UMass Chan Medical School
eScholarship@UMassChan

Open Access Publications by UMMS Authors

2019-08-26

Drug Screening for Discovery of Broad-spectrum Agents for Soil-
transmitted Nematodes

Elfawal A. Mostafa
University of Massachusetts Medical School

Et al.

Let us know how access to this document benefits you.

Follow this and additional works at: https://escholarship.umassmed.edu/oapubs

b Part of the Medicinal Chemistry and Pharmaceutics Commons, Parasitic Diseases Commons,
Parasitology Commons, Pharmaceutics and Drug Design Commons, and the Therapeutics Commons

Repository Citation

Mostafa EA, Savinov SN, Aroian RV. (2019). Drug Screening for Discovery of Broad-spectrum Agents for
Soil-transmitted Nematodes. Open Access Publications by UMMS Authors. https://doi.org/10.1038/
s41598-019-48720-1. Retrieved from https://escholarship.umassmed.edu/oapubs/3968

Creative Commons License

This work is licensed under a Creative Commons Attribution 4.0 License.

This material is brought to you by eScholarship@UMassChan. It has been accepted for inclusion in Open Access
Publications by UMMS Authors by an authorized administrator of eScholarship@UMassChan. For more
information, please contact Lisa.Palmer@umassmed.edu.















www.nature.com/scientificreports/

Figure 4. Adult T. muris whipworm example screening in 24 well plate. (A) DMSO healthy and motile
whipworms, with an abundance of released eggs; (B) Dead whipworms in well with active compound.

T. muris adults | A. ceylanicum C.elegans | C.elegans

100 uM E2L 30pM L430pM | E2A 30uM
Total Actives 19 21 12 6
Whipworms overlapping actives | . 16 8 6
Whipworms missed actives . 3 11 13

Table 2. The total number of T. muris actives out of 32 drugs active against A. ceylanicum adults . Each
model tested was reevaluated for its ability to detect those drugs that affect whipworms adults. Out of the 32
hookworm standard actives, 19 showed activity against whipworms. Among all model tested E2L showed the
highest number of overlapping actives (16 out of 19) with adult whipworms, compared to 8 and 6 in C. elegans
L4 and E2A.

vitro against as many of the adult hookworm standard positives as we could readily get access to from commercial
suppliers (32 out of 39). Out of those 32 drugs, 19 were found to be effective against whipworms at a 100 uM dose
(Fig. 4; Tables 2, S1). Moreover, the hookworm E2L screening was again superior to any of the C. elegans screens
in recalling compounds with broad-spectrum activity against adult nematode parasites. Hookworm E2L was
able to detect 16 of the 19 actives against T. muris, compared to only eight and six detected using C. elegans L4
and E2A, respectively (Table 2). All of the whipworm adult positives captured by C. elegans were also captured by
hookworm E2L.

The broad-spectrum STN adult actives recalled by hookworm E2L, but not by the C. elegans screens, also tend
to display lower cytotoxicity profile (Table S3), with only one out of seven such hits (positive on hookworm E2L
but negative on C. elegans) exhibiting submicromolar activity in the PubChem cytotoxicity assays discussed above
(AID743012 or AID1224886). On the other hand four out of nine broad-spectrum STN adult actives recalled
by the C. elegans L4 assay show cytotoxicities in the submicromolar range in the same assays. In addition, seven
out of nine C. elegans-recalled actives have legacy murine oral LD50 values in the high toxicity range (<300 mg/
kg), whereas only two out of seven broad spectrum actives recalled only by the hookworm E2L assay were in this
range, highlighting the potential value of parasitic E2L as a primary screening system over C. elegans.

In vivo screening against A. ceylanicum. Of the 19 broad-spectrum STN adult actives, four were prior-
itized and selected for in vivo testing. These four were selected on the basis of their putative and inferred targets
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Figure 5. In vivo activity of down-selected library compounds against A. ceylanicum infections in hamsters. (A)
Eggs per gram of feces (EPG) in hamsters given a single oral dose of 50 mg/kg of each of the four compounds
compared to water control. Only pararosaniline showed significant reduction (46%) compared to control (all
other comparisons relative to control did not reach significance); (B) EPGs in hamsters given a single oral dose
of 100 mg/kg pararosaniline, showing significant reduction (30%) relative to control. Numbers above bars
indicate P values. Long horizontal lines represent EPG means; short horizontal lines represent standard error.

in parasites, the importance of these targets to parasitism, and in the safety profile of these drugs. The four drugs
selected were econazole nitrate, sulconazole nitrate, pararosaniline hydrochloride, and cetylpyridinium chlo-
ride. In prior repurposing screens, the first two drugs were found to have potent inhibitory activities against a
cytochrome P450 (CYP-450) in a parasitic flatworm*® whereas the latter two were found to be effective against an
amoeboid parasite by targeting its Heat Shock Protein 90 (HSP-90)*". Both of these are believed to play critical
roles in both parasite viability and the process of parasitism*-. We screened these four drugs directly in ham-
sters infected with A. ceylanicum. Among all four treatments, one and only compound, pararosaniline, showed
significant reduction in fecal egg counts (Fig. 5A; no significant reduction in worm burdens seen; Fig. S1A).
This result was independently repeated and pararosaniline was re-tested against A. ceylanicum-infected hamsters
(Figs 5B, S1B).

