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Abstract
Filarial nematodes are tissue-dwelling parasitic worms that can cause a range of disfiguring pathologies in humans and potentially lethal infections of companion animals. The bacterial endosymbiont, Wolbachia, is present within most human and veterinary filarial pathogens, including the causative agent of heartworm disease, Dirofilaria immitis. Doxycycline-mediated drug targeting of Wolbachia leads to sterility, clearance of microfilariae and gradual death of adult filariae. This mode of action is attractive in the treatment of filariasis because it avoids severe host inflammatory adverse reactions invoked by rapid-killing anthelmintic agents. However, doxycycline needs to be taken for four weeks to exert curative activity. In this review, we discuss the evidence that Wolbachia drug targeting is efficacious in blocking filarial larval development as well as in the treatment of chronic filarial disease. We present the current portfolio of next-generation anti-Wolbachia candidates discovered through phenotypic screening of chemical libraries and validated in a range of in vitro and in vivo filarial infection models. Several novel chemotypes have been identified with selected narrow-spectrum anti-Wolbachia specificity and superior time-to-kill kinetics compared with doxycycline. We discuss the opportunities of developing these novel anti-Wolbachia agents as either cures, adjunct therapies or new preventatives for the treatment of veterinary filariasis.


Veterinary filariasis: an emerging global health problem

Filariae are vector-borne, tissue-dwelling parasitic worms that cause the neglected tropical diseases (NTDs): lymphatic filariasis, onchocerciasis, loiasis, and mansonellosis in humans (Taylor et al., 2010), and dirofilariasis in cats and dogs (Simon et al., 2012). Both cats and dogs are also permissive zoonotic reservoir hosts for the human lymphatic filarial pathogen, Brugia malayi, (Khowawisetsut et al., 2017; Mallawarachchi et al., 2018a; Mallawarachchi et al., 2018b) whilst Dirofilaria spp. can cause abbreviated zoonotic infections in humans (McCall et al., 2008; Simon et al., 2012). 
Dirofilaria immitis is a major veterinary filarial pathogen causing chronic heartworm disease (HWD) and occasional death in dogs, cats and ferrets. Pathology develops following the establishment of adult nematodes in the right chambers of the heart following a generally asymptomatic subcutaneous and muscle migratory larval infection phase. Juvenile adult worms arrive in the pulmonary artery at approximately two-months post-infection. Microfilariae production (mf – the mosquito infectious stage) commences at around 6 months and adult infections can persist in the pulmonary artery and occasionally within the chambers of the heart for greater than five years (McCall et al., 2008). Pathology is generally chronic-progressive, associated with enlargement and hyper-proliferation of endocardium and physical blockage of adult worms in the pulmonary artery contributing to vessel narrowing, hypertension and ultimately heart failure (Simon et al., 2012). D. immitis causes a more acute immunopathology in cats, due to the less well adapted nature of the parasite-host relationship. In cats, arrival of immature worms often triggers an overt eosinophilic inflammatory reaction in the lungs leading to heartworm associated respiratory disease (HARD) (McCall et al., 2008). Both cats and dogs are at risk of acute, fatal thromboembolisms when dead adult worms lodge in pulmonary vasculature (Simon et al., 2012). D. immitis can also cause kidney damage attributable to immune-complex deposition progressing from chronic infections and are likely attributable to the large antigenic burden of adults and circulating mf (Simon et al., 2012), which can attain numbers of more than 1x105/ml peripheral blood.
The related veterinary filaria, D. repens, develops exclusively in the subcutaneous tissues (Genchi and Kramer, 2017). Whilst it does not provoke the life-threatening cardiopulmonary pathologies of HWD / HARD, it can cause a range of dermatological symptoms. 
D. immitis and D. repens have a widespread distribution throughout the tropics and sub-tropics although D. repens is not endemic to The Americas (Genchi and Kramer, 2017). Within the USA there is generally good knowledge of the disease and access to molecular diagnostics and thus it is the most extensively monitored country for HWD. Recent survey data indicates HWD is endemic in all US states with a State prevalence between 1-12% (Lee et al., 2010), equating to roughly one out of ten pet dogs being infected (AHS, 2016). However, in ‘hot-spot’ transmission areas of the Southern Gulf States regional prevalence above 50% has been reported (Bowman et al., 2009). In 2012, 48,000 dogs tested positive for heartworm in the USA and in 2016 over one million pets were estimated to carry disease (AHS, 2016). Incidence of HWD in the US is increasing both within endemic areas and into erstwhile HW-free, Westerly and Northerly regions, including Canada (Simon et al., 2012). A similar epidemiological pattern of increased dirofilariae incidence in the Mediterranean and spread into Northern latitudes of Central and Western Europe has also been documented (Genchi and Kramer, 2017; Morchon et al., 2012). More anecdotal epidemiological surveys exist for canid and feline filarid prevalences in Latin America, Africa and South East Asia but which highlight the potential for remarkably high incidence of mf positive animals (Simon et al., 2012). Recent surveys in Sri-Lanka and Thailand have noted, for example, prevalence of Dirofilaria and Brugia co-infections in both cats and dogs exceeding 60% (Mallawarachchi et al., 2018a). High incidence of zoonotic Brugia infections are thought to be a reservoir for persistent and re-emergent brugian lymphatic filariasis in health districts that have undergone extensive mass drug administration elimination programmes (Khowawisetsut et al., 2017; Mallawarachchi et al., 2018b). This also may suggest an underappreciated and underdiagnosed zoonotic infection potential for Dirofilaria spp. in humans in low to middle income countries.
It has been suggested that the phenomenon of increasing geographical spread of dirofilariasis is related to climate change, favouring seasonal transmission and the concomitant establishment of invasive mosquito vectors such as the tiger mosquito, Aedes albopictus (Genchi et al., 2009; Morchon et al., 2012). Importation and re-housing of infected dogs to Dirofilaria non-endemic areas, which occurred ‘en masse’ following Hurricane Katrina, for instance, (Levy et al., 2007) may facilitate new infectious foci where climate and suitable vector species are pre-established. Similarly, the opening of borders in Central Europe as part of the European Union expansion and the introduction of the “Pet Travel Scheme” has also made movement of Dirofilaria-infected animals into non-endemic areas more likely (Genchi and Kramer, 2017; Morchon et al., 2012). For D. repens, due to the generally high asymptomatic infections in dogs which remain undiagnosed, increased distribution of disease also poses a risk for zoonotic human subcutaneous dirofilariasis. Between 1977 and 2016, 3500 documented cases of human subcutaneous dirofilariasis were reported in Europe (Simon et al., 2012). 

