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ABSTRACT

Vector-borne parasitic nematodes (roundworms) cause diseases associated with poverty
endemic to underdeveloped and exploited countries, infecting 100’s of millions of people
globally. These nematode diseases are often overlooked and understudied providing ample
room for improving treatment and the understanding of these parasites basic biology. In my
dissertation research, I implement and establish surveillance strategies for vector-borne
parasitic nematodes and develop and optimize methods to characterize a prominent family of
cell surface receptors that serve as promising drug targets. In chapter two, I describe one of the
most prevalent under-studied vector-borne parasite infections, mansonellosis, and
comparatively benchmark classical and molecular diagnostics. We perform genomic analysis to
confirm species identity and determine close clustering with sequenced isolates from
neighboring countries. We explore associations between parasite infection and other
demographic and clinical variables using statistical modeling. Additionally, we successfully
establish cryopreservation and revitalization of Mansonella ozzardi microfilariae, advancing the
prospects of rearing infective larvae in laboratory settings. Together, these data suggest a
severe underestimation of true mansonellosis prevalence in Colombia, and we expect that these
methods will help facilitate the study of mansonellosis in both endemic and laboratory settings.
In chapter three and four, I transition my focus from surveillance to molecular parasitology. Since
current control mechanisms for lymphatic filariasis (LF) infections rely upon mass drug
administration with suboptimal antiparasitic drugs (anthelmintics), we need new treatments with
novel targets. I focus on a family of biogenic amine G protein-coupled receptors (BA-GPCRs)
that have remained unexploited as potential anthelmintic targets. In chapter three, I establish
experimental and computational pipelines to explore the druggability and pharmacology of
GPCRs. I focus my research on spatio-temporal expression patterns and the pharmacological
profile of Bma-GAR-3, an acetylcholine receptor. In chapter four, I expand my characterization
of BA-GPCRs using high throughput phenotypic assays. Dopamine and dopaminergic
compounds negatively affected fitness phenotypes and I prioritized 12 dopaminergic
compounds from a neurotransmitter library that have strong microfilarial and mixed adulticidal
effects. Using homology-based searches, I identify BA-GPCRs and ion channel receptors that
could be mediating the observed effects. Fundamental knowledge of novel helminth drug targets
is crucial for the future control and elimination of LF and other neglected diseases. These
approaches progress the characterization and screening of a promising class of proteins with
anthelmintic target potential.

i



DEDICATION

To Lydia, Zhora, and Clementine.

ii



ACKNOWLEDGEMENTS

The University of Wisconsin Madison occupies ancestral Ho-Chunk land, a place their nation
has called Teejop (day-JOPE) since time immemorial. In an 1832 treaty, the Ho-Chunk were
forced to cede this territory. Decades of ethnic cleansing followed when both the federal and
state government repeatedly, but unsuccessfully, sought to forcibly remove the Ho-Chunk from
Wisconsin. We acknowledge the circumstances that led to the forced removal of the Ho-Chunk
people, and honor their legacy of resistance and resilience. This history of colonization informs
our work and vision for a collaborative future. We recognize and respect the inherent
sovereignty of the Ho-Chunk Nation and the other 11 Native Nations within the boundaries of
the state of Wisconsin.

I want to acknowledge and thank the indigenous people from the Departamento del
Amazonas Colombia who voluntarily allowed us into their communities to study Mansonella.
Without the indigenous people in the Amazon region of Colombia, part of my research would not
have been possible.

I would also like to thank my family for their unwavering support. My brother, Atlas, thank
you for always being there for me and making me laugh more than anyone else. Thank you for
always being yourself and showing me what true bravery and resilience is throughout this
chaotic life! Thank you for always taking care of the cats when I would spend long days in the
lab, field, or hiking. I want to thank my two sisters, Kamlyn and Shani. Kamlyn, I wouldn’t have
accomplished any of my successes if it wasn’t for your persistent guidance and the sacrifices
you made. Thank you for ensuring I always prioritized my education. Shani, thank you for
always listening to me complain and having such strength and tenacity throughout everything
life has thrown at us! You are truly a role model with huge aspirations! I want to thank my mom,
Julie, for being a model for overcoming seemingly impossible challenges. To my dad, Brian,
thank you for making difficult decisions while also letting me explore my own path in life. Thank
you for believing that college was something attainable and realistic for me to pursue. To my
Grandma and Grandpa Dahmer, thank you for always accepting me, without judgment, and
having your home open to me throughout my life.

To the members of the Zamanian lab, you’ve made this journey fun and exciting even
when faced with some of the most complicated scientific challenges. Clair, thank you for
bringing a positive disposition to the lab and encouraging me to keep going even after
numerous failed experiments. Katie, thank you for the touch of chaos you brought to the lab and
helping me establish some work-life balance by getting out of the lab and hiking. Thank you
both for prioritizing friendship and grabbing a few gin drinks after celebrations or after an
exceptionally frustrating week. You both are truly life long friends. Dr. Zamanian, thank you for
believing in me and giving me the opportunity to grow as a scientist. Thank you for encouraging
me and giving me opportunities to define projects that drive my scientific curiosity.

To my committee members, thank you for ​​all your advice and guidance during the last
five years. I have benefited tremendously from the plethora of knowledge and the diverse
expertise that has helped guide my research.

To myself, “In spite of it all. Life is beautiful.” (IDLES 2021).

iii



Table of Contents

ABSTRACT…………………………………………………………………………………………………i

DEDICATION………………………………………………………………………………………………ii

ACKNOWLEDGEMENTS……………………………………………………………………………….iii

CHAPTER 1: INTRODUCTION…………………………………………………………………………1

Introduction……………………………………….………………………………………………2

Dissertation Synopsis…………………………………………………………………………..13

Literature Cited………………………………………………………………………………….15

Figures…………………………………………………………………………………………...22

CHAPTER 2: Molecular surveillance detects high prevalence of the neglected parasite

