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Onchocerciasis affects predominantly rural communities in Africa, and with

small foci in South America and the Yemen. The disease is a major cause of

blindness and other significant morbidity and mortality. Control programs have

achieved a major impact on the incidence and prevalence of onchocerciasis by

interrupting transmission with vector control programs, and treatment with

mass drug administration using the microfilaricide ivermectin. Over the last few

decades, several microfilaricides have been developed. This initially included

diethylcarbamazine, which had significant side effects and is no longer used as

such. Ivermectin which is a safe and highly effective microfilaricide and

moxidectin which is a longer acting microfilaricide are presently recognized

therapies. Suramin was the first effective macrofilaricide but was prohibitively

toxic. Certain antibiotics including doxycycline can help eliminate adult worms

by targeting its endosymbiont bacteria, Wolbachia pipientis. However, the

dosing regimens may make this difficult to use as part of a mass disease

control program in endemic areas. It is now widely recognized that treatments

that are able to kill or permanently sterilize adult filarial worms should help

achieve the elimination of this disease. We summarize in detail the historic drug

development in onchocerciasis, including prospective future candidate drugs.
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Introduction

Onchocerciasis was first described in 1875, about a century and a half ago, by John

O’Neill, a clinician, who worked with the British Navy, and who isolated the microfilariae

(mf) ofOnchocerca volvulus from the skin of people livingWest African suffering from an

intensely itchy skin disorder (1). The adult worms were first described in subcutaneous

nodules by Leuckart in 1893 (2). These represent the repository of adult worms which

produce the mf responsible for many of the severe clinical manifestations. Rodolfo

Robles, a Guatemalan physician, first linked the parasite to visual impairment in 1917 (3).
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In 1926, D. B. Blacklock, subsequently demonstrated that it was

transmitted by insects, belonging to the genus Simulium (4).

These insects breed near fast-flowing streams and rivers and

infective larvae are inoculated during the bite of the infected

female blackfly vectors (5). Nigeria is responsible for 25% of the

global prevalence of Onchocerciasis which is also found in 31

other African countries. It has additionally been found in

Guatemala, Brazil, Colombia, Yemen, Ecuador, Venezuela and

Mexico, probably due to the accidental importation of the

nematode (6). While humans are the known host of O.

volvulus, experimental infection of chimpanzees with third

stage larvae result in their development into adult worms

which produce mf that remain detectable for 6.5-9 years (7). It

is not clear if zoonotic infections occur naturally, as this may

make the complete eradication of the disease challenging (6).

There are a number of strains of this parasite which have

differing degrees of infectivity to the various blackflies species

and differences in their clinical features (8–11). Although natural

infections only occur in the tropics, specifically in Africa, South

America, and the Yemen (12), the disease is occasionally also

seen in immigrants and travellers from endemic regions who

migrate to temperate regions including Europe and the North

America, often with a link to war and or poverty (13).

In 1995, Onchocerciasis was estimated to affect about

17.7million people worldwide with two hundred and seventy

thousand reported blind and about half a million with severe

visual impairment (14). It affects predominantly rural

communities, and promotes poverty and considerable

socioeconomic consequences. It is ranked second as a cause of

avoidable blindness (hence its synonym river blindness), and

may reduce the life span of sufferers by up to 15 years (15). It

causes other ocular manifestations including punctate or

sclerosing keratitis, uveitis, chorioretinitis, and optic atrophy.

The prevalence of blindness has decreased substantially

following the success of control programmes (16). However,

approximately 200 million people reside in areas at risk of

transmission and are as such at potential risk of infection (17).

Further manifestations of onchocerciasis include skin disease

comprising severe itching, papular onchodermatitis, lichenified

onchodermatitis, skin depigmentation, skin atrophy and

subcutaneous nodules. It is associated with a hanging groin,

inguinal and femoral hernias (18), and has been associated with

epilepsy (19).

Onchocerca parasites have a long and complicated life cycle.

During a blood meal, infected Simulium blackflies introduce

third-stage larvae onto the skin of the human host which enter

the bite wound, and develop into adult filarial worms. Adult

worms typically reside in nodules in subcutaneous or deep tissue

locations, and can live for up to a decade and a half and produce

mf for many years. The mf are found predominantly in the skin

where they live for 1-2 years. An uninfected blackfly ingests these

during a blood meal, and the mf then migrate from the midgut of

the blackfly, through the hemocoel to reach the thoracic muscles
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subsequently into infective third-stage larvae. The third-stage

infective larvae reach the proboscis of the blackfly and are then

able to infect another person (11).

To date, it has not been possible to maintain the O. volvulus

parasite cyclically through their complete developmental stages

in convenient laboratory hosts or by in vitro cultivation. As such

research on drug development has required investigators to

depend on material collected from natural infections in the

field and implanting or injecting these parasites stages into

suitable laboratory hosts or by using in vitro systems of

parasite cultivation (11, 20). As such, surrogate models are

often used for drug screening. These include infection of

BALB/c mice with infective Litomosoides sigmodontis third-

stage larvae, resulting in patent infections with circulating mf.

Alternative surrogate models include Acanthochieloma viteae

infections of jirds and Brugia pahangi infections in a rodent host.

Additionally, a number of cattle parasites including Onchocerca

gutturosa, Onchocerca linealis and Onchocerca Ochengi have

been used as surrogates for drug screening (21).

The blackfly vector of O. volvulus includes several species of

Simulium which lay their eggs in fast flowing water. In Africa,

the parasite is transmitted predominantly by the S. damnosum

complex and other species such as S. sirbanum (22). Some

anthropophilic blackfly vectors in South America which

transmit the filarial nematode include S. ochraceum, S.

incrustatum, S. exiguum, S. guianense, S. metallicum, S.

oyapockense, and S. minusculum (23). Blackfly eggs deposited

in fast flowing water hatch and release larvae which develop into

pupae. The eggs, larvae and pupae are aquatic stages which

attach to rocks and plants in fast flowing rivers and streams, and

filter out suspended particles. The aquatic stages have been

found aquatic vegetation including Cynodon dactylon, Kanahia

laniflora and also Digitaria ciliaris. Additionally, manmade

constructions such as concrete-lined stream channels and

dams provide good locations for the development of blackfly

larvae and pupae (24).

Onchocerciasis control began with vector control in West

Africa in 1975. This program successfully interrupted the

transmission of the parasite in many areas (25), and was then

followed by The African Program for Onchocerciasis Control,

which used ivermectin mass distribution annually in sub-

Saharan Africa, as a means ending onchocerciasis as a disease

of public health importance. This program now aims to

eliminate transmission where feasible, and has achieved a

significant reduction in prevalence, and has now incorporated

a target of eliminating onchocerciasis, by 2025 in the majority

(80%) of African countries (26). The Onchocerciasis Elimination

Program for the Americas, was launched in 1993, as an

international partnership and regional initiative based on mass

ivermectin administration twice or four times each year, aiming

to cover at least 85% of eligible populations. Between 1989 and

2016, at least 11.5 million ivermectin doses have been given in
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https://doi.org/10.3389/fitd.2022.953061
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org


Tagboto and Orish 10.3389/fitd.2022.953061
South America and has eliminated transmission in 11 out of 13

endemic foci (27).

Although ivermectin continues to be highly effective, there

have been a few reports of sub-optimal responses raising

concerns of possible future drug resistance (25, 28), as such it

remains essential to develop a safe alternate therapy including an

effective macrofilaricidal agent. The new WHO roadmap

acknowledges that new medicines or treatment regimens that

are able permanently sterilize or kill onchocerca macrofilariae

would shorten elimination timelines considerably and hasten the

realization of the ultimate goal of disease elimination (29).
Drugs evaluated for anti
onchocercal activity

Over the last century, several prospective drugs have been

evaluated for anti-Onchocera activity. These drugs are of varying

efficacy, and some have been associated with unpleasant or

severe side effects including patient death. The drugs that have

been evaluated for or used to treat onchocerciasis are described

below, including those not in use (Table 1).
Drugs evaluated in clinical trials with
unacceptable safety and/or efficacy

Suramin

Paul Ehrlich initially synthesized the dye trypan blue in

1904. It is a polysulfonated naphthylamine which was

subsequently found to have antitrypanosomal activity. The

pharmaceutical firm Bayer then made a series of derivatives of

this dye which included the drug suramin. This was synthesized

in 1916 by a team comprising Richard Kothe, Oskar Dressel, and

Bernhard Heymann. Suramin was the first drug used to treat

onchocerciasis and was found to have both microfilaricidal and

macrofilaricidal activity against Onchocerca volvulus (30, 31).