Why new drugs are needed for veterinary filariasis

As there is no vaccine available for veterinary filariasis, disease is controlled by preventative chemotherapy and curative treatment of diagnosed cases. Because human zoonotic infections remain undetected until the occurrence of pathology, when immature stages have arrested, effective chemotherapeutic control of dirofilariasis in companion animals is also important to limit incidence of zoonotic human disease. For effective elimination of brugian lymphatic filariasis, it has become apparent that surveillance and treatment of zoonotic reservoirs in cats and dogs may also be essential.
Prophylactic treatment of pets with macrocyclic lactones (ML), namely: ivermectin, milbimycin oxime, moxidectin and selamectin, are effective at targeting L3-L4 larvae during subcutaneous tissue development and before immature adults reach the pulmonary artery to establish adult infection and cause HWD in the case of D. immitis, reviewed by (Prichard and Geary, 2019; Wolstenholme et al., 2015). With oral ‘chewable’ ML formulations, a single monthly low dose regimen of an ML prophylactic effectively targets L3 and early-stage L4 in the subcutaneous tissues with complete efficacy proven in both experimental studies and dirofilariasis field trials, for instance see: (Clark et al., 1992; Di Cesare et al., 2014; Kryda et al., 2019; Pollono et al., 1998). More intermittent oral or topical treatments, with longer intervals between doses, are not currently recommended due to risk of failure to completely remove later stage L4 larvae (McCall et al., 1996; Paul et al., 1986). This approach is therefore vulnerable to incomplete adherence by pet owners or disrupted drug absorptions, particularly in areas where pets are exposed to year-round transmission. An injectable high-dose microsphere formulation of moxidectin, which exploits the lipophilicity of the drug to produce a subcutaneous depot and slow release exposure, have been proven efficacious to protect against the establishment of heartworm up to 12-months post-inoculation (McTier et al., 2019). Whilst long-lasting injectable formulations guard against the disruption of the prophylactic window, their increased expense, requirement for veterinary administration and the inability to conveniently combine in a single delivery with gut deworming anthelmintics which still generally require monthly oral treatments, reduces their widespread adoption as replacements of more frequent oral ML prophylaxis. 
After more than 35 years of use in veterinary medicine, ML drug resistance is prevalent in veterinary nematode parasites, discussed in (Prichard and Geary, 2019). Monthly, repetitive and incomplete low dose ML exposure is a likely selection pressure for the establishment of ML resistance in Dirofilaria. Phenotypic resistance to ML in D. immitis was first formally demonstrated in a HW infected dog re-housed from New Orleans to Canada, whereby multiple high doses of ivermectin and milbimycin oxime were ineffective at clearing circulating mf (Bourguinat et al., 2011a). Subsequently, mf derived from individual client-owned HW positive dogs with Loss of ML efficacy at the level of circulating mf have been passaged experimentally in laboratory maintained A. aegypti mosquitoes and dogs to develop multiple D. immitis ‘isolates’ (Pulaski et al., 2014; Snyder et al., 2011). Several isolates have now been formally determined to be resistant to the prophylactic mode-of-action of ML whereby timed experimental infections and accurate prophylactic dosing with ML have failed to prevent the development of fecund adult HW infections. At the genetic level, a repertoire of multiple single nucleotide polymorphisms (SNP) have been identified in mf that occur with higher frequency in infections that do not respond to ML (Bourguinat et al., 2015). An early characterised SNP was described within a gene encoding a D. immitis P-glycoprotein (P-gp) efflux pump with a high frequency within circulating mf from drug-resistance isolates (Bourguinat et al., 2011b) . MLs are known substrates for nematode P-gp efflux pumps, their upregulation leads to decreased ML drug concentrations within nematode tissues and they have been identified as genotypic markers of resistance in other veterinary nematode parasites and the model organism Caenorhabditis elegans reviewed by (Lespine et al., 2012). Large scale surveys are ongoing to monitor the spread of loss of efficacy within the USA and confirm the D. immitis SNP markers of resistance via genotyping samples of mf (Ballesteros et al., 2018). 
Once a dog is diagnosed with HWD, the only currently recommended curative ‘adulticidal’ treatment is injection with melarsomine dihydrochloride, an arsenical compound. Melarsomine has low selective toxicity and induces adverse reactions around the injection site. Further, there is risk of severe treatment adverse reactions following drug-mediated death of parasites causing potentially fatal thromboembolisms (Kramer et al., 2011; Simon et al., 2012). For these reasons, melarsomine is delivered as one low dose followed 30 days later by two similar low doses administered 24 hours apart (AHS, 2019a). Further, prior to treatment initiation, dogs undergo a rigorous pre-assessment and high worm burdens (assessed by radiography or echo-cardiogram) may preclude treatment.  Dogs need to be restricted from exercise over the course of treatment. Corticosteroid treatments may be administered to reduce inflammation during death of adult worms. Because of increased risk of anaphylactic complications and low selective toxicity, melarsomine is not recommended for the treatment of feline dirofilariasis (AHS, 2019b).  
ML preventatives, costing at between $70-200 a year for a pet’s treatment, represent a multi-hundred million dollar market in the USA and many more millions are spent on diagnosis and treatment. Due to emergent spread of Dirofilaria infection, the growing concerns of ML prophylactic failure in USA and the current inadequacies of curative treatments, new therapeutic strategies are urgently required. New curative strategies may also be amenable as public health interventions to combat zoonotic reservoirs of B. malayi.