Mansonella ozzardi in the Colombian Amazon………………………………………………………24

Abstract………………………………………………………………………………………….25

Introduction……………………………………………………………………………………...26

Methods………………………………………………………………………………………….27

Results…………………………………………………………………………………………...33

Discussion……………………………………………………………………………………….37

Acknowledgments………………………………………………………………………………39

Funding…………………………………………………………………………………………..39

Conflicts of interest….………………………………………………………………………….40

Literature Cited………………………………………………………………………………….40

Figures…………………………………………………………………………………………...45

Supplementary materials………………………………………………………………………51

CHAPTER 3: Pharmacological Profiling of a Brugia malayi Muscarinic Acetylcholine Receptor

as a Putative Antiparasitic Target……………………………………………………………..………54

Abstract………………………………………………………………………………………….55

iv



Introduction……………………………………………………………………………………...56

Results and Discussion ..……………………………………………………………………...58

Conclusion…………………………………………………………………………...………….67

Methods………………………………………………………………………………………….68

Acknowledgments………………………………………………………………………………76

Funding…………………………………………………………………………………………..77

Literature Cited………………………………………………………………………………….78

Figures…………………………………………………………………………………………...87

Supplementary materials………………………………………………………………………95

CHAPTER 4: High throughput aminergic library screen prioritizes dopaminergic receptors for

anthelmintic discovery…………………………………………………………………………………..97

Abstract………………………………………………………………………………………….98

Introduction……………………………………………………………………………………...99

Results and Discussion ..………………………………………………………………….....101

Conclusion and future directions………………………………………………...………….105

Methods…………………………………………………………………………………..……107

Acknowledgments……………………………………………………………………………..111

Funding…………………………………………………………………………………………112

Literature Cited………………………………………………………………………………...112

Figures………………………………………………………………………………………….118

Supplementary materials……………………………………………………………………..126

CHAPTER 5: CONCLUSION…………………………………………………………………………130

Conclusion……………………………………………………………………………………..131

Literature Cited………………………………………………………………………………..134

v



1

Chapter 1: INTRODUCTION
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1.1 Arthropod-borne nematodes of significance

Neglected tropical diseases (NTDs) are infectious diseases of poverty caused by viruses,

microbes, and parasites. Nearly half of the 26 million disability-adjusted life years (DALYs)

associated with NTDs are a result of parasitic worm (helminth) infections with parasitic

nematode (roundworm) infections alone accounting for around 8 million DALYs [1]. (One DALY

is equivalent to the loss of one year of prime health.) Roundworms infect nearly two billion

humans [1,2] in addition to companion animals and wildlife. Soil-transmitted helminths (STH)

account for the majority of roundworm infections with the remaining caused by vector-borne

parasitic nematodes.

Eradication of these parasitic nematodes has been difficult but some progress has been

made towards this end. For instance, Dracunculiasis, or Guinea worm, afflicts individuals in

Africa who do not have reliable access to clean water and thus ingest copepods containing

infectious stage larvae. Progress towards global elimination of Guinea worm has been highly

successful however, dogs have recently been identified as reservoirs complicating eradication

programs [3,4].

Members of the Filarioidea superfamily are arthropod-borne, clade IIIc, parasitic

nematodes [5] that infect vertebrate hosts. These parasites share a common lifecycle, differing

mainly in the invertebrate vector (intermediate host) and locations of development in both the

vector and mammalian definitive host (Fig 1). Several species of these filarial parasites are of

global veterinary and medical importance. Dirofilaria spp. (immitis, repens), Brugia pahangi, and

Acanthocheilonema reconditum are significant parasites in global veterinary medicine and

companion animals (dogs, cats) may serve as reservoirs for zoonotic arthropod-borne

nematodes [6–8]. Both Dirofilaria spp. (heartworm) and B. pahangi are mosquito transmitted

while A. reconditum is primarily transmitted by fleas or lice.

https://paperpile.com/c/B1Jtwc/6K71
https://paperpile.com/c/B1Jtwc/6K71+Ej2a
https://paperpile.com/c/B1Jtwc/Ggg5+XyxG
https://paperpile.com/c/B1Jtwc/LSF6
https://paperpile.com/c/B1Jtwc/vkrA+TyEb+Kb7m
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NTDs in humans caused by arthropod-borne nematodes include lymphatic filariasis

(Wuchereria bancrofti, Brugia malayi, Brugia timori), onchocerciasis (Onchocerca volvulus) and

dracunculiasis (Dracunculus medinensis) [9]. Lymphatic filariasis (LF) is a chronic infection that

can lead to disability and disfigurement and nearly one billion individuals are at risk of infection

across 57 countries [10]. Wuchereria bancrofti, Brugia malayi, and Brugia timori are transmitted

by several different genera of mosquitoes restricted by geographic distribution across Africa,

Asia, South America, and Caribbean and Pacific islands [11]. Onchocerciasis, or river blindness,

is mainly transmitted in sub-Saharan Africa by black flies and currently infects over 20 million

individuals worldwide with over one million suffering from visual impairment [12,13].

Despite lacking the title of NTD, other less well studied species of filarial parasites are

projected to infect hundreds of millions of individuals worldwide [14,15] and cause diseases

such as mansonellosis (Mansonella streptocerca, Mansonella perstans, Mansonella ozzadi) and

loiasis (Loa loa). Mansonellosis and loiasis are both severely under-mapped and many

questions surrounding their biology are unresolved. Mansonella parasites infect hundreds of

millions of people throughout Africa and Central and South America [14]. The vector responsible

for transmitting Mansonella is likely dependent on both species and geographic distributions,

and both Simulium (black flies) and Culicoides (biting midges) species have been implicated in

transmission dynamics. Symptoms for mansonellosis are not well resolved and variable

pathologies (ranging from asymptomatic to more chronic symptoms including headache, fatigue,

itching) have been reported requiring further study to investigate clinical and subclinical impacts

[16]. Loa loa, or eye worm, is transmitted by Chrysops (deer flies) and infects around 13 million

individuals in western and central Africa causing symptoms and complications ranging from

complete absence to severe cardiac, cerebral, and neurologic pathologies [15,17]. Over 30

million individuals are at risk of exposure and infection of L. loa. Both loiasis and mansonellosis

complicate diagnostics and treatment for other filarial parasites in co-endemic areas.

https://paperpile.com/c/B1Jtwc/EDOS
https://paperpile.com/c/B1Jtwc/CnFF
https://paperpile.com/c/B1Jtwc/HdE8
https://paperpile.com/c/B1Jtwc/Ah68+0MSF
https://paperpile.com/c/B1Jtwc/c1u7+H7te
https://paperpile.com/c/B1Jtwc/c1u7
https://paperpile.com/c/B1Jtwc/AHtat
https://paperpile.com/c/B1Jtwc/H7te+a9cF
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These parasitic nematode infections, regardless of their distinction as NTDs or not,

perpetuate poverty in endemic counties. Social stigmatism, health loss, and secondary

economic impacts from both deterred tourism and the cost of treatment interventions are

common detrimental effects not portrayed by DALY measures [1]. The true deleterious effects of

arthropod-borne parasitic nematodes are profusely underestimated and further study as well as

improved interventions, prophylactics, and therapeutics can reduce this gross human and

animal suffering.