The drug was unfortunately prohibitively toxic and requires

hospitalization. As such it is no longer in routine use. Side effects

of suramin include peripheral neuropathy, renal and bone

marrow toxicity, hypersensitivity, dermatitis, anemia, and

deteriorating ocular lesions (31, 32).
Diethylcarbamazine

Diethylcarbamazine was discovered in 1947, and was the

first active solely microfilaricidal agent. The drug is a piperazine

derivative and has the chemical formula of N,N-diethyl-4-

methylpiperazine-1-carboxamide. Unfortunately, it does not

kill adult worms and as such was not useful in curing the
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disease . Furthermore , reac t ions due to the hosts

immunological response to the dead and dying mf were rather

common and often severe. These reactions were first described

by the Mexican parasitologist Luigi Mazzotti in 1948 (33), and

include tachycardia, low blood pressure, fever, joint pains,

urticaria, swollen tender lymphadenopathy, oedema, and

abdominal discomfort. When used to treat heavily infected

individuals these reactions could be severe and life-

threatening. Furthermore, ocular lesions were often aggravated

(34). Deaths were reported in 7 out of 327 patients treated with

diethylcarbamazine (35). As such this product has become

redundant in the treatment of onchocerciasis.
Melarsonyl potassium

The arsenical drug melarsonyl potassium was discovered in

1949 and used in the treatment of African trypanosomiasis. This

drug showed initial promise in the treatment of onchocerciasis.

A clinical trial in Cameroon demonstrated that an intramuscular

injection of this drug, comprising 4 consecutive daily doses of

200 mg, with the same 4 daily doses repeated after a 10–14-day

interval, appeared to kill or sterilize the female adult worms in

the treated patients (36).

Following the death of the adult worms, the remaining

population of mf gradually falls, over the ensuing 2 years from

natural death. Typically, the drug had only little or no immediate

activity on mf (37). Despite its efficacy, this drug unfortunately

commonly caused arsenical encephalopathy, resulting in the

death of some patients. A single trial utilizing a dose of 7.5mg/

kg in patients with Onchocerciasis resulted in 4 deaths out of

4287 treated individuals despite the availability of antidote

dimercaprol (36). These side effects preclude the use of

melarsonyl potassium in the treatment of this filarial

disease (38).
Amocarzine (CGP 6140)

Initial Studies in South America suggested that amocarzine

(4-methyl-N-[4-(4-nitroanilino) phenyl] piperazine-1-

carbothioamide) might be useful in the treatment of

onchocerciasis (39).

Following the treatment of 272 Guatemalan patients with

amocarzine, the examination of nodules excised four months

after treatment showed that more than half (57%) of the female

parasites were dead, with nearly a quarter (24%) necrobiotic.

Nineteen percent of the female parasites were still alive. Male

nematodes were significantly more necrobiotic than females.

Following treatment, cutaneous mf decreased rapidly to about

10% of the initial level within one week, and around 20% of pre-

treatment levels after one year. In this study, a low dose drug
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regimen showed activity against adult worms and mf with good

drug tolerability in patients with moderate to heavy

onchocerciasis. The dose used in this trial was 3 mg/kg body

weight, twice daily after food for three days. The drug was well

absorbed with predictable plasma levels (40). A similar study

carried out in Ecuador and Guatemala treated 312 patients with

a dose of 3 mg/kg twice daily for 3 days. The regimen killed 73%

of the 1477 femaleO. volvulus evaluated following the excision of

nodules four months after treatment. The average mf skin count

was greatly reduced within a week and remained low for at least

6 months. The mf counts were 6-11% of the day 0 value when

assessed on day 8 and 14-18% when assessed on day 180. In this

study, mf clearance was poor in patients who took the drug while

fasting (41).

A study of amorcazine in Mali demonstrated a significant

reduction in plasma concentrations and urinary recovery of the

drug and of the N-oxide metabolite in fasted patients compared

to patients who have been fed beforehand. They authors

concluded that the higher solubility or amocarzine at acidic

pH compared to poor solubility at neutral pH might explain the

increase in bioavailability after meals (42).

A clinical trial in Ghana compared a single dose of 150 µg/kg

body weight of ivermectin pre-treatment on day 1 followed by

amocarzine (3 mg/kg body weight) taken after meals on days 8, 9

and 10. Thirty-four patients received this and were compared

with 33 patients who received ivermectin alone or 33 patients

who received amocarzine alone. All palpable nodules were

excised on day 120 and were then fixed, sectioned, stained,

and examined by two blind researchers. Mazzotti-type reactions,

including pruritus, a cutaneous rash, peripheral sensory

neuropathy and swellings, were more frequent and more

severe with amocarzine than with ivermectin. Pre-treatment

with ivermectin suppressed some reactions to amocarzine

significantly, but did not affect other symptoms such as

dizziness or gaze-evoked nystagmus (43). In this trial,

amocarzine did not affect male parasites or the intra-uterine

stages, and was a less potent microfilaricide. Ivermectin with

amocarzine showed similar efficacy to ivermectin alone. The

results were different from the findings from the South America

and it was concluded that amocarzine was unlikely to be useful

in treating onchocerciasis in Africa (43).

Additional studies in Ghana could only demonstrate a

significant microfilaricidal effect at doses greater than 12 mg/

kg with the maximum tolerated dose being 20mg/kg and no

macrofilaricidal activity at any dose (44). Overall, Mazzotti-type

reactions, were noticeably more severe and frequent following

treatment with amocarzine.
Metrifonate

Metrifonate demonstrated activity against Onchocerca

lienalis mf inoculated into CBA/Ca mice when this model was
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used as a drug screen for onchocerciasis (45). Additionally,

metrifonate had some activity against adult male Onchocerca

gutturosa worms in vitro (46).

Metrifonate has also been used in a clinical study for the

treatment of infections with O. volvulus infections in persons in

West Africa. Using doses of 10 mg/kg daily for a total of six days,

metrifonate was effective against the mf, but produced

unpleasant reactions due mf death, and the muscarinic effects

of this drug (47).

Metrifonate has no action on the adult worms (48). This

drug is not used for treating Onchocerciasis due to its adverse

side effect profile and lack of macrofilaricidal activity (49).
Levamisole

Preliminary studies in a mouse model suggested that

levamisole had microfilaricidal activity against O. lienalis mf

(45) and O. gutturosa adult males (46). Furthermore, levamisole

has previously been used to treat Onchocerca cervicalis

dermatitis in horses (50).

Subsequent human clinical trials in Mexico and in Ghana

showed that levamisole did not offer promise in treating human

onchocerciasis (51, 52). When given alone or given with

albendazole, levamisole had little activity against O. volvulus.

Additionally, levamisole combined with ivermectin was not

macrofilaricidal and was not more effective against the mf or

the adult parasites than ivermectin alone.
Benzimidazoles (mebendazole,
albendazole and flubendazole)

Benzimidazole anthelmintics are in routine use for the

control of soil-transmitted helminth infections. Clinical studies

at the Onchocerciasis Chemotherapy Research Centre in Tamale

and subsequently in Hohoe, Ghana showed that the

benzimidazole carbamates, mebendazole and albendazole, had

different effects on O. volvulus. Mebendazole was microfilaricidal

and is also toxic to developing embryos still within an egg shell

but not the stretched mf. Albendazole has no activity against mf

but was toxic to all uterine stages. The reasons for these

differences remain uncertain. In this Ghanaian study, none of

the drugs tested had effects against macrofilariae (44).