Wolbachia symbiosis in filariae 

In the 1970s, an intracellular bacterium of filarial nematodes was discovered via electron microscopy (Kozek, 1977; Kozek and Marroquin, 1977; McLaren et al., 1975). Researchers subsequently characterised these obligate intracellular bacteria as the genus, Wolbachia, (Sironi et al., 1995) prior characterised to infect numerous insects and arachnids. Wolbachia are members of the Rickettsialaes order of -proteobacteria, closest related to Ehrlichia and Anaplasma species (Bandi et al., 1998).
Wolbachia occurs in the medically- and veterinary-important filarial species: Brugia malayi, Brugia timori, D. immitis, D. repens, Mansonell ozzardi, Mansonella  perstans, Onchocerca volvulus and Wuchereria bancrofti (Lefoulon et al., 2016) reviewed by (Slatko et al., 2010). Molecular phylogenetic and whole genome analysis in arthropods and nematodes demonstrates that Wolbachia comprise as many as eight distinct clades (Lefoulon et al., 2016). The arthropod Wolbachia clades A and B are more heterogeneous with more complex genomes and evidence of mobile genetic elements, whereas nematode Wolbachia clades C, D and F have smaller genomes and lack mobile DNA (Foster et al., 2005). Whilst it might be presumed that parasitic filariae acquired Wolbachia from their arthropod vectors, a recent hypothesis suggests the clade C Wolbachia of filariae such as Onchocerca and Dirofilaria, which demonstrate a high degree of co-evolution with their hosts and the most genomic degeneration, may be the root ancestral source of original infection by Wolbachia (Lefoulon et al., 2016). 
Wolbachia is found within all life cycle stages of filariae, infecting the hypodermal cells of the lateral chords of both male and female worms and the female germline (Slatko et al., 2010). Wolbachia are thus transmitted vertically from female filariae. An invasion event from somatic hypodermal tissues into the distal tip ovaries and germline cells is thought to occur during L4 larval development, visualised by microscopy within B. malayi larvae (Landmann et al., 2012). 
Data derived from clade D, B. malayi Wolbachia (wBm), utilizing a gerbil laboratory rodent animal model, demonstrates that an exponential growth expansion occurs during the early stages of mammalian infection. B. malayi mf contain approximately 102 Wolbachia whilst Infectious L3 stage harbour between 102-103 Wolbachia, determined by quantification of genomic DNA copies of the single copy Wolbachia gene, Wolbachia surface protein (wsp). This rapidly expands to >105 Wolbachia in mid-L4 stages and >106 in juvenile adults. Wolbachia titres attain >107 in mature adult female B. malayi (McGarry et al., 2004). Titres are lower in males, reflecting both the smaller size of males vs females and Wolbachia replication within the female germline. There is currently an absence of detailed comparative Wolbachia population dynamics data for clade C Wolbachia, including Dirofilaria, due to lack of tractable laboratory models spanning the early larval development and juvenile mammalian life cycle stages.  
By tetracycline-mediated clearance of Wolbachia in experimental systems and in natural LF Onchocerca or Dirofilaria infections, it has been shown that Wolbachia is required for filarial larval development, embryogenesis and long-term viability of adult filariae (discussed in more detail below). Research into the nature of the symbiosis identifies that Wolbachia produce an excess of nucleotides and therefore may provide a source to the nematode during rapid filarial cell division (Foster et al., 2005). Examination of biosynthetic pathway enzymes absent or incomplete from B. malayi but functional in Wolbachia, implicate haem and vitamin B2 (riboflavin) as products that endosymbionts may provide in more abundance than filariae can scavenge from their parasitic niche, especially at times of high growth demand (Foster et al., 2005; Li and Carlow, 2012; Wu et al., 2009) . By in vitro chemical inhibition of Wolbachia haem biosynthetic enzymes, loss of B. malayi adult viability is demonstrable, providing empirical evidence of the relevance of this pathway in supporting symbiosis (Wu et al., 2009). Conversely, the filarial nematode ‘host’ may provide carbon sources via glycolysis for Wolbachia energy demands (Foster et al., 2005). Evidence supporting this theory is the lack of functional genes encoding several enzymes of glycolysis in the wBm genome and manipulation of the glycolytic end-product, pyruvate, in vitro which impacts on Wolbachia titres within male B. malayi (Voronin et al., 2019).