1.2 Treatment discovery and control interventions

1.2.1 Anthelmintic discovery and pitfalls

Current control mechanisms for human helminth infections almost entirely rely upon mass drug

administration (MDA) with a limited arsenal of drugs. Historically, there are two standard

methods for anthelmintic drug discovery [18]. One approach, whole-organism screening,

measures endpoint phenotypes such as motility and mortality of parasites in culture. This

approach is advantageous because a priori knowledge of targets or drug mechanisms of action

are not required; all endogenous tissue and receptor types are present in the parasite [19,20].

Furthermore, exposure or permeability can be determined sufficiently in whole-organism

screens if phenotypes are observed in response to the compound [21]. However, obtaining

enough parasite tissue can be difficult due to complex life-cycles and lack of adequate animal

models, leading to many whole-organism screens being low-throughput or done in the

microfilariae (mf) lifestage [19,22,23]. Showing efficacy in mf often does not translate to efficacy

in the L3 infectious stage or adult stage parasites [19]. Moreover, whole-organism screens tend

to result in both false negative and false positive leads.

Effective drugs may be overlooked due to lack of whole-organism phenotypes.

Ivermectin, a frontline drug in both veterinary and human medicine, rapidly reduces and often

clears microfilaremia in the host but in vitro there are no motility or mortality phenotypes

https://paperpile.com/c/B1Jtwc/6K71
https://paperpile.com/c/B1Jtwc/E0cFs
https://paperpile.com/c/B1Jtwc/C5duB+LgzzF
https://paperpile.com/c/B1Jtwc/02yQR
https://paperpile.com/c/B1Jtwc/q40HR+C5duB+f6ICQ
https://paperpile.com/c/B1Jtwc/C5duB
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associated with application of drug directly to parasites in culture [24–26]. On the other hand,

drugs that caused phenotypes from whole-organism screens have been pursued which did not

translate to any efficacy in vivo [21]. This may be due to the pharmacokinetics and

pharmacodynamics ( i.e. drug metabolism) in the host making the compound not biologically

available or active at the location harboring parasites [20]. In this same vein, off-target effects

can be deleterious to the host. Additionally, host-parasite interaction may complicate in vivo

studies. Parasites modulate the host's immune system and knowledge surrounding the

drug-host-parasite interface has not been thoroughly investigated [27–29]. Praziquantel (PZQ),

a drug used to treat the helminth disease schistosomiasis, has a paralyzing effect on parasites

and clearance may be mediated by a direct effect of PZQ upregulating the host's immune cells

[23,30]. Lack of new drugs being developed from whole-organism screens has pushed

researchers towards a lower cost, high-throughput approach [31].

This second approach, target-based screening, utilizes a surrogate cell line for

heterologous parasitic receptor expression. Target-based screens can be used to prioritize

receptors that regulate critical biological processes in the parasite but this approach also has

limitations. Many potential therapeutic targets have not been deophanized and limited molecular

tools are available to begin characterizing these targets outside of bioinformatic analysis which

are often based on developing gene models [20,23]. And, while it is advantageous to directly

perturb a specific known receptor, it is not guaranteed that all receptors express properly in cell

types derived from distant phylogenetic lineages [32]. The combinations of potential subunit

combinations, accessory proteins, molecular chaperones, and membrane determinants required

for the successful trafficking and signaling of parasite receptors in surrogate systems have not

been comprehensively identified [33]. Direct target perturbation via cell line expression

overcomes the hindrance of permeability making the target easily accessible by test compounds

but this may not translate to whole-organism or in vivo screens [31].

https://paperpile.com/c/B1Jtwc/TZ8Fm+D572I+ynHsq
https://paperpile.com/c/B1Jtwc/02yQR
https://paperpile.com/c/B1Jtwc/LgzzF
https://paperpile.com/c/B1Jtwc/JWWuJ+OSwLm+nnCDe
https://paperpile.com/c/B1Jtwc/f6ICQ+ZGH4c
https://paperpile.com/c/B1Jtwc/dXJdQ
https://paperpile.com/c/B1Jtwc/LgzzF+f6ICQ
https://paperpile.com/c/B1Jtwc/xA5w8
https://paperpile.com/c/B1Jtwc/FFwwC
https://paperpile.com/c/B1Jtwc/dXJdQ
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Concentrations needed for compounds to be bioavailable may not be reached in

whole-organism screens or may have toxic effects on the host in vivo [21]. Furthermore, culture

conditions for target-based screens are even further removed from host conditions than that of

whole-organism screens. However, a key advantage of target-based screens is the

high-throughput capacity and ability to follow up on compound hits in a more cost effective

manner. Compounds of interest from initial screens can be used in counter-screens to reduce

the risk of off-target effects in vivo and to assays for broad spectrum nematode efficacy [21].

Further, these leads can be used in low throughput whole-organism screens before moving to in

vivo animal model screening further improving the probability of a successful in vivo screen [21].

Both whole-organism and target-based approaches overcome the labor, time and cost

intensiveness of in vivo animal screening which has historically been used [19,21]. However,

neither of these approaches have brought a new antihelminthic to market for human use [20].

The ability to predict in vivo efficacy based on in vitro screens has proved difficult due to

off-target effects on the host, uncharacterized drug-host-parasite interaction, drug metabolism

and bioavailability, inefficient target expression and lack of deorphanized targets of interest

[20,23,34]. Ideally, target based screens combined with whole-organism screening could lead to

new promising leads.

Nearly all anthelmintics approved for human use were initially used in veterinary

medicine and discovered from in vivo screens in animals [21,35,36]. Post hoc determination of

the mechanism of action and potential receptor targets for all major antinematodal compounds

used a model nematode, Caenorhabditis elegans [37–40] (Table 1). In fact, C. elegans, a clade

IV free-living nematode, has been used to advance our understanding of the mechanism of

action for anthelmintics and i​s an important organism for identifying putative anthelmintic

targets due to the range of molecular tools available to manipulate its genetics which are

unavailable in intractable parasitic nematodes.

https://paperpile.com/c/B1Jtwc/02yQR
https://paperpile.com/c/B1Jtwc/02yQR
https://paperpile.com/c/B1Jtwc/02yQR
https://paperpile.com/c/B1Jtwc/C5duB+02yQR
https://paperpile.com/c/B1Jtwc/LgzzF
https://paperpile.com/c/B1Jtwc/LgzzF+gjwYC+f6ICQ
https://paperpile.com/c/B1Jtwc/02yQR+314yX+IEkx
https://paperpile.com/c/B1Jtwc/IZj9+4LJt+Sjrm+sVnj
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1.2.2 Current treatment options

