exhibit schistocidal activity. In this
study, we only screened 21 compounds against schistosomes, while hundreds of MLs have
been screened to yield the nematicidal compounds currently in use (26). Further exploration
of this chemical series is likely to produce more potent hits.

Structure-activity relationship of MLs on S. mansoni. Consistent with prior studies,
ivermectin did not exhibit schistocidal activity. However, other members of the class were
capabile of killing worms in vitro (Fig. 2). These were not restricted to one group of compounds
(i.e., just avermectins or just milbemycins), or molecules with specific functional groups.
Generally, the structure-activity relationship reproduced several observations reported for
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MLs on other organisms. Some observations can be made regarding substituents on the
carbohydrate, benzofuran, and spiroketal rings.

Several aglycones, which are missing the carbohydrate ring system, were tested and all
were inactive (Fig. 2C). This is consistent with data from nematodes showing that the aglycones,
which contain a polar hydroxy group on the C-13 position, are inactive while the milbemycins,
which also lack the sugar molecule at this position, retain activity (26). Comparison of emamec-
tin, eprinomectin, and abamectin is also useful for determining the importance of substitution
at the carbohydrate C4 position. Emamectin was more capable of killing worms than eprino-
mectin. Emamectin contains a methylamino group at the carbohydrate C4 position, while epri-
nomectin contains an acetylamino group. This is in contrast to abamectin, which contains a
hydroxy group at this position and exhibits even less activity (Fig. 2A; Fig. S2).

The activity of milbemycin oxime, and to a lesser extent selamectin, indicates schistosomes
may be amenable to substitution of the C5 position of the benzofuran ring with an oxime.
These compounds displayed comparable activity to others with a C5 hydroxy group. This is
in contrast to nematodes, which are less tolerant of C5 substitutions (26, 55).

Modification of the spiroketal ring system also alters drug activity. Differences in
schistocidal and molluscicidal activity have been reported for ivermectin; ivermectin B1, con-
tains a sec-butyl group and is relatively inactive (unlike what is observed in nematodes) while
ivermectin B1,, contains a isopropyl group on the spiroketal ring and is more active (22). A par-
ticularly interesting pair of compounds from this study are moxidectin and its metabolite
23-ketonemadectin. Moxidectin did not cause contractile paralysis of worms. While it did
partially inhibit movement, it had no impact on lactate production. Treatment with 23-keto-
nemadectin, which differs from moxidectin in that it possesses a ketone group rather than a
methoxyamine at the C23 position of the spiroketal ring, caused contractile paralysis, inhibi-
tion of movement, and lack of lactate production. Given the schistocidal activity of 23-keto-
nemadectin in vitro, it is possible that this metabolite contributes to the 70% S. mansoni egg
reduction rate observed in humans treated with moxidectin (27).

ML mechanism of action on flatworms. These in vitro data raise the question of
what is the target and mechanism of action for MLs in flatworms that underpins paralysis
and death? In free-living Caenorhabditis elegans, MLs target inhibitory LGICs while also
requiring connections between adjacent cells/tissues to propagate the nematicidal effects
(56). In parasitic nematodes, the therapeutic mechanism of MLs may involve inhibiting the
release of excretory-secretory vesicles and proteins (57-60). Even if LGICs are relatively con-
served across roundworms and flatworms and MLs are also acting on inhibitory schistosome
LGICs, flatworm and nematode anatomy is quite different and, therefore, the drug mecha-
nisms are likely to differ between the two phyla.

MLs certainly have a wide range of targets—some are LGICs and some are not (61, 62).
The flatworm target of these compounds is likely not a GluCl. The GluCl ivermectin binding
requires a glycine residue at a specific transmembrane domain (63). Schistosomes contain
phenylalanine or isoleucine at this position—both of which contain much larger side chains
that make this pocket inaccessible to drugs (64). This has been confirmed by cloning and
heterologous expression of S. mansoni GluCls, which have been shown to be insensitive to
ivermectin (21). However, consideration of potential targets does not need to be restricted
to GluCls because MLs are relatively promiscuous ligands that have been shown to act on
numerous different types of LGICs (13, 14, 16, 65, 66).