Antibiotic targeting of Wolbachia as a safe and effective filarial cure: evidence in human and veterinary medicine

Whilst the first identifications of Wolbachia endobacteria in filariae were published in the 1970s it wasn’t until the late 1990s that the potential to exploit the symbiosis via antibiotic targeting was investigated. At a veterinary field research station in Cameroon, it was observed that the observation that oxytetracycline treatment of a cow for a skin bacterial infection led to ‘spontaneous’ resolution of O. ochengi co-infection. This led to testing oxytetracycline against bovine onchocerciasis in a longitudinal, controlled trial. The trial used intermittent subcutaneous intra-muscular injections of oxytetracycline over a course of six months and confirmed a complete adulticidal or ‘macrofilaricidal’ activity against O. ochengi by 9 months, assessed by either complete reabsorption of worm nodules or loss of metabolic activity in residual adult Onchocerca male and female worms (Langworthy et al., 2000). Coincidently, clinical trials in onchocerciasis or bancroftian filariasis patients had been initiated which ultimately delivered proof-of-concept that oral doxycycline (DOX) treatment mediated significant curative activity (Hoerauf et al., 2008; Taylor et al., 2005). In both LF and onchocerciasis patients, macrofilaricidal activity could be proven by loss of motility of adult filariae, assessed by ultrasonography and corroborated by reductions in adult circulating antigenaemia (for LF) or surgical removal of O. volvulus nodules and examination by immunohistochemistry for expression of viability markers. By dose-regimen reduction follow-on clinical trials, a minimum four-week 100-200mg / day dosage of DOX has been identified as minimally sufficient to mediate curative activity in both LF and onchocerciasis. Measures of curative efficacy range between 71-100% for LF (via loss of filarial motility signal) (Debrah et al., 2011; Debrah et al., 2007; Debrah et al., 2006) and between 47-72% for onchocerciasis (via histological viability assessments) (Hoerauf et al., 2008; Hoerauf et al., 2009; Turner et al., 2010) including in patients exhibiting loss of efficacy to multiple ivermectin treatments (Debrah et al., 2015). In onchocerciasis, due to community trials taking place in areas of high transmission, macrofilaricidal assessments are probably an under-estimation, due to the occurrence of re-infections in the long follow up period (Specht et al., 2009). Consistent temporal biological effects of DOX treatment in these trials were: 1) Wolbachia depletions within filarial tissues which occurred fairly rapidly following drug removal, between 2-4 months, assessed within circulating W. bancrofti mf or within removed onchocercomata, 2) blockade of embryogenesis preceding curative efficacy, manifest evidenced by degeneration and loss of inter-uterine developing embryos and slow waning of circulating or skin mf by 6-12 months and 3) adulticidal activity taking longer to become apparent, between 18 to 24 months post-treatment. A remarkable feature of the DOX ‘slow-kill’ treatment of human filariasis, including assessment in >12000 treated individuals in a large-scale onchocerciasis community implementation trial (Wanji et al., 2009), is an avoidance of serious treatment-associated inflammatory adverse reactions to dead and dying filariae within parasitized tissues or in circulation.
A putative bacteriostatic mode-of-action of DOX is presumed via its known targeting of other bacterial 30S ribosomal sub-units to inhibit protein synthesis, which may partly explain a requirement for long treatment courses to prevent Wolbachia recrudescence. Shorter courses of 2 or 3 weeks DOX do not result in notable macrofilaricidal activity in LF (Debrah et al., 2011; Mand et al., 2009; Turner et al., 2006b), although long-term block of mf production can still occur for 2 years post-treatment, suggesting the uterine population of Wolbachia may be more sensitive to drug targeting and/or less capable of recrudescence (Turner et al., 2006b). From comparing average Wolbachia depletions in groups of treated filariasis patients on various DOX regimens, a ‘tipping point’ of >90% reductions within filarial worm tissues appears to be important to avoid recrudescence and ultimately mediate macrofilaricidal activity (Walker et al., 2015). 
The adulticidal and embryostatic efficacies of DOX in companion animal veterinary filariasis has also been assessed, albeit in a comparatively small number of efficacy trials using low numbers of experimentally infected dogs. For HWD, substantial efficacy ranging between 73-97% has been demonstrated in a small-scale study (two treated and one control dog) following 10 mg/kg/twice-daily treatment for 30 days. In a follow-up experiment using the same regimen, the degree of adulticidal efficacy was lower (ranging between 20-49%, two treated and one control dog) (McCall et al., 2014). In both experiments, all four dogs became amicrofilaraemic approximately 6 months after treatment. Adulticidal efficacy was evaluated after one year, potentially under-estimating the full curative efficacy achievable and reductions in Wolbachia titres were not evaluated as part of the study to confirm drug-effectiveness. Two independent studies have demonstrated DOX with ML combinations can synergise to accelerate curative activity against adult D. immitis. Bazzocchi and colleagues added weekly prophylactic dosages of ivermectin (6g/kg) to a 10mg/kg long-term intermittent regimen of DOX (a total of 20-weeks treatment spread over 34 weeks). Assessing at 34 weeks, only the combination treatment rendered a significant 78% curative activity and Wolbachia titres were confirmed to be >99.9% depleted following DOX treatment (Bazzocchi et al., 2008). This combination regimen was subsequently tested and proven to mediate >70% adulticidal activity in naturally acquired D. immitis infected dogs, assessed by circulating antigen and echocardiography (Grandi et al., 2010). Chandrashekar et al combined DOX 10mg/kg twice daily for 30 days with a once monthly topical application of moxidectin (1mg/kg) in the experimental treatment of juvenile HW. This study determined a complete adulticidal activity measured at approximately 10-months post-treatment initiation (Chandrashekar et al., 2014). Most recently, the DOX and moxidectin combination therapeutic regimen has been demonstrated to mediate complete curative activity equivalent to melarsomine, assessed by adult antigenaemia at 12-months post-treatment, in naturally acquired HWD (Genchi et al., 2019).  Of note, anti-Wolbachia treatments combined with anti-filarial drugs in animal models of brugian filariasis or in human filariasis clinical trials have also demonstrated synergy in reducing treatment durations to mediate significant macrofilaricidal and embryostatic efficacies (Klarmann-Schulz et al., 2017; Mand et al., 2009; Turner et al., 2017). 
Based on evidence that pre-treatment of DOX ameliorates endocardial pathology and de-risks the development of thrombi in the heart and lungs following melarsomine administrations (Kramer et al., 2011), it is now advised to treat all HWD in dogs with a 28-day adjunctive regimen of DOX as part of a three-drug adulticidal regimen (DOX, ML and melarsomine) (AHS, 2019a). DOX amelioration of inflammatory pathology is speculated to be linked to Wolbachia removal. Liberated Wolbachia can drive classical inflammatory responses via bacterial surface lipoprotein ligation of the pattern recognition receptor, toll-like receptor two and six (TLR2/6) expressed on mammalian immune cells (Hise et al., 2007; Turner et al., 2009). Further, evidence from in vitro studies illustrate that the pro-angiogenic response of canine endothelium exposed to Dirofilaria adult antigens is dependent on presence of Wolbachia  (Zueva et al., 2019).
Beyond HWD, a single study has demonstrated a 30 day 10mg/kg DOX and ivermectin co-treatment protocol is effective in the treatment of D. repens infection, at the level of reversion to an amicrofilaraemic status (Giannelli et al., 2013). Whilst no anti-Wolbachia studies have yet been published detailing efficacy in D. immitis infected cats, recently DOX has been evaluated to treat zoonotic feline brugian filariasis. Two independent studies have demonstrated long, intermittent oral DOX treatments of cats, with or without ivermectin co-administrations, can mediate long-term amicrofilaraemias assessed for a period up to 12 months (Khowawisetsut et al., 2017; Nochot et al., 2019). Adulticidal activities were not evaluated in these pet-owned studies.