In veterinary medicine, heartworm is prevented with prophylactic intervention using macrocyclic

lactones (MLs) and milbemycins [41]. Heartworm prevention is often coupled with pyrantel and

PZQ for prevention of other roundworms and flatworms (tapeworms). With ML resistance in D.

immitis. being documented [41], novel prophylactics and safer, less toxic, adulticide drugs are

needed for preventing and treating patent infections. Current treatment for animals, mainly

canines, with adult heartworm infections relies on the arsenic based drug melarsomine paired

with doxycycline (tetracycline antibiotic) and MLs [42,43]. There are no efficacious adulticidal

anthelmintics in human medicine although the antibiotic, doxycycline, has been shown to have

some adulticidal effects. Doxycycline is a broad spectrum antibiotic that targets the

endosymbiotic bacteria Wolbachia that, in most filarial parasites, is required for development

and survival [44]. In human medicine doxycycline has been shown to be an effective adulticidal

treatment for LF, onchocerciasis, and potentially M. perstans but the treatment regime requires

daily dosages for up to six weeks which is difficult to implement and ensure compliance, and is

more costly than current MDA [44].

MDA for arthropod-borne parasitic nematode infections in humans currently include

ivermectin (IVM, ML), albendazole (ABZ, benzimidazole), and diethylcarbamazine (DEC). IVM

targets invertebrate specific glutamate-gated chloride channels leading to worm paralysis and is

used in MDA campaigns for LF and onchocerciasis [35,45–47]. Despite IVM rapidly clearing

blood-circulating mf from the host, it does not kill or clear adult worms from infected individuals

[26,48]. Furthermore, due to severe adverse reactions, IVM is contraindicated in areas

co-endemic with loiasis [49]. ABZ targets β-tubulins and inhibits microtubule polymerization

leading to mf death and is the key anthelmintic used in MDA for STH as well as LF and

onchocerciasis and can be used in L. loa endemic regions [35,45,50]. DEC exhibits strong

efficacy against mf despite its mechanism of action not being well understood [48]. DEC is

contraindicated in areas co-endemic with onchocerciasis due to Mazzotti adverse reactions [51].

https://paperpile.com/c/B1Jtwc/xjhy
https://paperpile.com/c/B1Jtwc/xjhy
https://paperpile.com/c/B1Jtwc/cibI+yMol
https://paperpile.com/c/B1Jtwc/qvx4
https://paperpile.com/c/B1Jtwc/qvx4
https://paperpile.com/c/B1Jtwc/314yX+EGYc+zuO0+moFHz
https://paperpile.com/c/B1Jtwc/Xa2x6+ynHsq
https://paperpile.com/c/B1Jtwc/SGcW
https://paperpile.com/c/B1Jtwc/nyTw+314yX+EGYc
https://paperpile.com/c/B1Jtwc/Xa2x6
https://paperpile.com/c/B1Jtwc/QUm5
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Currently, there is no treatment regime established for dracunculiasis or mansonellosis. A new

and exciting anthelmintic, Emodepside, is used in veterinary medicine for STH treatment and

prevention and is currently in clinical trials for treatment of river blindness [44,49,52,53]. Due to

its broad anthelmintic efficacy and novel target, emodepside is being pursued for other filarial

parasite and STH infections in humans [37,54–56].

1.2.3 Anthelmintic resistance

Currently, most anthelmintic drugs primarily target ligand-gated ion channels (LGICs) in both

veterinary and human medicine and almost all drugs that target ion channels, including

anthelmintics, were discovered via in vivo animal screens without a priori knowledge of the

mechanism of action (MOA) [21,35,57]. Ion channels are typically multimeric, fast-acting, have

different gating-mechanisms, and are both functionally and structurally diverse receptors. LGICs

targeted by anthelmintics regulate many critical physiological processes and dysregulation of

these receptors leads to pathophysiology in the parasite making them good drug targets [57,58].

Furthermore, some LGICs are solely found in invertebrates and can be selectively targeted such

as glutamate-gated ion channels, the target of ivermectin [59]. LGICs make up the second

largest class of drug targets in human medicine and there are still unexplored LGICs predicted

in parasite genomes that could act as promising drug targets [57–59].

Unfortunately, with the field moving toward in vitro screening approaches LGICs have

become more difficult to study. LGICs cloned into cell lines are often unstable, overexpressed,

and detrimental to the cell [57]. If a cell survives cloning, LGICs often do not fold or associate

with their subunits properly leading to non-native pharmacology and cell toxicity [57]. Another

issue with cloning LGICs is the lack of fundamental knowledge of endogenous parasite receptor

subunit composition. For cell line expression and native pharmacology to be preserved, each

subunit of the channel needs to be expressed and interact properly. Furthermore, if a stable cell

line is developed, measuring receptor function in a high-throughput screen is difficult [57,60].

https://paperpile.com/c/B1Jtwc/fUOs+SGcW+qvx4+SXRS
https://paperpile.com/c/B1Jtwc/IZj9+g3q2+G0Hv+2Oze
https://paperpile.com/c/B1Jtwc/jqdcF+02yQR+314yX
https://paperpile.com/c/B1Jtwc/vA2Ct+jqdcF
https://paperpile.com/c/B1Jtwc/9b8oL
https://paperpile.com/c/B1Jtwc/vA2Ct+jqdcF+9b8oL
https://paperpile.com/c/B1Jtwc/jqdcF
https://paperpile.com/c/B1Jtwc/jqdcF
https://paperpile.com/c/B1Jtwc/jqdcF+1kKqy
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Ligand binding and fluorescence-based assays measuring receptor activation have been

successful but have mild functional relevance to actual receptor function [57,60]. The

patch-clamp method of measuring channel activity remains the gold standard but is a

low-throughput, expensive, and time consuming assay [60]. Furthermore, the fast acting nature

of these receptors may also lead to fast recovery in the parasite. Anthelmintics, such as

ivermectin, that act on LGICs typically lead to quick paralysis and clearance of larval stages but

do not lead to clearance of adult parasites from the host [47,59,61]. Additionally, the rapid killing

of larval stages has led to adverse effects in the host [13,51]. Overall, LGICs are good drug

targets but due to rapidly developing resistance, lack of adulticidal drugs, and difficulties

studying these receptors via high-throughput screens other druggable targets need to be

examined.