Flubendazole was approved for the treatment of

gastrointestinal nematode infections in 1980 and has been

used in by veterinarians and physicians. Unfortunately, this

drug has very low oral bioavailability, as such intramuscular

injections were employed as the route of delivery in early

research (53). The parenteral administration of flubendazole

can lead to high macrofilaricidal efficacy. A clinical trial in

Latin America in the using weekly intramuscular doses of

750mg of flubendazole in the 1980s demonstrated complete
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macrofilaricidal efficacy against O. volvulus but unfortunately

caused injection site abscess (54). In order to stimulate further

research into the discovery and development of new

macrofilaricides, for onchocerciasis, recent studies have

focused on the development of new formulations with higher

oral bioavailability, potentially permitting its usefulness in the

treatment of onchocerciasis . When compared with

diethylcarbamazine, skin mf levels in the flubendazole group

fell slowly, and at 6 and 12 months were significantly lower than

in the diethylcarbamazine treated group (0·2 vs 7·3 mf/mg at 12

months). By 6 months none of the flubendazole treated subjects

had mf in the cornea, and only one individual had mf in the

anterior chamber of the eye, while the numbers of intraocular mf

in the diethylcarbamazine group had returned to pre-treatment

levels (55). Ivermectin showed consistently superior activity

against mf than flubendazole (54).
Drugs used outside formal clinical
trials in the past

Antimonial drugs

Several antimonial preparations have been evaluated for the

treatment of Onchocerciasis, including pentostam, neostibosan,

stibophen, and tartar emetic with little or no usefulness in

treating onchocerciasis. Two antimonial preparations of

alleged reduced toxicity, TWSb (stibocaptate) and MSbE

(Friedheim) were also tested against O. volvulus. These drugs

demonstrated inconsistent results, including the complete

elimination of all parasites in a few patients on one hand, and

no detectable action in other subjects.

Microfilaricidal activity was demonstrable in many persons,

especially after treatment with TWSb, which was used at higher

doses than MSbE. There was inconsistent killing or sterilizing of

adult female worms observed in some patients. Unfortunately,

these drugs were rather toxic, and often this made it necessary to

stop treatment. Interest in using these antimonial drugs for

treating onchocerciasis decreased because of common severe

side effects including anorexia, nausea, vomiting and

prostration (56).
Closantel

The development of O. volvulus parasites requires a L3-

stage-specific chitinase called OvCHT1. Closantel is a

halogenated salicylanilides and is used as a veterinary

anthelmintic drug that targets this chitinase.

Closantel is a potent and specific proton ionophore and a

OvCHT1 inhibitor (57, 58). It inhibits filarial chitinases and

inhibits the molting of L3 larvae (59). Closantel, however did not
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have appreciable macrofilaricidal activity and unfortunately

caused severe adverse ocular side effects (60), which have

limited its usefulness.
Auranofin

Auranofin, is an orally administered, gold-containing

compound. This drug has been used for the treatment of

rheumatoid arthritis since at least 1985 when it was approved

by the United States Food and Drug Administration (FDA) for

treating this condition. This drug has been shown to have

antiparasitic properties (61).

It has been shown to kill both Brugia spp. and Onchocerca.

ochengi adult parasites in vitro and has been demonstrated to

inhibit the molting of third-stage O. volvulus larvae. Half-

maximal inhibitory concentrations are low and in the

micromolar to nanomolar range (62). There are no clinic trials

in patients with Onchocerciasis to date.
Other compounds

Shortly after the discovery of Suramin, Brian Duke

demonstrated that pibenzimol (Hoechst 33258; Molecular

formula: C25H24N6O), a substituted bis-benzamidazole,

showed activity against mf and adult O. volvulus worms in

experimentally infected chimpanzees. Additionally, an arsenical

compound F151 (Molecular formula: C19H29AsN8O4S2)

showed a singular macrofilaricidal action. Furthermore,

Compound E (a reaction product of Hoechst 33258 and F151)

demonstrated both micro- and macrofilaricidal activity.

However, the overall toxicity of these compounds was high,

precluding their clinical utility, and as such, further trials were

not made. They also tested pentamidine and stibocaptate, but

these drugs showed no antifilarial activity (63).
Drugs currently in use

Ivermectin

Ivermectin is a widely used broad-spectrum antiparasitic

drug that interferes with glutamate-gated chloride channels

found in invertebrates, but not vertebrates. A Japanese

biochemist, Satoshi Omura, discovered ivermectin from

Streptomyces avermitilis, a soil actinomycete (64). Together

with William Campbell, an Irish parasitologist, they were

jointly awarded the Nobel Prize (in Physiology or Medicine)

for their role in the discovery of avermectins and ivermectin, an

acknowledgement of the enormous impact of this discovery in

the control of this disease.
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Ivermectin is the world’s first endectocide and a safe and

highly effective microfilaricide for onchocerciasis (65).

Ivermectin was demonstrated to be an effective microfilaricide

in the early 1980’s and introduced for onchocerciasis control in

1987 (53). It is a semisynthetic macrocyclic lactone derivative. It

is generally better tolerated and safer than diethylcarbamazine in

treating Onchocerciasis. Several large-scale programs, especially

in endemic areas in Africa employ ivermectin treatment (150

micrograms/kg) once a year for disease control and treatment.

This dose paralyses the mf, which are then carried away via

lymphatics and destroyed in lymph nodes. It reduces the load of

mf by 90% and suppresses the production of mf for about two or

three years. Frequent doses of ivermectin can also prevent the

development of embryo parasites in female worms, and as such

reduces the number of adults with time by attrition. Ivermectin

substantially reduces of cures lesions in the anterior segment of

the eye. Furthermore, regular treatment prevents severe lesions

in the posterior segment (66). There are advocates for repeating

treatment every three to six months in symptomatic patients

(67), and thereafter, repeating treatment based on a recurrence

of symptoms such as pruritus, the presence of the typical rash,

or eosinophilia.

Ivermectin may also have a mild effect on adult worms, but is

incapable of eradicating infection (68). Multiple doses of

ivermectin demonstrate an eventual macrofilaricidal effect and

a moderate sterilizing effect after multiple treatments, and a

halving of the life expectancy of adult worm after three years of

annual ivermectin treatments (69). Treatment with ivermectin

may be necessary for 10 years or more until attrition of pre-

treatment adult worms which are known to otherwise live for an

average of 15 years (70). However, any new infections may make

eradication difficult to achieve within this time frame using a

yearly ivermectin mass drug administration strategy. Presently,

mass drug administration programs consist of ivermectin

administration at 6 to 12 monthly intervals for 10 to 16

years (71).

In the setting of dual infection with Loa loa, the treatment of

onchocerciasis with ivermectin can facilitate entry of L. loa mf

into the central nervous system, leading to severe neurologic

sequelae, including encephalopathy, and death. This occurs

typical ly in persons with very high-density L. loa

microfilaremia (≥ 30,000 mf/mL blood) (72). As such, in areas

where both conditions are endemic, blood should be obtained to

test for the presence of L. loa mf prior to ivermectin

administration in patients with Onchocerciasis (73, 74). The

LoaScope is helpful for quickly determining mf density of L. loa

infections in the field (72). This is a novel cell phone–based

microscope reader that gives L. loa mf density readings within 3

minutes of placing uncoagulated blood (obtained by finger

prick) in a special cubical capillary tube under the lens. The

LoaScope permits rapid, point-of-care identification of patients

at risk for severe adverse events following therapy. This strategy

allows the identification and treatment of patients in L. loa
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endemic areas who have onchocerciasis but do not have high L.

loa microfilarial loads (75).