Targeting Wolbachia in filarial larval stages has prophylactic and transmission-blocking activities

Perhaps less fully appreciated than the embryostatic and curative efficacies of Wolbachia drug targeting is the concomitant impact on inhibiting larval filarial development in both the vector and mammalian definitive host. Depletion of Wolbachia from O. volvulus mf in onchocerciasis patients leads to retarded development and approximately 80% reductions in the number of L3 infectious stage larvae in the natural blackfly vector after feeding on volunteers (Albers et al., 2012). Similar 80% reductions in the development of infective L3 were also recorded in mites fed on mice patently infected with the rodent filaria, Litomosoides sigmodontis post-tetracycline treatment (Arumugam et al., 2008). In a D. immitis study, the L3 derived from experimental feeding of A. aegypti with mf from DOX treated dogs subsequently failed to develop into adult infections following their inoculations into naïve animals (McCall et al., 2014).  These studies indicate that in both infected humans and companion animals, DOX treatment may limit transmission in the 6-12 months before loss of mf from the circulation or skin is manifest.  
For mammalian larval development stages of filariae, the prophylactic potential of Wolbachia targeting was first demonstrated in 1993 where gerbils administered tetracycline ‘ad libitum’ in drinking water were completely protected from developing patent adult Brugia infections following subcutaneous experimental inoculations of L3 (Bosshardt et al., 1993). The prophylactic window was defined as constant exposure to tetracycline over the first 26 days of infection. Subsequently, in experiments utilising L. sigmodontis in mice, the link between the prophylactic effect of tetracycline and Wolbachia depletion was defined (Hoerauf et al., 1999). Daily injections of mice with 50 mg/kg tetracycline following infection with L3 yielded 40% reduced worm burdens at the typical early adult stage of infection. The surviving worms were severely stunted and were unable to establish patent infections.  Follow up work indicated that these stunted worms were arrested at the early L4-stage of development following DOX prophylactic treatments (Specht et al., 2018). The most convincing data of the prophylactic potential of Wolbachia drug targeting stems from a study undertaken in experimental D. immitis infected dogs (McCall et al., 2011). In this study, treatment for the first 30 days after L3 inoculation with 10mg/kg DOX completely prevented the establishment of adult infections in the heart. Even when delaying DOX treatment until day 40 post-infection, an almost complete, 98% protection from adult HW development was apparent.