In addition to GluCls, schistosomes possess acetylcholine-gated chloride channels
(ACCs) (67), nicotinic acetylcholine receptors (nAChRs) which are predicted to be cationic
(68), and a clade of unique channels which lack the Cys-loop motif that typically defines
LGICs (69). If MLs were to be acting on a schistosome LGIC, cationic nAChRs are potential
targets to be explored. In insects, a NAChR is the target of the spinosyns (70-74), which
in schistosomes cause the same contractile phenotype as the avermectins and milbemycins
(Fig. 2B). This phenotype is more consistent with cation influx than the action of inhibitory
channels, which may be expected to cause flaccid paralysis. Studies on recombinantly
expressed human a7nAChRs and @4 82 nAChRs found them to be sensitive to emamectin,
but not ivermectin (75), which would be consistent with emamectin having greater activity
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on schistosomes (Fig. 2). A separate ML binding site within nAChRs has been proposed: an
“intrasubunit” site, that is distinct from the intersubunit site that is blocked by large schis-
tosome amino acid side chains (64). The potency of avermectin-type MLs on nAChRs is also
lower, in the micromolar range, which is more in line with the concentrations of drug used
in this study than what is observed on GluCls. These data point to nAChRs as potential inter-
esting targets to explore, although functional expression of parasite nAChRs is not trivial as
this can involve iterating through heteromeric subunit combinations and may require vari-
ous accessory subunits (76).

MATERIALS AND METHODS

Harvesting adult schistosomes. Female Swiss Webster mice infected with either S. mansoni (NMRI
strain) or S. japonicum (Philippine strain) were sourced from the NIH-NIAID Schistosomiasis Resource Center.
Mice were euthanized by CO, asphyxiation between 6 and 7 weeks postinfection and adult schistosomes were
harvested from the mesenteric vasculature. Livers were set aside in ice-cold 1.2% NaCl and saved for miracidia
hatching as mentioned below. Adult worms were placed in culture media consisting of high-glucose DMEM
supplemented with 5% fetal calf serum, penicillin-streptomycin (100 units/mL), HEPES (25 mM) and sodium py-
ruvate (1 mM). All animal work, including in vivo drug treatments outlined below, were carried out with the
oversight and approval of UW-Madison Research Animal Resources and Compliance (RARC), adhering to the
humane standards for the health and welfare of animals used for biomedical purposes defined by the Animal
Welfare Act and the Health Research Extension Act. Experiments were approved by the UW-Madison School of
Veterinary Medicine IACUC committee (approved protocol #V006353-A08).

Sourcing test compounds. Compounds were sourced as follows: dichlorvos (MilliporeSigma), meclonaze-
pam (Toronto Research Chemicals), ivermectin (Alfa Aesar), abamectin (Thermo Fisher Scientific), doramectin
(Selleck Chemicals, Thermo Fisher Scientific), selamectin (Cayman Chemical, MedChemExpress), emamectin
(Santa Cruz Biotechnology), eprinomectin (MilliporeSigma), ivermectin aglycone (Cayman Chemical), doramectin
aglycone (Cayman Chemical), milbemycin oxime (MedChemExpress, TargetMol), milbemectin (Cayman Chemical),
milbemycin A3 oxime (Cayman Chemical), milbemycin A4 oxime (Cayman Chemical), milbemycin D (Toronto
Research Chemicals), moxidectin (TCI America), 23-ketonemadectin (Toronto Research Chemicals, United States
Biological), nemadectin (Cayman Chemical), lepimectin A4 (Cayman Chemical), tylosin (Ambeed), spinosad
(Cayman Chemical), spinosyn A aglycone (Cayman Chemical), spinetoram (Cayman Chemical). Compounds
were stored as powder at —20°C and prior to use in experiments were dissolved in DMSO (10 mM). Structures
for compounds screened are provided in Table S1.

Adult schistosome motility assays. Worms were harvested from mice, treated with either DMSO
control or test compounds listed above, and cultured at 37°C/5% CO, for 24 h prior to conducting motility
assays. Worms were then imaged in clear 96-well plates on an ImageXpress Nano (Molecular Devices).