Adverse effects following ivermectin administration are

usually mild and may in part be related to the host immune

response to released Wolbachia antigens (76) or the filarial

parasite itself (77). Symptoms usually develop within three

days of treatment and include a rash, dizziness, pruritus,

myalgia, arthralgia, and tender lymphadenopathy. A rise in

pulse rate and respiratory rate, and an increase in body

temperature or hypotension tends to accompany more severe

reactions. These are typically mild or moderate Mazotti

reactions. However, severe systemic reactions including

postural hypotension may also occur. The incidence of these

symptoms correlates with burden of infection prior to treatment.

Mazzoti reactions have been graded according to severity

(grades 0-4), with grade 0 having no symptoms and grade 4

having the most severe symptoms. With regards to postural

hypotension, decreases in mean arterial pressure of >20mmHg,

>25mmHg, >30mmHg, or either >35mmHg or the inability to

stand long enough for blood pressure to be taken on standing

due to dizziness are considered grade 1, 2, 3 and 4 reactions

respectively (78). These symptoms can usually be managed with

rest, analgesics and antihistamines.

The development of ivermectin resistance has been

suggested in Ghana (79). In some communities despite

continued excellent microfilaricidal activity, the suppressive

effects of ivermectin on the reproductive capacity of adult

female O. volvulus worms waned in following multiple drug

treatments (80) with these worms becoming unresponsive or

increasingly resistant to the anti-fecundity effects of multiple

treatments (81). It has been suggested that suboptimal responses

may be attributable to host factors, including polymorphisms in

host multidrug resistance genes (82). Macrocyclic lactone drug

resistance in Dirofilariae immitis is well recognized and making

it plausible that drug resistance may develop against other

helminths (83). Some authorities consider that anthelmintic

resistance in general is inevitable (84).

The ideal approach to the treatment of coinfection with

onchocerciasis and loiasis remains uncertain; however, the

efficacy of doxycycline and albendazole in eliminating L. loa

infections (73, 85) may make these drugs useful precursors to

ivermectin treatment in areas with coinfection.

One potential additional benefit of ivermectin mass drug

administration is that this drug is an endectocide. Mosquitoes

exposed to the drug during feeding on the blood of treated

individuals may subsequently die, and has been demonstrated in

randomized trials. This effect has bred interest in using

ivermectin as a means of malaria control although it is not yet

clear if this will result in a reduction in malaria transmission

(86, 87).

Ivermectin has also been used for the treatment of scabies,

head lice, cutaneous larva migrans and gnathostomiasis.

However, there is some concern about the safety of the drug
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and its use in children under 5 years or in children weighing less

than 15 kg. Admittedly, ivermectin has been occasionally used in

children younger than 5 years. Nevertheless, the safety of

ivermectin in young children and pregnant women remains

uncertain (88). A systematic review and meta-analysis of the

safety of oral ivermectin during pregnancy has concluded that so

far, no study has reported major side effects such as neonatal

deaths, preterm births, low birthweight or maternal morbidity.

However, it is still unclear if ivermectin increases the risk of

congenital abnormalities, spontaneous abortions or

stillbirths (89).
Ivermectin combination therapy

The addition of albendazole to ivermectin does not appear to

confer treatment benefit. In a randomized trial including more

than 270 patients with onchocerciasis in Ghana, combination

therapy with ivermectin and albendazole did not improve

sterilizing female worms, killing adult parasites, or achieving

sustained mf clearance compared with ivermectin alone (90).
Moxidectin

Moxidectin is a semisynthetic macrocyclic lactone and a

member of the milbemycin family. It is derived from nemadectin

isolated from the bacterium Streptomyces cyanogriseus subsp.

Noncyanogenus. This class of drugs are chemically related to

the avermectins.

In response to early reports of potential Onchocerca

resistance to ivermectin, Tagboto & Townson (91, 92) carried

out in vivo studies which demonstrated that moxidectin was

more active than ivermectin in eliminating O. volvulus and O.

lienalis mf from experimentally infected mice in 1996. They also

demonstrated that moxidectin activity against Onchocerca mf in

mice persisted for long periods and interrupted laboratory

infection of mice several weeks after a single dose of this drug

(93). This effect is potentially because this drug is highly

lipophilic (94).

Moxidectin has a longer half-life than ivermectin (20-43

days versus approximately 1 day), and is more efficacious than

ivermectin in reducing skin microfilarial loads. It may be capable

of interrupting the transmission cycle within six rounds of

annual treatment. Similar to the prior laboratory-based

studies, moxidectin appeared to exhibit greater and more

persistent microfilaricidal activity against Onchocerca than

ivermectin with a similar side effect profile (95, 96). The

adverse events reported following treatment with moxidectin

and ivermectin are mostly related to the inflammatory reactions

to the dead and dying mf, including pruritus, rashes, tender

lymphadenopathy, muscle discomfort, fever, low blood pressure,

tachycardia, and eosinophilia. These Mazzotti reactions were
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more common following treatment with moxidectin, and likely

due to the greater efficacy of this drug causing more pronounced

killing of mf. Adverse events were self-limiting and mild or

moderate, and did not necessitate medical intervention (96).

Moxidectin is now recognized as a reputable veterinary drug

for the treatment of a range of endo and ectoparasites and has

been proposed as an appropriate treatment for human scabies

(97, 98).

It has been suggested that annual moxidectin treatments as

an onchocerciasis control strategy would enable a similar

reduction in programme duration as biannual ivermectin

treatment, with a likely improvement in cost effectiveness.

This may have significant connotations where resource

limitations are a major issue. Additionally, the need to time

treatment to peak transmission periods is not as important for

control programmes using moxidectin and should simplify

distribution programmes (99).

Moxidectin, has been approved in 2018 by the United States

FDA for treatment of onchocerciasis in person who are at least

12 years old (https://www.accessdata.fda.gov/drugsatfda_docs/

label/2018/210867lbl.pdf).
Doxycycline

O. volvulus parasites carry endosymbiotic bacteria

(Wolbachia sp.) required for embryogenesis and survival (100,

101). A number of in vivo and in vitro studies utilizing potential

candidate antibiotics were carried out to compare the effect of

killing Wolbachia on the subsequent viability of Onchocerca

(102–104) and other filarial parasites (103) with doxycycline

showing particular promise.

Clinical studies have demonstrated that Doxycycline has

excellent activity against Wolbachia and induces sterility in

female parasites with a macrofilaricidal effect that is dose

dependent (105, 106). For rapid relief of symptoms caused by

the mf stage, it may not be unreasonable to treat with ivermectin

a week or so prior to starting doxycycline. The safety of

simultaneous treatment is unknown. Tetracycline antibiotics

including doxycycline may unfortunately cause permanent

tooth discoloration in children younger than 8 years and for

this reason, this drug is generally avoided in pregnant women

and children under 9 years.

Doxycycline may be effective for treatment in communities

where onchocerciasis and loiasis are co-endemic. In a study in

Cameroon assessing the effectiveness of community-directed

treatment with a 6-week course of doxycycline among 104

persons in communities with both onchocerciasis and loiasis,

treatment solely with doxycycline was effective in reducing

microfilaremia and adult worm viability (107).

A small clinical study in Ghana compared oral doxycycline

200mg once daily for 4 weeks (N = 33), and a shortened duration

of treatment with oral minocycline at 200mg once daily for 3
frontiersin.org

https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/210867lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/210867lbl.pdf
https://doi.org/10.3389/fitd.2022.953061
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org


Tagboto and Orish 10.3389/fitd.2022.953061
weeks (N=30). On completion of the treatment regimes,

histological analysis of the adult parasites in excised nodules

revealed the absence of Wolbachia in 98.8% of the doxycycline

treated and 72.7% of the minocycline treated female

nematodes (108).
Drugs with promising pre-clinical
efficacy that could be evaluated in
the future

Antifungal azoles and aspartate protease
inhibitors

Recent in vitro screening against adult O. ochengi male and

female worms obtained from naturally infected cattle, and

juvenile O. volvulus (maintained in vitro) confirmed the

activity of 13 compounds including candidate drugs that are

antifungal azoles or aspartic protease inhibitors. The azole drugs

miconazole, sulconazole, clotrimazole, isoconazole and

tioconazole were very effective (causing more than 99%

motility inhibition) against male O. ochengi (utilizing a 5-day

in vitro assay), but not highly active against the viability of female

worms. Additional compounds that showed great activity

against male O. ochengi worms (with more than 96% motility

inhibition) included suloctidil, pimozide and primaquine. IC50

values for suloctidil and primaquine were 5.5 µM and 0.4 µM

respectively. Suloctidil and primaquine showed significant

efficacy against female O. ochengi (>87% viabi l i ty

inhibition) (109).