Current limitations of existing doxycycline-based anti-Wolbachia therapy in the treatment of veterinary filariasis 

A major drawback of DOX-based therapy for veterinary filariasis is the long treatment timeframe necessary to sustainably deplete Wolbachia levels beyond the 90% threshold to prevent bacterial recrudescence in adult filarial tissues. This is assumed to be partly due to the bacteriostatic mode-of-action of tetracyclines and is supported by evidence that rifampicin, an antibiotic targeting bacterial RNA polymerase, which has potential bactericidal activity, has a 16-fold superior anti-Wolbachia potency compared to DOX and can mediate >90% Wolbachia depletions and block embryogenesis after a one week treatment course in a B. malayi murine infection model (Aljayyoussi et al., 2017). Long-treatment courses of DOX in dogs is also complicated by the reported low tolerability and potentially severe gastro-intestinal side effects of tetracyclines (Savadelis et al., 2018) which raises the risk of sub-optimal exposures and possibility of lowered client compliance to complete the treatment course. Long repetitive oral treatment courses in cats can be challenging due to behaviour. Further, the veterinary use of broad-spectrum antibiotics in companion animals which are critical in human medicine is increasingly being discouraged as part of increased awareness of ‘antibiotic stewardship’ and the undoubted risk of antibiotic resistance development and spread to humans. Certainly, antibiotic resistant Staphylococci and enterobacteriaceae have been identified in pets (Pomba et al., 2017).

Discovery of ‘next-generation’ potent, rapid-acting, narrow spectrum anti-Wolbachia agents 