1.2.4 G protein-coupled receptors

A group of drug targets prevalent in human medicine are the G protein-coupled receptors

(GPCRs). GPCRs are cell surface receptors that transduce extracellular stimuli from ligand

binding to intracellular signals. All GPCRs share common structural characteristics including a

seven transmembrane (7-TM) hydrophobic helical regions with an extracellular N-terminus,

three extracellular (ECL) and three intracellular loops (ICL) with and an intracellular C-terminus

[62]. Activation of a GPCR via extracellular ligand binding leads to a confirmation change and

the intracellular exchange of GDP to GTP by way of a guanine nucleotide exchange factor

(GEF) resulting in a GTP bound α-subunit. The GTP-α subunit detaches from the βγ- subunits

and regulates downstream pathways. Four families of α-subunits regulate different pathways

typically through effector molecules and second messengers. These pathways can involve

LGICs, transient receptor potential channels (TRPs), transporter proteins, and enzymes which

can lead to a cascade of inhibition or activation of hundreds to thousands of downstream

molecules [63–65].

https://paperpile.com/c/B1Jtwc/jqdcF+1kKqy
https://paperpile.com/c/B1Jtwc/1kKqy
https://paperpile.com/c/B1Jtwc/KmlCt+9b8oL+moFHz
https://paperpile.com/c/B1Jtwc/0MSF+QUm5
https://paperpile.com/c/B1Jtwc/6e6d
https://paperpile.com/c/B1Jtwc/mylL+F27x+paLR
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GPCRs constitute over one third of all FDA approved druggable targets in human

medicine yet not a single anthelmintic drug has been discovered that primarily targets GPCRs in

helminths [66,67]. In fact, GPCRs have not been thoroughly characterized in parasitic

nematodes and much of what is known about nematode GPCRs derives from knowledge about

C. elegans receptor biology. In C. elegans biogenic amine GPCRs (BA-GPCRs) regulate many

of the same biological functions as the LGICs targeted by current anthelmintics and BA-GPCRs

have been shown to be essential for growth, development, and neuromuscular function in C.

elegans [67–71]. Despite the critical role of BA-GPCRs in C. elegans [32,57,58,60,72], little

attention has been given to the study of this group of receptors in parasitic nematodes as

potential anthelmintic targets.

In contrast to LGICs, GPCRs are monomeric receptors and thus overcome issues of

subunit association seen in heterologous expression of LGICs. However, heterologous

expression of GPCRS can lead to promiscuous alph-protein coupling and non-native second

messenger cascades, but for initial high-throughput screens receptor activation is the gold

standard and G protein-coupling can be characterized post hoc [32]. Moreover, helminth

GPCRs have not been under selective pressure by MDA and drug resistance to these receptors

is less likely to emerge as quickly as seen with drugs targeting LGICs [20,35]. GPCRs acting

slower than LGICs can be a key advantage. Signal amplification, pleiotropic effects

(polypharmacology) and downstream indirect modulation of LGICs through activation of GPCRs

may lead to adulticidal action over time and cure parasite infection without adverse effects on

the host [73,74].

1.3 Diagnostics

1.3.1 Classical methods

The gold standard diagnostic for most vector-transmitted nematode parasites remains

microscopy and morphological species identification [75]. For Onchocerciasis bloodless skin

https://paperpile.com/c/B1Jtwc/3z1f1+h8E3D
https://paperpile.com/c/B1Jtwc/Y5jvo+h8E3D+8fHK3+tUcJR+tfi35
https://paperpile.com/c/B1Jtwc/vA2Ct+2Qny+xA5w8+jqdcF+1kKqy
https://paperpile.com/c/B1Jtwc/xA5w8
https://paperpile.com/c/B1Jtwc/314yX+LgzzF
https://paperpile.com/c/B1Jtwc/FHtVs+Dvfrr
https://paperpile.com/c/B1Jtwc/mkzWm
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snips followed by microscopy for mf identification with replication for higher sensitivity is the gold

standard [76,77]. Blood smear microscopy is standard for lymphatic filariasis, loiasis, and

mansonellosis [16,75,78–80]. Loiasis diagnostics can also involve visualization of adult worms

in the eye or subcutaneously [79]. In areas where multiple filarial species are co-endemic, the

periodicity of circulating mf may require multiple samples to be acquired at different times.

Although for Mansonella spp. periodicity has not been observed, this may reflect lack of data

and not lack of periodicity for these mf. Microscopy requires both head space and tail nuclei

characterization for species identification after Giemsa staining [75]. In non-sterile field settings

fibers, fungi, and other contaminants may make species identification difficult which then may

complicate treatment due to potential adverse effects.

1.3.2 Molecular methods

Veterinary diagnostics for heartworm primarily focus on blood antigen tests but microscopy for

detection of mf can also provide ample information for diagnosis [43]. For human filaria

diagnostics, molecular tests are not routine in endemic settings and are typically restricted to

laboratory settings. Lab based serology and PCR-based tests are available but with limited

utility. Both serology and PCR based tests offer higher sensitivity than microscopy which can

help confirm mf species after microscopy exams. For lymphatic filariasis rapid test strips,

immunochromatographic test (ICTs), and point-of-care antibody tests are widely used for

mapping and transmission surveys [78,80]. Nested PCR assays are both sensitive and species

specific but adaptation to a field setting has been hindered due to the complexity of reagents

and equipment required for amplification and distinguishing amplicon sizes [81–83].

Loop-mediated isothermal amplification (LAMP) assays have been used in laboratory settings

showing highly sensitive and specific detection of all the discussed vector-transmitted nematode

parasites and while this method is poised for adaptation to field settings, no point of care LAMP

assays are currently available [84–89]. More sensitive and species specific point-of-care

https://paperpile.com/c/B1Jtwc/FrR8+sTLD
https://paperpile.com/c/B1Jtwc/ViyX+aiJW+2Bag+AHtat+mkzWm
https://paperpile.com/c/B1Jtwc/aiJW
https://paperpile.com/c/B1Jtwc/mkzWm
https://paperpile.com/c/B1Jtwc/yMol
https://paperpile.com/c/B1Jtwc/2Bag+ViyX
https://paperpile.com/c/B1Jtwc/4GyO6+x8RPf+UmsVa
https://paperpile.com/c/B1Jtwc/vRks+Pbnqr+Zg3RW+PcoE7+IaP3I+SeMjH
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molecular diagnostics will facilitate MDA and elimination of these parasites in endemic

countries.

1.4 Summary of existing Challenges and emerging solutions

No new anthelmintics for human filarial infections have been brought to market in decades and

with the growing threat of anthelmintic resistance, new drugs are in dire need [5,24,35,47].