Discussion

In this work we have compared the efficiency of different screening models for STN drug discovery. We con-
sidered adult in vitro screening as the best standard, since it is the life stage responsible for disease burden in
vertebrate hosts, then evaluated each model for its ability to detect hits that also affect adults (true positive rates
or TPRs), as well as false positive and false negative rates. Considering the dose of 30 uM, which was used for all
stages screened, hookworm E2L screen was associated with the highest TPR with the adult hookworm actives
(27/39) and the lowest number of the corresponding false negatives (12). On the other hand, C. elegans displayed
a far worse TPR (11/39 for E2A and 14/39 for L4) and a significantly higher number of false negatives (28 for E2A,
25 for L4). Based on our data, C. elegans will therefore miss at more than twice as many adulticidal hits as parasitic
larvae. L3i and xL3i were also inferior to hookworm E2L with regards to TPR. With regards to known anthel-
mintics, we found 15 in the library with known activity against one or more nematodes. Of these, hookworm E2L
correctly identified 13/15. The only two it did not find were morantel and oxantel, two compounds with narrow
spectrum of activity that are known to not work well against hookworms**°! (these were both missed by C. elegans
as well), further validating the usefulness of hookworm E2L for drug screening.

Although hookworm E2L also resulted in a higher number of false positives, false positives in a primary screen
of a multi-step screening campaign is less critical than the false negatives since the later represents a permanent
dismissal of a potentially the best candidates and since a high number of false positives in a primary screen could
be trimmed effectively by secondary screens (e.g., against parasite adults). Moreover, many compounds that we
termed “false positives” were structurally similar to their “true positive” counterparts and, likely, just didn’t reach
the established activity threshold. For example many other azoles structurally related to econazole and sulcana-
zole (miconazole and oxyconazole) were not as effective against hookworm adults, but were sufficiently active
against the E2L system to be registered as hits. These “false positives” do then bring an added value of validating
both the “true positive” hits and their putative targets. One caveat to our findings is that our conclusions are based
upon screening of a library that contained 1280 compounds. The screening of this library to its entirety or near
entirety against adult parasites, larval parasitic stages, and two C. elegans stages is unprecedented and provides a
solid foundation for comparison.

Other analyses and data support these conclusions. First, parasite-specific positives show lower overall toxicity
than positives that overlap between the parasites and C. elegans. Furthermore, hookworm larvae are much more
likely to discover positives that have broader spectrum against STN adults (hookworms + whipworms) than C.
elegans. Again, such positives are less likely to be generally toxic. Taken together, our results indicate that, whereas
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C. elegans is capable of detecting some anti-STN drugs, it is much more likely to miss the best candidates in terms
of adult parasitic activity and lower toxicity. These findings were confirmed by in vivo screening of our prioritized
candidates. Of the four candidates tested in vivo, the only one that showed significant impact against the para-
sites was picked up by hookworm E2L but was absent in all C. elegans screens (and hookworm L3i and xL3i). As
expected for a non-optimized hit from a small library, pararosaniline is not as effective against hookworms as
well-known fully developed anthelmintics that have been used clinically for decades, such as albendazole, pyran-
tel, and ivermectin, all of which have strong effects in vivo at 6 mg/kg in this model**.

Consistent with our findings, it has been noted that, although the use of C. elegans as a model for parasitic
nematodes started 30 years ago with tens of millions of drugs having been screened against it, no single com-
pound discovered with C. elegans has yet reached the clinic®’. Indeed, animal health pharmaceutical laboratories
have been the source of all the anthelmintics in use now, including against human STNs. For example, three of
the latest drugs in use against gastrointestinal nematodes, paraherquamide, emodepside, and monepantel, were
found in screens against parasitic nematodes of veterinary importance, although little or no details of how these
screens were carried out were given®>. Interestingly, in our research on the initial discovery of deworming
drugs used today®>**3*36-%_ five were discovered as anthelmintics screening in vivo against parasitic nematode
infections in whole host-animals (ivermectin, paraherquamide, emodepside, levamisole, and pyrantel) and two
were discovered using parasitic larval assays (benzimidazoles, monepantel), further validating the importance of
parasite larvae as an effective screening tool, in this case for human STNs.