A discovery and development pipeline of more potent and faster-acting, ‘designer’ anti-Wolbachia drugs was initiated for human filariasis as part of the Bill and Melinda Gates Foundation-funded ‘anti-Wolbachia (A-WOL) Consortium’ in 2007 (Taylor et al., 2014). The target product profile for next-generation anti-Wolbachia drugs included: ≥90% Wolbachia depletions in adult filarial worms, ≥70% macrofilaricidal activity and/or ‘permanent sterilisation’ (assessed by absence of circulating or skin mf over a period of 2-years post-treatment) and an oral indication time-frame not exceeding 7 days. A narrow spectrum of activity was also considered desirable to de-risk gastrointestinal dysbiosis side effects and avoid antibiotic resistance selection pressure as superior alternatives to registered, broad-spectrum ‘essential medicine’ antibiotics with known anti-Wolbachia activities such as tetracyclines, rifamycins and fluoroquinolones (Aljayyoussi et al., 2017; Specht et al., 2018). By combining rifampicin and moxifloxacin, increasing the dose of rifampicin or combining rifampicin with the anthelmintic, albendazole, ≤7 days oral courses can deplete Wolbachia >90% and mediate blockade of embryogenesis in vivo, providing proof-of-concept that there is no biological barrier to effective depletion of Wolbachia following such short-course treatment exposures (Aljayyoussi et al., 2017; Specht et al., 2018; Turner et al., 2017). High-throughput (HTS) anti-Wolbachia cell-based ‘phenotypic’ screens were developed to rapidly identify ‘hit’ molecules which depleted Wolbachia to a similar level to DOX at relatively high doses and simultaneously assess cell toxicity. The first screen to be validated used an A. albopictus insect cell line, C6/36, stably infected with Wolbachia clade B derived from A. albopictus (wAlb) (Turner et al., 2006a). Initially, screen readout assessed Wolbachia titres per cell by use of a Wolbachia / insect cell quantitative PCR ratio (Johnston et al., 2014). As this was time-consuming and restricted efficient throughput, the screen was modified to measure intra-cellular Wolbachia loads by fluorescently staining DNA content and enumerating Wolbachia per cell using automated fluorescent microscopy and software image analysis (Clare et al., 2015). The two screening technologies combined were utilised to screen several focused anti-infective libraries (containing known anti-infective compounds) including those provided by drugs companies, AbbVie and Anacor, as well as a 10,000 compound BioFocus “Soft-Focus” library (Jacobs et al., 2019; Johnston et al., 2017; Taylor et al., 2019). A further evolution of the screen came when the assay was industrialised in a collaboration with Astra Zeneca (Clare et al., 2019b). By utilising a Wolbachia-specific antibody to surface peptidoglycan-associated lipoprotein (wBmPAL)(Turner et al., 2009), fluorescent antibody detection and a HTS fully-automated imaging technology, a 384-well plate-based phenotypic screen was validated that enabled screening of the entire AZ diversity library and the Medicines for Malaria Venture (MMV) chemical library (some 1.8 million compounds in total) in a period of two months (Clare et al., 2019a). Latterly, The California Institute of Biomedical Research (Calibr) adapted a screen originally developed utilising a Drosophila melanogaster cell line naturally infected with Wolbachia (wMel: clade A) (Serbus et al., 2012). This screen utilised fluorescence in situ hybridization (FISH) to specifically label Wolbachia intracellularly. The assay was miniaturized to a HTS 1536-well plate format and subsequently used to screen over 300,000 compounds including the ReFRAME 12,000 drug-like molecule repurposing library (Bakowski et al., 2019). 
The primary compound hit rate for large-scale screens against insect Wolbachia were: 1.74% (174 compounds) for the BioFocus library, 1.56% (20,255 compounds) for the AZ diversity library and 0.7% (~2100 compounds) for the Calibr / ReFRAME libraries. Focused anti-infective libraries necessarily yielded higher hit rates and some known antibiotics, the 16-membered macrolide veterinary antibiotic, tylosin, and the pleuromutilin class of antibiotic, were advanced for medicinal chemistry improvements (Jacobs et al., 2019; Taylor et al., 2019; von Geldern et al., 2019). Tylosin A, discovered from the AbbVie anti-infective library, showed equipotent activity against insect Wolbachia compared to DOX and slightly improved potency against B. malayi Wolbachia. Because high solubility of the drug prevents absorption from the gut lumen, Tylosin A was derivatised by addition of carbamates or bulky esters to improve permeability. Approximately 150 orally-available analogues were generated (Taylor et al., 2019; von Geldern et al., 2019). Certain analogues, whilst improving oral bioavailability, also selectively improved Wolbachia potency (by as much as 60-fold against wBm) whilst retaining the activity against extracellular bacteria at levels reflective of other macrolide antibiotics, such as erythromycin. ABBV-4083 (figure 1A) was selected for formal preclinical development in 2018 based on its exquisite selective anti-Wolbachia potency and treatment-shortening potential to mediate >90% anti-Wolbachia and long-term embryogenesis blockade in as little as 7-day treatment in both LF and Onchocerca infection models (Hubner et al., 2019; Taylor et al., 2019; von Geldern et al., 2019). ABBV-4083 has now successfully completed multiple dose-ascending phase I clinical studies and is proceeding to a phase II proof-of-concept clinical trial in onchocerciasis patients in 2020. The oral tylosin analogue, A-1535469 (figure 1B), which also has proven >90% anti-Wolbachia and long-term sterilising activities against Onchocerca and Brugia adults, with acceptable exploratory preclinical toxicology complete in rodents and dogs, has been positioned as a back-up candidate (Taylor et al., 2019).
Due to the volume of hits generated in diversity library HTS screening, hit-compounds underwent a triaging strategy including hit-confirmation and cheminformatic analysis to prioritise starting compounds with stringent drug-like properties based on criteria such as predicted metabolic stability, toxicology profiles, molecular weight and physiochemical properties and which reflected a variety of known ‘chemical space’ (Clare et al., 2019a; Johnston et al., 2017). An important triage step was also the removal of known anti-infective compounds to prioritise novel anti-Wolbachia chemistry (Bakowski et al., 2019; Clare et al., 2019a; Johnston et al., 2017). Further stringency was introduced via tertiary “orthogonal” screening of triaged potent hits in B. malayi mf or adult in vitro assays which heightened confidence of translation to targeting Wolbachia within nematode tissues before the final selection of hit-to-lead chemical scaffolds (Bakowski et al., 2019; Clare et al., 2019a; Hong et al., 2019; Johnston et al., 2017). The BioFocus screen thus ultimately yielded 50 compounds that clustered into six distinctive chemotype series. A thienopyrimidine series underwent a medicinal chemistry program to improve metabolic stability whilst retaining anti-Wolbachia potency with support of the Japanese pharmaceutical, Eisai Inc. (Hong et al., 2019; Johnston et al., 2017). The resultant candidate, AWZ1066S, an azaquinazoline small molecule, had a balanced profile of high potency against wBm, excellent oral bioavailability and reasonable metabolic stability (figure 2). In addition, screening against a panel of gram positive and negative extracellular bacteria confirmed AWZ1066S had a unique, narrow specificity for Wolbachia (Hong et al., 2019). AWZ1066S showed 7-day efficacy in achieving >90% Wolbachia depletion in two independent LF rodent infection models (Hong et al., 2019) and has been selected for formal preclinical development with a backup series medicinal chemistry program ongoing.
More upstream in the next-generation anti-Wolbachia pipeline, the AZ diversity library hits have been triaged to six clusters of unique chemistry that, except for metabolic stability, exhibit good drug-like properties and offer excellent opportunity for medicinal chemistry improvement. The top three clusters have potency superior to that of DOX against wBm (<200nM) whilst the remaining three display potency equivalent to DOX (figure 3). A feature unique to these chemotypes, as well as the azaquinazoline, AWZ1066, is a rapid time-to-kill kinetic against wBm, whereby as little as 24h exposure to drug mediates as much as 75% depletion in Wolbachia from B. malayi mf and 48h achieves maximal Wolbachia depletion, comparative to six-day DOX exposure (figure 3) (Clare et al., 2019a; Hong et al., 2019). This is highly suggestive of a rapid bactericidal mode-of-action with potential for sub-seven-day efficacy dependent on drug half-life achievable in vivo.