Current anthelmintics for filarial nematodes are inadequate and do not cure or prevent

reinfection. Continued MDA is costly and it’s difficult to ensure compliance and availability in

remote settings. Additionally, reports of anthelmintic resistance have only emphasized the need

for novel druggable targets (receptors, enzymes, transporters, structural proteins) and therapies

[90,91]. Resistance to anthelmintics is well established in veterinary medicine and continues to

threaten disease control [35]. However, realization of new anthelmintics is hampered by the

sparse information available on druggable targets in filarial parasites. Current anthelmintics are

poorly understood and their antiparasitic activities have all been discovered via in vivo

experiments [21,26,48]. New drugs are needed with novel targets to continue control efforts and

cure adult filarial infections. The field has recently moved toward more cost effective, in vitro

target-based high throughput screening (HTS) but difficulties prioritizing targets due to lack of

fundamental knowledge about druggable targets in filarial parasites has hindered our ability to

achieve true target-based HTS [20,23,35]. To date, no novel drugs have been discovered from

these approaches [20,23,35]. We need a better understanding of the basic biology and the

repertoire and interactions of current and potential drug targets to continue to control and make

progress towards elimination of these vector-borne filarial parasites.

On the diagnostic front, sensitive molecular diagnostics that are species specific are

needed in field settings especially in co-endemic regions. Microscopy based diagnostic, which

requires trained individuals to morphologically differentiate mf of different species, often misses

occult or low amicrofilaremic infections [92,93]. Molecular diagnostic assays can provide a

https://paperpile.com/c/B1Jtwc/LSF6+TZ8Fm+314yX+moFHz
https://paperpile.com/c/B1Jtwc/Snmwu+YyVeD
https://paperpile.com/c/B1Jtwc/314yX
https://paperpile.com/c/B1Jtwc/Xa2x6+ynHsq+02yQR
https://paperpile.com/c/B1Jtwc/LgzzF+314yX+f6ICQ
https://paperpile.com/c/B1Jtwc/LgzzF+314yX+f6ICQ
https://paperpile.com/c/B1Jtwc/ogPHW+0e8S
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highly sensitive, specific, and potentially cost-effective approach for the surveillance of filarial

nematode infections and their vectors. Additionally, a method that has the potential for point of

care diagnostics in endemic settings can facilitate MDA efforts and help map disease

prevalence and transmission dynamics.

Eradication of these filarial parasites will ultimately require climate stability and

socio-economic improvements including better sanitation and access to clean potable water

[94]. Climate change currently threatens our progress towards elimination and re-emergence

may be imminent in areas previously deemed eradicated [95–97]. With warming climates and

rising sea levels, it is predicted that vectors responsible for transmission of these parasites will

expand or shift their range, doubling the number of at-risk individuals [95–98]. Support for

communities that will be most impacted by climate change and will face increased risk for

infectious diseases is being provided through scientific collaborations [99]. Empowering

autonomy for health care providers and community leaders and researchers in endemic

countries is necessary for successful control and elimination of vector-borne parasitic

nematodes as well as other infectious diseases. Combined approaches of MDA, climate

initiatives, vector control, and more sensitive diagnostic combined with training for individuals in

endemic areas will facilitate control and elimination of these vector-borne parasitic nematodes.

1.5 Dissertation synopsis

The lack of 1) accurate mapping of vectors and infections 2) basic knowledge about these

parasites biology and transmission dynamics and 3) curative treatment have motivated my

thesis research.

In this dissertation, I address these needs by improving our understanding of severely

understudied arthropod-borne human infective parasites through implementing field surveillance

studies, computational approaches, and molecular laboratory techniques. My research expands

our understanding of the basic biology of Mansonella and Brugia parasites and provides a

https://paperpile.com/c/B1Jtwc/A6wO
https://paperpile.com/c/B1Jtwc/gplF+UOnN+TZOW
https://paperpile.com/c/B1Jtwc/gplF+UOnN+TZOW+OvUZ
https://paperpile.com/c/B1Jtwc/S0R3
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framework for cell surface receptor deorphanization and characterization with potential to serve

as novel anthelmintic targets.

In chapter two, I describe my research on field surveillance and molecular diagnostics for

M. ozzardi in the Colombian Amazon. We sought to establish both classical and molecular

diagnostics methods to estimate community prevalence. Blood samples were taken from ~235

individuals residing in communities along the Amazon river in Colombia. We determined a

community-wide prevalence of 40% using molecular diagnostics and were able to confirm

species identity (M. ozzardi) using bioinformatic approaches as well as determine close

clustering with sequenced isolates from neighboring countries. We began to disentangle clinical

and sub-clinical impacts of M. ozzardi on infected individuals using statistical modeling. Finally,

we established a cryopreservation protocol to allow for further studies of these parasites in

laboratory settings.

In chapter three, I deorphanize and pharmacologically characterize a G protein-coupled

receptor (GPCR), GAR-3, expressed by B. malayi. I optimize and establish experimental and

computational pipelines to explore the druggability and pharmacology of GAR-3. I establish that

the endogenous ligand for GAR-3 is acetylcholine and use RNAscope to localize expression of

the receptor to highly diverse and important tissues including neurons, muscle, and reproductive

organs. Finally, I establish a high-throughput screen using a transgenic model nematode (C.

elegans) expressing GAR-3 from B. malayi and measure phenotypic modulation under drug

perturbation.

In chapter four, I expand my characterization of GPCRs to include the repertoire of

biogenic amine receptors (BARs) in B. malayi with a focus on dopaminergic GPCRs. Using

multivariate phenotypic screening assays, I prioritize a set of dopaminergic compounds that

have strong antiparasitic effects on B. malayi mf and screen this subset of compounds for

adulticidal effects.
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In chapter five, I conclude my findings with a summary of major impacts and future

directions as well as remaining needs for the field.
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Figures
Figure 1) General life cycle of vector-borne nematode parasites. Microfilariae (mf), L3’s, and
adults reside in human hosts (shown in orange). Typically, mf are consumed by a vector and
develop to infectious stage L3 larvae. L3 larvae are transmitted to human hosts via subsequent
interactions with the vector. For dracunculiasis L1’s infect copepods which act as the
intermediate host and consumption of contaminated water or undercooked infected aquatic
animals leads to human infection. For LF, onchocerciasis, loiasis, and mansonellosis dipteran
vectors (mosquitoes, black flies, biting midges) interact via blood repeated meals.
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Abstract
Mansonellosis is an under-mapped insect-transmitted disease caused by filarial nematodes that

are estimated to infect hundreds of millions of people. Despite their prevalence, there are many

outstanding questions regarding the general biology and health impacts of the responsible

parasites. Historical reports suggest that the Colombian Amazon is endemic for mansonellosis

and may serve as an ideal location to pursue these questions. We deployed molecular and

classical approaches to survey Mansonella prevalence among adults belonging to indigenous

communities along the Amazon River and its tributaries near Leticia, Colombia. Loop-mediated

isothermal amplification (LAMP) assays on whole blood samples detected a much higher

prevalence of Mansonella ozzardi infection (~40%) compared to blood smear microscopy or