Suloctidil is an aspartate protease inhibitor that showed

consistently high potency across worm genders. Two aspartate

inhibitors, nelfinavir and lopinavir (30 µM), inhibited the

motility of female B. pahangi by more than 98%, male O.

ochengi by more than 88%, and O. volvulus L4 by more than

56%. In Additional, nelfinavir was demonstrated to be highly

effective against the viability of female O. ochengi (100%), while

lopinavir was not active against O. ochengi female parasites.

Pepstatin A is a different aspartate protease inhibitor that has

demonstrable action against O. ochengi, with preferential activity

against male worms (100% motility inhibition) compared to

female (50% viability inhibition) parasites (109).
Other avermectins and milbemycins

Townson, McCall & Tagboto (1998) tested a range of

avermectins and milbemycins including doramectin and

milbemycin oxime, and demonstrated variable, but good

microfilaricidal activity in all member of this group of drugs,

but with moxidectin being superior to other drugs in this

group (110).
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Eventually subsequent clinical studies have led to the

approval of moxidectin as an effective and safe microfilaricide

in the treatment of Onchocerciasis (99). Further clinical trials of

the other avermectins and milbemycins have not been

carried out.
Other antibiotics

The anti-Wolbachia Consortium have been active in

identifying novel anti-Wolbachia drugs. A cell-based assay for

detecting activity against Wolbachia has permitted

approximately 2600 drugs to be screened, that have already

approved for human use, with the view to repurposing them for

use in treating onchocerciasis. Several drugs have been thus

identified as being equal to or more efficacious than doxycycline,

with 69 of these drugs being available for oral administration.

Following subsequent screening in a filarial model involving

Litomosoides sigmodontis infection in mice, four of these were

deemed active. These antibiotics were predominantly from the

fluoroquinolone, tetracycline and rifamycin drug classes (111).

Following several years of screening potential antibiotics by

the anti-Wolbachia consortium, new antibiotics including

AWZ1066S and ABBV-4083 are presently going through

clinical trials with the aim of delivering a safe and effective

macrofilaricide which may support the goal of the elimination of

onchocerciasis and lymphatic filariasis (112). AWZ1066S in

particular shows superior efficacy to current anti-Wolbachia

therapies in validated preclinical models of infection and has

properties that are felt to be compatible with a short treatment

duration of 7 days or less (113).

Although not yet tested against Onchocerca, globomycin, a

compound that is a signal peptidase II inhibitor, has

demonstrated action against Wolbachia. It has been shown to

reduce the motility and the viability of adult Brugia malayi

worms in vitro (114). This drug is worth testing against

onchocerciasis. Additional drugs with anti-Wolbachia effects

that have not been tested in onchocerciasis include tylosin, an

antibiotic used in veterinary practice but not approved for

human use, and the drugs corallopyronin A, methacycline,

rifapentine and sparfloxacin all of which have depleted

Wolbachia in animal filarial models (115).

Synthetic analogues of the macrolide veterinary antibiotic,

tylosin A with improved bioavailability when administered

orally (A-1535469 and A-1574083) were compared to

doxycycline and minocycline, in the treatment of O. ochengi

infections. A one- or two-week course of A-1535469 or A-

1574083 provided >90% Wolbachia depletion from nematodes

in infected animals, causing an interruption of embryogenesis

and the depletion of mf. The two analogues delivered equal or

better efficacy compared to a three-to-four-week course of

doxycycline or minocycline. A-1574083 (also called ABBV-

4083) shows promise as an anti-Wolbachia macrolide with an
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efficacy, pharmacology, and safety profile that is compatible with

a short-term oral drug use for onchocerciasis (116).
Drugs awaiting further clinical
evaluation following satisfactory
preliminary efficacy and safety data

Oxfendazole

Following the demonstration that the parenteral

administration of flubendazole showed promise as a

macrofilaricide in a variety of models and in humans. Further

research has been conducted into benzimidazoles with improved

oral bioavailability and a better side effect profile.

Oxfendazole is a benzimidazole anthelmintic with good oral

bioavailability. It is metabolized to the less active metabolites,

fenbendazole and fenbendazole sulfone. In a study in mice,

serum levels were higher with oral than with subcutaneous

administration. Unlike flubendazole which is poorly absorbed

after oral dosing in humans, bioavailability after oral dosing in

humans should exceed 50%. Oxfendazole has been

demonstrated to exhibit modest to marginal motility

inhibition of the adult filarial nematodes of O. gutturosa, pre-

adult (5th stage larva) O. volvulus worms and O. lienalis mf in

vitro and was comparable to the activity of flubendazole and

albendazole, but less than the activity of melarsomin

dihydrochloride (used as a positive control in this study).

Clinical phase 1 results suggest that oxfendazole is likely to be

nontoxic at doses thought to be effective in treating

onchocerciasis (117).

A preliminary trial of oral oxfendazole in treating naturally

acquired Onchocerca lupi infections in privately owned domestic

dogs in Portugal was recently published. O. lupi infections have

been found in dogs and cats in several European nations and in

North America, causing mainly ocular lesions. The disease is

increasingly being recognized as a zoonosis. In humans, O. lupi

displays marked neurotropism and these nematodes are typically

embedded in nodules localized in the cervical spine of infants,

children and adults with severe consequences. This trial

demonstrated a mean percentage of reduction of mf of 78%

(n=4) and 12.5% (n=3) respectively 180 days following

treatment with 50mg/kg of oxfendazole for 5 or 10 days

compared with control animals (n=4). The reduction in skin

microfilaria counts was statistically lower in the dogs treated for

5 days but not in the dogs treated for 10 days. By 6 months

follow up, skin microfilaria counts were not significantly

different from control animals. Additionally, there was a

reduction in ocular lesions of treated dogs by ultrasound

examination by 50% and 47.5% in the 2 treated groups

respectively, but these differences did not reach statistical

significance. One treated dog completely cleared its ocular
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lesions. Further study using a larger sample size will be

invaluable (118).

Twenty O. ochengi male worms were implanted into the

peritoneum of Mongolian gerbils (Meriones unguiculatus).

These gerbils were then treated with subcutaneous oxfendazole

(12 mg/kg, twice daily, for 5 days starting on the third day after

implantation) and the worms recovered 35 days post

implantation. Oxfenbendazole significantly affected worm

motility in this study/However, the effects of flubendazole

(used as a positive control) on worm burden and viability

were more pronounced than that of oxfenbendazole (119).

Oxfendazole has not yet been evaluated in a clinical trial in

human onchocerciasis.

Drugs undergoing first clinical trials

Emodepside

Despite recent advances in treatment options for

Onchocerciasis, important concerns remain. The cornerstone

of disease control is based on mass ivermectin distribution

programmes, with the drug donated by the pharmaceutical

company Merck & Co. Inc. Since this drug is predominantly

microfilaricidal, it needs to be given for extended periods to

cover the reproductive lifespan of the adult worms and requires

substantial population coverage to significantly disrupt

transmission. Major limitations of mass drug distribution are

the absence of a drug with macrofilaricidal action or permanent

sterilizing activity, and concerns over the prospect of ivermectin

drug resistance. As such, there remains an urgent need for a new

macrofilaricidal drug, that is safe and active orally.