Conclusions: Future opportunities and challenges of adapting next-generation anti-Wolbachia agents for the treatment of veterinary filariasis

Considering the huge drug discovery efforts over the past decade in screening over two million small molecules for anti-Wolbachia activity and the resultant portfolio of next-generation anti-Wolbachia molecules positioned at various stages of development, there is enormous potential for repurposing as veterinary filariasis indications. Arguably, the ‘lowest hanging fruit’ is use of oral tylosin analogues as short-course curative and/or adjunctive alternatives to DOX in dogs, and possibly cats, with HWD. These may offer more convenient treatments with possibly fewer GI disturbance side effects compared with the current recommended 28-day DOX regimen. ABBV-4083 has completed preclinical toxicology evaluation in dogs whilst exploratory toxicology has been undertaken for the analogue, A-1535469. Therefore, with known canine pharmacokinetics following oral dosing and a safe dose level defined, accurate efficacy testing in dogs appears relatively straightforward. If proven to be effective in mediating sustained block of embryogenesis in cats with suitably short treatment courses, oral tylosin analogues may also be superior alternatives to DOX in the control of zoonotic brugian filariasis as well as offering a future curative treatment option for feline HWD. A presumption is, as with all new anti-Wolbachia drugs, that effective oral tylosin analogue regimens defined in LF or Onchocerca preclinical models translate to D. immitis. Whilst DOX treatment timeframes mediating effective Wolbachia depletions in human and veterinary filariasis closely correlate in rodents, dogs and humans, this remains to be empirically verified for other classes of anti-Wolbachia drugs. Other caveats to this repurposing opportunity are the financial, legal and regulatory complexities of veterinary re-purposing a new treatment for human filariasis, with likely multiple pharmaceutical partner involvement, and whether a veterinary health care company would consider the curative treatment market sufficient for the level of investment required. The broad-spectrum macrolide antibiotic properties of tylosin analogues may represent additional regulatory challenges for companion animal re-purposing. Finally, the modest-half lives of the oral tylosin analogues and suspected protein synthesis inhibition mode-of-action requiring several days exposure to prevent Wolbachia recrudescence (Hubner et al., 2019), would probably preclude their applicability as HW preventative indications.
The fast-acting and narrow spectrum anti-Wolbachia chemotypes discussed herein, at an earlier stage of development, offer potential for further chemical improvement for curative and even preventative HWD indications. The high specificity for Wolbachia should guard against development of resistance to other bacterial pathogens, whilst the fast-killing, putative bactericidal efficacies of these compounds might, if sufficiently potent, successfully deplete the low Wolbachia titres in L3-L4 D. immitis larvae following single doses per calendar month to block adult development and migration to the heart vasculature. Such a mode-of-action would also be applicable for the prevention of D. repens canine infection. Given encouraging efficacy data in preclinical systems, less than seven day courses might be achievable to mediate curative treatment options both in dogs and cats. A combination of sufficient potency and long half-life of any preventative anti-Wolbachia candidate would be a difficult challenge to overcome in the development of a single oral monthly preventative targeting Dirofilaria Wolbachia. Promisingly, rational medicinal chemistry design of AWZ1066 has overcome major metabolic stability issues and continued ‘structure-activity relationships’ are being determined for back up candidates which may further improve potency. Further, opportunities exist for combining a novel heartworm anti-Wolbachia drug candidate with an ML and/or veterinary benzimidazole to exploit recently described synergisms between these classes of drugs, whilst guarding against incomplete prevention against ML-resistant D. immitis. The pharmacological mechanisms by which ML or benzimidazoles augments anti-Wolbachia mediated anti-filarial efficacy requires further research. Finally, new, more facile and higher throughput assay systems to interrogate the potency, time-kill kinetics and pharmacokinetic-pharmacodynamic relationships of novel anti-Wolbachia drugs against the target subcutaneous larval stages of Dirofilaria spp, including ML-resistant D. immitis isolates, will be necessary to accurately evaluate anti-Wolbachia candidates as an effective, novel approach for the control of veterinary filariasis.







Figure 1: Oral tylosin analogues. Clinical candidate ABBV-4083 (A) and backup candidate, A-1535469 (B). Modifications of parental tylosin A highlighted in blue.
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Figure 2: The azaquinazoline preclinical candidate, AWZ1066S
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Figure 3: Representatives of prioritised chemotypes identified from the AZ diversity library and their superior “time-to-kill” kinetic profile versus doxycycline after 24-hour exposure (Clare et al., 2019a). Core chemotype structures highlighted blue.
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