Our screening results also highlight two important putative targets for STN drug development, CYP-450 and
HSP-90. C. elegans harbors a large repertoire of >60 cytochrome P-450 genes®, a phenomenon that is believed to
enhance drugs biotransformation and elimination, perhaps contributing to C. elegans as a poor model for pheno-
typic anthelmintic screens. In contrast, parasitic nematodes harbor fewer CYP-450 enzymes. In fact, it was once
believed that CYP-450 activity was generally absent in parasitic nematodes®'. However, recent studies have shown
that parasitic nematodes possess CYP-450 enzymes, albeit in limited quantity, and established their essential roles
in the process of parasitism*®. CYP450’s are heme-containing monooxygenases that play critical roles in xeno-
biotic biotransformations and in the metabolism of essential endobiotic compounds such as sterol, cholesterol
and ergosterol®-*4. The imidazole derivatives-econazole and sulconazole- were developed mainly as antifungal
drugs inhibiting fungal CYP450’s, leading to a decreased production of ergosterol, the essential bioregulator of
fungal cell membrane fluidity and integrity®-’. The CYP-450 inhibitors, econazole and sulconazole, were found
to display antiparasitic activity against Schistosoma mansoni‘®, antitrypanosomal activity®® against Trypanosoma
cruzi, and antibacterial activity against Mycobacterium tuberculosis® and against the drug resistant Salmonella
typhimurium’. The antiparasitic activity of imidazoles is believed to act through their inhibitory activity against
CYP-450’s that was recently found to be essential for the survival of protozoan and helminth parasites*®>* and
linked to the anthelmintic drug resistance’".

Similarly, HSP90 is an essential enzyme for some parasites and is believed to act as a sensor in the process of
transition between different hosts and environments-with dramatic change in temperature, pH and exposure to
immunological insults-during development, such transition require prompted adaptation’?. HSP-90 is an evolu-
tionary conserved chaperon protein essential in all eukaryotes, that is responsible for maintaining organisms in
homoeostasis and may act as a guard for client proteins against host insults’®. Pararosaniline and cetylpyridin-
ium were previously reported to have inhibitory activities against parasite HSP-90s and to interrupt the devel-
opment and growth of protozoan parasites, including Entamoeba histolytica*” and Plasmodium falciparum?.
Pararosaniline was also years ago subjected to a field study for the anthelmintic activity against schistosomia-
sis”>77. In filarial parasitic nematodes, HSP-90 is an essential enzyme and is the subject of drug screens’®-*°. Our
data suggest that both HSP-90 and CYP-450 are potentially good targets for controlling human STNs.

Our interesting finding that the free-living stage of hookworm is a much better predictor of positive drug
activity against adult hookworms than the free-living C. elegans has potentially interesting implications for evolu-
tion and parasitism. The free-living stages of hookworm larvae and C. elegans have many similarities, living in the
environment and feeding on bacteria. Therefore, a priori, one might think that free-living larval hookworm stages
have more in common with the free-living C. elegans than with the adult parasite. We speculate that the envi-
ronmental stages of hookworms and C. elegans are more different than might appear on the surface, as has been
noted by others in the context of dauer vs L3i development®#2. Hookworm larvae only need to exist as free-living
worms for a few days before entering the infectious larval stage, awaiting a human host for entry, where it will
complete its life cycle and reproduce, living for years. Thus, the vast majority of its life (and all of its reproductive
cycle) is spent in the host. Conversely the entire life and reproductive cycles for C. elegans are spent in the envi-
ronment. Therefore, we speculate that whereas C. elegans has evolved a genome to deal with major environmental
stresses for its entire lifespan, hookworms, which evolved to parasitize a long time ago®, have evolved so that
their genomes are primarily adapted to long survival in the host. Consequently, the genes retained by hookworms
for coping with external environmental threats (such as genes encoding xenobiotic drug transporters) may be at
least somewhat atrophied by comparison with C. elegans (so that testing anthelmintics on C. elegans gives nega-
tive results that would not be observed in actual hookworms). Along these speculative lines, one might imagine
that the great expansion of GPCR genes in C. elegans relative to parasites like hookworms®*% reflects a greater
need to deal with changing environmental conditions versus a relatively more constant condition in the human
small intestine, and that the smaller repertoire of GPCRs required for parasitism are thus used by the parasite in
the short free-living stage as well. These speculations could be tested, for example, by seeing which GPCRs are
expressed in both developing hookworm larvae and adult hookworms and comparing these to GPCRs expressed
in C. elegans larvae at similar times as the hookworm larvae. These speculations could also indicate why hook-
worm larvae have a higher number of false positives—developing hookworm larvae might depend on a smaller,
less redundant set of genes for survival in the environment than C. elegans, which must spend its whole life there.
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