IN 1992, researchers fromMeiji Seika Kaisha Ltd. discovered

a novel family of N-methylated cyclooctadepsipeptides from the

fungus imperfectus Mycelia sterilia (Rosellinia sp.). This fungus

is part of the microflora of the leaves of Camellia japonica (120–

122). Eight different cyclooctadepsipeptides, designated

PF1022A, B, C, D, E, F, G and H were isolated with PF1022A

being the most plentiful and the most potent anthelmintic

among the members of this group (120, 123). Emodepside

(bismorpholino-cyclooctadepsipeptide), a semisynthetic

Cyclooctadepsipeptides (124) with broad-spectrum

anthelmintic activity was subsequently developed. It is licensed

for the treatment of nematodes and cestodes infections in cats

and dogs. Emodepside has two morpholine rings in para-

position of each of the two (R)-phenyllactic acids, which

increase the solubility and improve the bioavailability of this

drug, compared to its natural precursor PF1022A (125).

Emodepside is active against extraintestinal nematode stages

such as migrating larvae or macrofilariae. The drug binds to the

latrophilin-like receptor (LAT-1) of Haemonchus contortus

(126). Despite this, Caenorhabditis elegans worms that have a

double deletion of lat-1 and lat-2 still die when exposed to
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emodepside (127), suggesting that whilst latrophilin is one target

of emodepside, other targets are also likely to be involved in its

anthelmintic action. Emodepside has been shown to bind to

ionotropic GABAA receptors from Ascaris suum muscle cells

(128) and voltage-gated Ca2+-activated potassium channel SLO-

1 (slowpoke big K+ conductance channel) (129, 130).

The fact that emodepside targets filariae life cycle stages

including adult worms may be a possible advantage over

ivermectin (129). As such, emodepside is thought to be one of

the most promising candidates for evaluation as an adulticide for

onchocerciasis. Accordingly, in 2014, Bayer AG and the Drugs

for Neglected Diseases initiative started to collaborate to develop

emodepside for treating persons with the disease.

Emodepside has been screened in vitro and in vivo against a

variety of filarial worms including O. gutturosa (131). A direct

microfilaricidal was shown in mice infected with mf of O. lienalis

at doses of 5 × 1.56 mg/kg or higher (132). Adult O. gutturosa

male parasites obtained from the nuchal ligament connective

tissues of naturally infected cattle and were tested in a 5-day in

vitro assay (concentration range 2.95 × 10-12 M to 1.25 × 10-5

M). Emodepside immobilized the worms at a concentration of

more than 4.8 × 10-8 M, producing an EC50 for motility of 9 ×

10-10 M (133). However, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT)/formazan colorimetry

results demonstrated that low emodepside concentrations

(≤1.25 × 10-5 M) did not significantly affect macrofilarial

viability, indicating that although the worms were paralyzed,

they were not dead, after 5 days exposure to drug. However, a

long-term assay in vitro confirmed that after a 5-day exposure to

1.25 × 10-5M, emodepside eventually killed O. gutturosa adult

males after a total of 40 days of culture (measured both by

motility and MTT colorimetry), indicating that worms did not

recover following the initial 5-day exposure to drug (132).

Emodepside has been shown to have a greater macrofilaricidal

activity against O. gutturosa than Brugia pahangi (132). This

study also evaluated the efficacy of this drug against O. lienalis

mf in vitro and in mice (132). The in vitromotility of Onchocerca

macrofilariae was affected at lower concentrations than that of

the mf (129). We have previously demonstrated drug activity

against male O. volvulus worms in vitro in a small trial (Tagboto

& Townson, unpublished).

Targeting macrofilariae in this fashion is projected to result

in a reduction in the number of treatment cycles required to

break transmission and to cure patients. It is also hoped that

emodepside treatment will be efficacious and safe in regions

where L. loa co-infection is present, since treatment with

ivermectin may be contraindicated in patients co-infected with

L. loa. If this is proven, it would greatly enhance the goal of

eliminating onchocerciasis in areas where O. volvulus and L. loa

are co-endemic (134–137).

Emodepside has been evaluated against O. ochengi in cattle.

This is the parasitemost closely related toO.volvulus. Following the

administration of a single dose of 0.15 mg/kg of emodepside, the
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density ofmf in the skin of the cattle didnot change.A singledoseof

0.75 mg/kg and 0.15 mg/kg given daily for 7 days transiently

reduced skin microfilarial density (138). In addition, 0.75 mg/kg

emodepsidegivendaily foroneweek resulted inan initial reduction,

followed by a transient rise and then complete clearance, of mf in 4

out of 7 animals within 18 months of treatment. The motility of

adultmacrofilariae retrieved fromexcised noduleswas significantly

affected over time at all emodepside doses for females, but only at

the highest dose formales (129). In 5 out of 7 cattle, including those

with no mf, the 7 × 0.75 mg/kg treatment scheme caused death or

sterility of female worms, showing slow-actingmacrofilaricidal and

sterilizing activity (138).

Emodepside is currently being evaluated for the treatment of

human onchocerciasis within the scope of a drug development

partnership between the Drugs for Neglected Diseases initiative

(DNDi) and Bayer AG (136). Phase I clinical trials have been

completed with acceptable safety and tolerability profiles, and

with no major safety concerns after a single oral dose of 20 mg as

liquid service formulations and after multiple oral doses over 10

days at 5 and 10 mg daily and at 10 mg twice daily in healthy

volunteers (139).

A Phase II trial is presently ongoing in Hohoe, Ghana and

started in 2021 (139). It is a randomized, double-blind, parallel

group trial to investigate emodepside in subjects with O. volvulus

infection, comprising two parts. In part 1, the safety, tolerability,

pharmacodynamics, pharmacokinetics, and dose–response

relationship for activity was investigated. In part 2, the efficacy

of selected drug doses, and safety, tolerability, and

pharmacokinetics will be studied.
Drugs evaluated in clinical trials,
satisfactory for use subject to
regulatory approval

Minocycline, rifamipcin, azithromycin

O. volvulus parasites carry endosymbiotic bacteria

(Wolbachia sp.) required for embryogenesis and survival (100,

101). A number of in vivo and in vitro studies utilizing potential

candidate antibiotics were carried out to compare the effect of

killing Wolbachia on the subsequent viability of Onchocerca

(102–104) and other filarial parasites (103).

Rifampin and azithromycin also have good in vitro activity

against Wolbachia (103). Short five-day courses do not appear to

be effective for the clinical management of onchocerciasis (140).

Rifampicin is thought to be a potential drug for use in children

who cannot be treated with doxycycline (141). However, further

study to determine the optimal dose and duration of treatment is

needed (142).

A small clinical study in Ghana compared oral doxycycline

200mg once daily for 4 weeks (N = 33), and a shortened duration
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of treatment with oral minocycline at 200mg once daily for 3

weeks (N=30). On the completion of treatment, histological

analysis of the adult worms removed from the excised nodules

revealed the absence of Wolbachia in 98.8% of the doxycycline

treated and 72.7% of the minocycline treated female worms. This

trial concluded that minocycline was also a useful antibiotic in

treating onchocerciasis (108).
Medicinal plants with reported
anti-onchocercal activity

A number of medicinal plant products from Cameroon have

been claimed to have anti-Onchocercal activity. These plant

products include Pachleasma tersmanii, Raphia faninifera, Capra

procera, Erythrophleum ivorense & Hilleria latifolia, but good

studies on efficacy are lacking (143). Recently, Attah et al.,

reported microfilaricidal effects of Euphorbia hirta & Rauwolfia

vomitoria extracts (144). Adevuole et al. (145), recently reported

similar effects fromMorinda lucida extracts. None of these studies

included clinical or toxicology studies and as such the value of these

findings is uncertain. Lantana camara and Tamarindus indica are

local Cameroonian plants apparently used to treat onchocerciasis

locally. Twelve extracts were tested in vitro on mf, adult male and

adult femaleO. ochengi parasites. All the extracts showed complete

action againstO.ochengiadult parasites andmfat ahighdoseof 500

mg/mL. Furthermore, a methylene chloride extract lantadene A

from the leaves of L. camara, had an IC50s of 7.85 mg/mL for adult

male worms, 10.38 mg/mL for adult female worms, and 10.84 mg/
mL for O. ochengi mf (146). Microfilaricidal activity was

demonstrated at fairly high concentrations compared to

ivermectin and moxidectin and several of the extracts tested

showed some cytotoxicity against LLCMK2 monkey kidney cells

at concentrations that were required to kill the worms. Similarly,

some activity against O. ochengi has been demonstrated from

extracts of Craterispermum laurinum and Morinda lucida (147),

Cyperus articulates (148), Margaritaria discoidea and Homalium

africanum (149) from Cameroon.