LAMP performed using plasma, likely reflecting greater sensitivity and the ability to detect low

microfilaremias and occult infections. Mansonella infection rates increased with age and were

higher among males. Genomic analysis confirmed the presence of M. ozzardi that clusters

closely with strains sequenced in neighboring countries. We successfully cryopreserved M.

ozzardi microfilariae, advancing the prospects of rearing infective larvae in controlled settings.

These data suggest an underestimation of true mansonellosis prevalence, and we expect that

these methods will help facilitate the study of mansonellosis in endemic and laboratory settings.

Summary: Sensitive molecular diagnostics reveal a high prevalence of Mansonella ozzardi

infection in Colombian Amazon communities, adding to growing evidence that classical

diagnostic approaches underestimate disease prevalence. We establish a cryopreservation

protocol to facilitate future lab studies of this neglected parasite.
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Introduction

Mansonellosis is a highly prevalent but undermapped [1] and understudied parasitic disease

that infects hundreds of millions of people throughout Africa and Central and South America [2].

Three species of insect-transmitted parasitic nematodes (Mansonella ozzardi, M. perstans and

M. streptocerca) are responsible for the majority of human cases although other Mansonella

species have the potential to infect humans, including the recently discovered Mansonella sp.

“DEUX” which has revitalized demands for allocating resources to study this severely neglected

disease [2–5].

There are major gaps in our understanding of the basic biology and clinical or subclinical

impacts of mansonellosis in human populations. Mansonella infections underlie variable clinical

presentations that are likely underrecognized [4] and may alter host immunity in ways that alter

vaccine responses and susceptibility to other pathogens [6–8]. Drugs used in mass drug

administration campaigns for lymphatic filariasis and onchocerciasis are not as effective against

Mansonella spp. [9–13] suggesting a unique genetic basis for anthelmintic resistance [14–16].

Additionally, Mansonella infections can introduce diagnostic challenges related to species

mis-identification [17,18], cross-reactivity of immunochromatographic tests [19,20], and the

inability to easily discern occult or amicrofilaremic infections [21]. Together, these limitations can

potentially confound parasite elimination and surveillance programs focused on more prominent

filarial worm parasites in co-endemic regions [9–13,16].

To address these challenges, we deployed both classical and molecular diagnostic

approaches to carry out more precise epidemiological surveys of Mansonella prevalence in

adults from villages along the Amazon River and its tributaries around the capital city of Leticia

in the Amazonas Department of Colombia. The Amazon basin is historically associated with

“new world” M. ozzardi [22–25] and is ideally situated to pursue fundamental questions about

Mansonella biology, clinical presentations, and interactions with other pathogens that are

https://paperpile.com/c/YPgI2K/JsCl
https://paperpile.com/c/YPgI2K/20sg
https://paperpile.com/c/YPgI2K/IZyX+NhD2+20sg+qGbd
https://paperpile.com/c/YPgI2K/NhD2
https://paperpile.com/c/YPgI2K/ARyV+0cfk+8zBQ
https://paperpile.com/c/YPgI2K/WaiE+4rcZ+hnCK+S7yw+q95U
https://paperpile.com/c/YPgI2K/EXXO+v5mX+EeJo
https://paperpile.com/c/YPgI2K/EaCA+r34e
https://paperpile.com/c/YPgI2K/QZKW+kE3V
https://paperpile.com/c/YPgI2K/2kVT
https://paperpile.com/c/YPgI2K/WaiE+4rcZ+hnCK+S7yw+q95U+EeJo
https://paperpile.com/c/YPgI2K/m1Bd+XZ67+EoDp+3PSV
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endemic in the region. Parasite surveys in this region are outdated [22–24], but incidental

findings from community health workers in the course of malaria screening and estimates from

communities in neighboring countries [4,21,26] suggest a high prevalence.

The gold standard diagnostic for M. perstans and M. ozzardi is blood smear microscopy,

which requires morphological differentiation of the circulating microfilariae (mf) stage [4,17].

Molecular diagnostic approaches including real-time PCR (qPCR) [27–29] are largely restricted

to laboratory settings. However, more recently developed loop-mediated isothermal

amplification (LAMP) assays with a simple colorimetric readout are more amenable to field

studies [30]. We comparatively profiled LAMP assays with classical microscopy-based

techniques to evaluate potential underestimation of parasite prevalence among a cluster of

indigenous communities in the Colombian Amazon region. Microfilariae were isolated for

population genomic analyses of Mansonella with respect to previously characterized field

isolates, as well as for the establishment of a cryopreservation protocol to enable laboratory

studies. Lastly, we probed associations of Mansonella infection status with other clinical and

demographic variables. We expect that these data and methods will help facilitate future studies

of Mansonella.

Methods

Study design and sampling procedure

This study was conducted between 2021 and 2023 in the Amazonas Department of Colombia in

areas surrounding the capital city of Leticia and Puerto Nariño municipalities (Figure 1A). This

region of vast biodiversity is largely populated by indigenous communities situated near the

Amazon River and its tributaries. The study protocol was reviewed and approved by the

UW-Madison IRB (study # 2019-1107) and Corporación para Investigaciones Biológicas (CIB

https://paperpile.com/c/YPgI2K/m1Bd+XZ67+EoDp
https://paperpile.com/c/YPgI2K/yMMt+2kVT+NhD2
https://paperpile.com/c/YPgI2K/NhD2+EaCA
https://paperpile.com/c/YPgI2K/kNxG+VPpk+os00
https://paperpile.com/c/YPgI2K/pkZq
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#17022021). The study population (n = 235) from 13 communities was recruited by convenience

and individuals ≥18 years of age were invited to participate. Community leaders and health

promoters described the study to the community and individuals interested in participating were

enrolled after providing written informed consent. Peripheral (venous) blood samples were

collected into ethylenediaminetetraacetic acid (EDTA) tubes and thin and thick blood smears

were prepared and examined for the presence of filarial parasites and malaria. Serum/plasma

were extracted and aliquoted along with whole blood into 1.5 mL tubes and stored at -80°C for

detection of Mansonella and other pathogens (Figure 1B). Self-reported socio-demographic

and epidemiological data were collected using a structured questionnaire through verbal

face-to-face interviews by trained study staff at the enrollment site. Recorded data included

demographics (age, sex, ethnicity, occupation, place of residence), housing conditions, travel

history, medical history (pre-existing diseases), and clinical symptoms. Symptoms were reported

as present or absent at the time blood was drawn. Symptoms queried were: ​​fever, headache,

muscle pain, joint pain, eye pain, chills, abdominal pain, weakness, skin rash, dizziness, vomit,

diarrhea, cough, red eyes, anosmia/ageusia, weight loss, jaundice.