Except for experiments shown in Fig. 1B that state otherwise, serotonin (5-HT) was added at 250 uM to
increase worm movement at least 1 h prior to imaging. Time lapse recordings were acquired for each well
(15 s videos at a rate of 4 frames/second) using a 2x objective. Movement was analyzed using wrmXpress as
outlined in [reference 33]. On occasion, individual wells can produce unusually high flow values due to debris
or eggs (if paired worms have been inadvertently selected) that are moving in recording as well. Because
worm movement should already be close to maximal with addition of 5-HT, high flow readings >3 standard
deviations over the mean flow values for a given drug treatment were removed. IC,, values for motility and
lactate assays were obtained using the inhibitor versus normalized response function in GraphPad Prism 9.

Lactate assays. Following imaging on the ImageXpress Nano, media was then removed from each
well using a multichannel pipette and replaced with fresh culture media supplemented with 5-HT (250 ©M).
Depending on the volume of media placed in the well, the time for lactate accumulation will vary as lactate is
more dilute in larger media volumes. The assay was performed at 1 day incubation per 200 uL of media (i.e.,
either 1 day incubation in 200 uL media or 2 days incubation in 400 L media). However, the optimal period
was 1 day culture in 200 uL media because the likelihood of microbial contamination increases with culture
time. This culture period extended from 24 h to 48 h after worms were harvested from mice, after which point
control (DMSO treated) wells were visibly yellow due to acidification with accumulated lactate. Media was
removed and stored in sealed plates at —80°C, until lactate was measured with the Lactate-Glo assay kit
(Promega). The lactate assay provides an indirect readout of lactate levels in the sample and is provided as a
lactate detection reagent consisting of recombinant lactate-dehydrogenase, NAD*, luciferase, and luciferin
detection solution. When L-lactate is present in the sample, recombinant lactate dehydrogenase generates
NADH, which reduces the inactive form of luciferin to an activated form resulting in luminescence. To perform
the test within the dynamic range of the assay kit, all samples were first diluted 1:250 in PBS. 25 uL of this
diluted sample was added to solid white half area 96-well plates, followed by addition of 25 uL lactate detec-
tion reagent using a multichannel pipette. Plates were read on a SpectraMax i3x Multi-Mode Microplate
Reader (Molecular Devices) in luminescence mode.

Miracidia motility assays. Livers harvested from schistosome-infected mice were processed to retrieve
eggs and hatch miracidia as described previously (77). Ten livers were processed at a time. Briefly, livers were
washed in saline (1.2% NaCl) and homogenized using a stainless-steel blender for 1T min. The volume of the
resulting homogenate was brought to approximately 800 mL with fresh saline and centrifuged at 290 x g
for 15 min at 4°C. The pellet was resuspended in saline and the wash step repeated, and the resulting purified
eggs were resuspended in artificial pond water (final salt concentrations of CaCO, 66.6 «M, MgCO, 7.9 M, NaCl
114 uM, KCl 1.8 M) in a 1-L volumetric flask covered with foil up to the neck and hatching was facilitated with
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a light source directed toward the flask neck. Concentrated hatched miracidia were collected from the top layer
of pond water, and the volume was brought to 24 mL with pond water. Miracidia were then aliquoted 0.5 mL
per well in 24-well plates (approximately 300 miracidia per well) and treated with test compounds for 1 h. Videos
(30 s) were recorded using a stereomicroscope (Zeiss Stemi 508 with Axiocam 208 camera), converted to avi for-
mat using FFmpeg and processed in ImageJ.
In vivo drug screening. At 6 weeks postinfection, S. mansoni-infected mice were administered a single
dose of test compound (ivermectin 10 mg/kg, doramectin 30 mg/kg, 23-ketonemadectin 12.5 mg/kg, mil-
bemycin oxime 100 mg/kg, emamectin 20 mg/kg, eprinomectin 20 mg/kg, meclonazepam 30 mg/kg) solu-
bilized in vegetable oil (0.25 mL) and delivered by oral gavage. These doses were selected based on the
toxicity of each compound. Mice were euthanized as outlined above (CO, asphyxiation followed by cervical
dislocation) at 7 weeks postinfection and worms were dissected from the liver and mesenteries to determine
parasite burden for each mouse.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.7 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.2 MB.
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