Twumasi et al. (150), tested a number of traditional herbal

preparations from Ghana used locally for treating

schistosomiasis and demonstrated activity against O. ochengi

mf, adult male and female worms. An aqueous extract of

Syzygium aromaticum, Xylopia aethiopica, Tapinanthus

bangwensis and Phyllanthus niruri called NTD-B2-DCM, was

the most active against female and male adult O. ochengi worms

(IC50 = 76.2 mg/mL and 76.7 mg/mL, respectively). They also

demonstrated significant killing of female worms by an extract

used locally for treating onchocerciasis called NTD-01-DCM (an

extract of Mangifera indica, Momordica charantia, Zingiber

officinale, Xylopia aethiopica) and NTD-B6-DCM used locally

for treating schistosomiasis (an extract of Alstonia boonei,

Anthocleista nobilis, Ageratum conyzoides, Nauclea latifolia,

and Rauwolfia vomitoria).
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Ndjonka et al., carried out a review on medicinal plants and

natural products with activity against onchocerca in 2018. They

reported 13 plant families with anti-onchocercal compounds

with Anacardium occidentale, Euphorbia hirta and Acacia

nilotica showing particular promise. Isolated compounds with

activity included polycarpol, voacamine, voacangine, ellagic acid,

gallic acid, gentisic acid, 3-O-acetyl aleuritolic acid and

(–)-epigallocatechin 3-O-gallate (151).
Drug resistance in onchocerciasis

Macrocyclic lactone resistance is now fairly common

throughout in nematode parasites of small ruminants and has

become of some concern in cattle, horses and dogs (152).

The responses of 268 individuals with Onchocerciasis and

with persistent skin mf after 10-19 prior annual doses of

ivermectin were studied. Skin snips were taken from these

persons 364 days after ivermectin exposure to determine the

mf recovery rate. Three categories of response were determined,

namely good, intermediate or poor. Nodules were also excised

and skin snips taken 90 days following a second study with

ivermectin treatment. It was determined that approximately 25%

of subjects carried adult female worms that responded

suboptimally to ivermectin. Stratification of the female worms

by morphological age and mf content showed that nearly 90% of

the worms were older or middle aged and that most mf were

produced by these previously exposed worms with little

contribution from young worms derived from ongoing

transmission. The results confirm that in some adult female

worms were non-responsive or resistant to the anti-fecundity

effects of multiple treatments with ivermectin (81).

Adult female O. volvulus worms were collected from the

same individuals, before ivermectin exposure and after regular

exposure. Following 13 three-monthly treatments, female

parasites homozygotes with the less common genotype of the

b-tubulin gene, appeared with increased frequency, providing

some evidence for genetic selection. This gene has previously

been linked to ivermectin selection and resistance in parasitic

nematodes These worms appeared to be less fertile and had very

few embryonic stages in their uteri than wild-type homozygotes,

and raised concerns that ivermectin resistance may be occurring

in some parasite populations (153).

Adult female worms obtained from nodules removed from

individuals infected with O. volvulus before and 80 days after

treatment with ivermectin were examined for their reproductive

capacities. Worms from two groups of individuals were

compared. Namely individuals who had been treated with

repeated doses of ivermectin over 13 years and a control group

with no repeated ivermectin exposure. Eighty days following

treatment, the number of degenerating mf was significantly

lower in the worms obtained from the frequently treated

individuals. The authors conclude that the embryostatic effect
frontiersin.org
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TABLE 1 Efficacy of drugs against microfilariae, larval stages and adult worms of Onchocerca sp.

AGENTS, Year of discovery of anti onchocercal
activity or first clinical use

Class of drugs/mecha-
nism of action

Demonstrable Drug Activity Common or Major Side effects Current clini-
cal use in

onchocerciasis

Other parasites targeted by this drug

Uterine
mf

skin
mf

larvae in
moltingb
stages

Macrofilaricidal

DRUGS EVALUATED IN CLINICAL TRIALS WITH UNACCEPTABLE SAFETY AND/OR EFFICACY

SURAMIN, synthesized in 1916 Polysulfonated
naphthylamine-
benzamide urea derivative

+++++ +++++ Nephrotoxicity, shock,
peripheral neuropathy,
pancytopaenia, shock, loss of consciousness, itching, urticaria, nausea, vomiting, diaphoresis,
diarrhoea, death, stomatitis, jaundice, iridocyclitis, posterior synechiae, optic neuritis,
secondary glaucoma, optic atrophy, visual field defects

No African trypanosomiasis

DIETHYLCARBAMAZINE, discovered in 1947 Synthetic anthelmintic
Piperazine derivative

++++ – Common or Severe Mazzotti reactions (prostration, collapse, hypotension, tachycardia,
nausea, vomiting, fever, joint pains, urticaria, swollen tender lymphadenopathy, oedema,
abdominal discomfort, confusion, meningoencephalitis)
Worsening ocular lesions (iridocyclitis, posterior synechiae, optic neuritis, secondary
glaucoma, optic atrophy, visual field defects)

No Loiasis, Lymphatic filariasis

MELARSONYL POTASSIUM, discovered in 1949 Arsenical ++++ Arsenical encephalopathy
Patient death

No Dracunculus medinensis
Wuchereria bancrofti

AMOCARZINE Thiourea (isothiocyanate
derivative)

Variable
results
+/+++

Variable results +++ in S.
America/- in Africa

Significant Mazzotti reactions No

METRIFONATE long-acting cholinesterase
inhibitor

+++++ Significant Mazzotti reactions
Polyarthropathy, confusion and aggression, vertigo,
Severe muscarinic effects including severe abdominal colic, proximal muscle weakness,
jaundice

No Schistosomiasis

LEVAMISOLE Nematode selective
nicotine acetylcholine
receptor agonist
Anthelmintic
Immunomodulator

+ Agranulocytosis No Ascariasis
Hookworm infection
O. lienalis mf
O. cervicalis mf
O. gutturosa adult males

MEBENDAZOLE, developed in 1971 Synthetic benzimidazole
derivate
Anthelmintic

++++ ++ Typically, mild side effects, abdominal pain, anorexia, diarrhea, nausea, vomiting No Ascariasis
Hookworm infection Capillariasis
Echinococcus
Enterobiasis
Toxocariasis
Trichinellosis
Trichostrongyliasis Trichuriasis
Guinea worm

ALBENDAZOLE, developed in 1975 Synthetic benzimidazole
derivate
Anthelmintic

++++ Typically, mild side effects, abdominal pain, nausea, vomiting
Rare reports of bone marrow suppression or hepatitis

No Hookworms, ascaris, Cutaneous larva
migrans
Enterobiasis
Toxocariasis Trichinellosis Giardiasis
Hydatid disease Neurocysticercosis
Clonorchis sinensis Opisthorchis
viverrine
Gnathostomiasis
Gongylonemiasis Microsporidiosis
Loa loa

FLUBENDAZOLE (activity in Onchocerciasis
demonstrated in 1980s)

Synthetic benzimidazole
derivate
Anthelmintic

++ ++++ (with parenteral
injection)

Injection site abscesses No Gut helminths

DRUGS USED OUTSIDE FORMAL CLINICAL TRIALS IN THE PAST

ANTIMONIAL COMPOUNDS (pentostam,
neostibosan, stibophen, tartar emetic stibocaptate,
MSbE (Friedheim))

Arsenical compounds +/++ Variable activity in trials
-/+++

Anorexia, nausea, vomiting and prostration No

CLOSANTEL Halogenated
salicylanilides, L3-stage-
specific chitinase

++++ Severe ocular adverse effects No

AURANOFIN Antirheumatic agent ++++ Skin rash, pruritus, diarrhea, abdominal pain No Brugia spp. O. Ochengi in vitro
Acanthamoeba spp Naegleria fowler
Entamoeba histoltica

OTHER COMPOUNDS Pibenzimol (Hoechst
33258)
Compound F151

Substituted bis-
benzamidazole
Arsenical

Variable
activity

Variable activity Very toxic compounds

(Continued)
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TABLE 1 Continued
AGENTS, Year of discovery of anti onchocercal
activity or first clinical use

Class of drugs/mecha-
nism of action

Demonstrable Drug Activity Common or Major Side effects Current clini-
cal use in

onchocerciasis

Other parasites targeted by this drug

Uterine
mf

skin
mf

larvae in
moltingb
stages

Macrofilaricidal

Pentamidine Stibocaptate
Compound E

Reaction product of
Hoechst 33258 and F151

DRUGS CURRENTLY IN USE

IVERMECTIN, discovered in 1975, introduced for
onchocerciasis control in 1987

Avermectin, Macrocyclic
lactone, Anthelmintic,
Endectocide
Inhibits glutamate-gated
chloride channels

++++ ++++ +/++ Typically mild or moderate Mazzotti reactions, pruritus, fever, lymphadenitis, oedema,
urticaria, arthralgia.
Severe neurologic sequelae, including encephalopathy, and death in patients co-infected with
high density Loa loa

Yes Ascariasis
Gnathostomiasis
Lice, Scabies
Demodicosis
Mansonella ozzardi
Mansonella streptocerca
Wucheria bancrofti
Trichuriasis
Strongyloidiasis

MOXIDECTIN, first report of activity against
Onchocerca in 1996
Approved for the treatment of Onchocerciasis in
2018

Milbemycin
Macrocyclic lactone
Anthelmintic
Endectocide
Inhibits glutamate-gated
chloride channels

++++ +++++ +/++ Usually mild or moderate Mazzoti reactions, tachycardia, hypotension, peripheral edema,
musculoskeletal pain, fever, pruritus, headaches, abdominal pain

Yes Broad spectrum veterinary anthelmintic

DOXYCYCLINE, patented in 1957, commercial use
in 1967

Tetracycline derivative
Antibiotic

++++b Commonly mild side effects, rash, photosensitivity Permanent discoloration of teeth in
children

Yes Malaria prophylaxis
Kills Wolbachia in other filarial worms
including L. loa

DRUGS WITH PROMISING PRE-CLINICAL EFFICACY THAT COULD BE EVALUATED IN THE FUTURE

ANTIFUNGAL AZOLES (miconazole, sulconazole,
clotrimazole, isoconazole & tioconazole)

Antifungal azoles O. ochengi Male worms +++
+
O. ochengi Female worms
+/++

No

ASPARTATE PROTEASE INHIBITORS (suloctidil,
nelfinavir, lopinavir, pepsatin A)

Aspartate protease
inhibitors

Variable activity O. ochengi
male worms ++++
O. ochengi female worms
nelfinivir (++++), lopinavir
(-ve)

No Brugia pahangi

OTHER AVERMECTINS AND MILBEMYCINS
(eg. doramectin and milbemycin oxime)

Variable
activity

No

OTHER ANTIBIOTICS ( eg. AWZ1066S, ABBV-
4083, globomycin, tylosin, corallopyronin A,
methacycline, rifapentine, sparfloxacin

++++b No Some trials have shown depetion of
Wolbachia in other filarial worms eg
Brugia malayi and O. ochengi

DRUGS AWAITING FURTHER CLINICAL EVALUATION FOLLOWING SATISFACTORY PRELIMINARY EFFICACY AND SAFETY DATA

OXFENDAZOLE Synthetic benzimidazole
derivate anthelmintic

++ ++ No Some activity against O. ochengi, O.
lupi, O. gutturosa & O. lienalis
Broad spectrum veterinary anthelmintic

EMODEPSIDE, discovered in 1990’s Semisynthetic
Cyclooctadepsipeptide
broad-spectrum
anthelmintic

+/++ +++++ No O. gutturosa
B. pahangi
O. lienalis
O. ochengi

DRUGS EVALUATED IN CLINICAL TRIALS, SATISFACTORY FOR USE SUBJECT TO REGULATORY APPROVAL

MINOCYCLINE, patented 1961, commercial1971 Tetracycline derivative
Antibiotic

++++b Congenital anomalies, including limb reduction, reported following maternal minocycline
use. Permanent discoloration of teeth of children, dizziness, fatigue, itching, urticaria,
anaphylaxis, lupus-like syndrome

No Kills Wolbachia in other filarial worms

RIFAMPICIN, discovered in 1965 Antibiotic (inhibits
bacterial DNA-dependent
RNA polymerase)

++++b Generally mild. May decrease effectiveness of oral contraceptives, skin rash, hepatotoxicity No Kills Wolbachia in other filarial worms

AZITHROMYCIN, discovered in 1980 Macrolide antibiotic ++++b Generally mild. Nausea, vomiting, diarrhoea Prolonged QT interval on ECG may be
associated with rare cardiac arrhythmias and/or palpitations

No Kills Wolbachia in other filarial worms

b lethal to Wolbachia. Mf (microfilariae)
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of ivermectin was reduced in the frequently treated group,

resulting in the reduced sequestration of mf in the adult

female works from that group compared with the control

population (154).

O. volvulus adult worms were obtained from 73 patients

before and after treatmentwith ivermectin 3-monthly for 3 years. It

was observed that the frequency of the common “aa” b-tubulin
homozygote genotype reduced from68.6% to 25.6%,while the “ab”

heterozygotes increased from 20.9% to 69.2%. In this study,

genotype frequencies also were determined to two other genes

that are known to be not linked to drug resistance, namely, heat

shock protein 60 and acidic ribosomal protein genes There was no

significant selection for thesegenes.Thisb-tubulin genetic selection
is associated with lower reproductive rates in the female parasites.

This study suggests that a population ofO. volvulus, which is more

tolerant to ivermectin, is being selected andmay have implications

for the development of ivermectin resistance and for onchocerciasis

control programmes (155).

Twenty-one individuals who had received at least 9 treatments

with ivermectin and observed to be sub-optimal responders were

matched, by age,weight, number of treatments, locality and skinmf

counts, with 7 excellent responders with no detectable mf, and 14

subjects with no prior ivermectin exposure. Each subject was

treated with ivermectin and plasma concentrations of the drug

were then monitored for 72 h and found to be similar. The mf and

adult-worm responses to treatment were assessed from skin mf

counts before treatment and ondays 8, 90 and 365 post-treatments.

Embryogramsonday-90, and the results offly-feeding experiments

were also compared. The results show that the persistence of mf

despite multiple treatments with ivermectin is mainly due to the

non-responseof theadult femalewormsandnot to inadequatedrug

exposure (79).

It has been observed that when parasite populations become

resistant to macrocyclic lactones, moxidectin remains is more

effective than the avermectins. This may well have implications

for onchocerciasis control programmes if similarly observed in O.

volvulus (156)
Conclusion

Annual ivermectin treatment has substantially impacted the

prevalence and public health importance of onchocerciasis in sub-

Saharan Africa. This has presently enabled the elimination of this
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tropical disease as an important public health problem. However,

hypo-endemic areas remain a source of ongoing infection andmay

contribute to disease resurgence if annual ivermectin drug

treatments are discontinued or interrupted in areas that may be

hard to treat consequent to ongoing conflict, with financial

challenges or areas with lethargic political interest. As such, other

treatment options, especially safe and efficacious macrofilaricides

that could help improve the management of onchocerciasis in the

long term by helping to permanently interrupt parasite

transmission altogether, improve elimination timelines and

achieve the goal of disease eradication. There are several

promising candidate drugs that require further evaluation to

determine if they are able to fill this therapeutic need.
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