Microscopy smears and microfilariae quantification

Routine thin and thick smears were prepared at field sites at the time of blood draws. Slides

were allowed to dry at room temperature, Giemsa stained and examined microscopically. For

quantitative microscopy, 40 µL of thawed whole blood was mixed with equal amounts of water

and microfilaria (mf) were counted using light microscopy. For filtration of thawed whole blood

aliquots, 1 mL of whole blood mixed with 4 ml of phosphate-buffered saline (PBS), was added to

a Millipore syringe (Sigma-Aldrich, Z268429) with a 5 µm filter membrane (Millipore Sigma,

TMTP02500). Filter membranes were imprinted in a microscope slide, allowed to dry before

methanol fixation and Giemsa staining for microscopical observation.
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Cryopreservation and recovery of microfilariae

Blood samples were transported on ice from Puerto Nariño to Leticia, where they were mixed

with 5% dimethyl sulfoxide (DMSO) at a 1:1 ratio, aliquoted in cryogenic tubes and stored at

-80°C [31]. Processed samples were then shipped to Medellin and stored at -80°C. Samples

were thawed in a water bath at 37°C for 5 minutes and washed twice with sterile PBS (at 37°C),

followed by centrifugation at 2,000 rpm for 10 minutes. The mf pellet was gently mixed with 2

mL of RPMI-1640 + 1x Antibiotic-Antimycotic (Gibco, 15240096). 1 mL aliquots were added to

wells in a 6-well cell culture plate and the plate was incubated at 37°C and 5% CO2. Movement

patterns of mf were recorded using an inverted microscope (40X objective). Movement levels

were quantified using a customized optical flow pipeline[32].

DNA extraction from blood and plasma samples

DNA was extracted from whole blood and plasma using the Quick-DNA 96-plus kit (Zymo,

D4070/71) with minor adjustments to the protocol. For whole blood samples, the “solid tissue

protocol” was followed by adding 50 µL of whole blood in place of water and tissue. After

incubation for 2.5 hours, samples were spun at 3,500g for 2 minutes and supernatant lysate

was transferred to the Zymo-spin 96-XL plate. For plasma samples, the “biological fluid and

cells” protocol was followed. Final DNA was eluted with 15 µL of water and concentrations were

assessed via NanoDrop for quality assurance.

Loop-mediated isothermal amplification assays

LAMP reactions were carried out as previously described [30] with slight modifications. Briefly,

each LAMP reaction contained 1.6 μM each of primers FIP

(5’-CGCAAACAGAAGCCCGAAAC-GCTCGCAATTTCATAGTGG-3’) and BIP

(5’-CTTGCGCGTAGCATTAGATCC-TCCGAAATGTATACGACAGAT-3’), 0.2 μM each of F3

https://paperpile.com/c/YPgI2K/SsEU
https://paperpile.com/c/YPgI2K/H3RN
https://paperpile.com/c/YPgI2K/pkZq
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(5’-GCACGAAATGTTTTTGTACG-3’) and B3 (5’-CGTATCACCGTTGATGACG-3’), 0.4 μM each

of LF (5’-AAGCCTAAGCCTAAGCCTGA-3’) and LB (5’-GCACATCTTCAATCTCCTCTTGC-3’), 2

μl 10X GuHCL, 10 μl of WarmStart Colorimetric LAMP 2x Master Mix (NEB, M1804L), 4 μl water

and 2 μl of template DNA, or 2 μl water for non-template controls for a total volume of 20 μl per

reaction. For a colorimetric readout, reactions were incubated at 63°C for 30 minutes in a

SimpliAmp Thermocycler (Applied Biosystems, A24811) and images were acquired using an

ImageQuant 800 (Cytiva). A post amplification color of yellow indicated detection of M. ozzardi,

and pink (or orange) indicated no detection.

For semi-quantitative LAMP (sq-LAMP), simultaneous colorimetric and fluorescent

readouts were obtained by adding SYTO™ 9 green (Invitrogen, S34854) to a final concentration

of 1 µM in the colorimetric LAMP reaction. Reactions were performed in a Bio-Rad CFX Opus

96 Real-Time PCR instrument at 65°C with total fluorescence read in the SYBR/FAM channel

every 15 seconds for 150 “cycles” (~53 minutes with each “cycle” corresponding to 21.2

seconds of reaction time, 15 seconds combined with plate reading time). A cut-off time threshold

(Tt) value of 30 minutes was used to differentiate positive/negative reactions, with Tt defined as

the time (min) to reach the fluorescence detection threshold. A Tt ≤ 30 minutes indicated the

detection of the target, whereas a Tt > 30 minutes or N/A, indicated no detection. Plates were

scanned using the Epson Perfection v600 Photo Scanner.

DNA extraction and Illumina library construction and sequencing

DNA was extracted from 200 uL of whole blood using the MagAttract HMW DNA kit (Qiagen,

67563) following the manufacturer’s instructions. The NEBNext Microbiome DNA enrichment kit

(NEB, E2612) was used as directed to enrich Mansonella DNA and reduce human DNA prior to

library construction. The Illumina libraries were constructed using the NEBNext Ultra II DNA

Library Prep Kit for Illumina (NEB, E7645) as described by the manufacturer. The quality and

concentration of each library were determined using a 2100 Bioanalyzer with a high-sensitivity
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DNA chip (Agilent Technologies). Libraries were diluted to 1 nM with 10 mM Tris, 0.1 mM EDTA

pH 8. Phi X DNA (5%) was added to balance base pair composition in these A:T rich filarial

libraries prior to sequencing on a NovaSeq platform (paired end, 150 bps).

Bioinformatic analysis

Raw Illumina reads were processed to remove adapters and poor-quality reads using the

BBTools package (https://jgi.doe.gov/data-and-tools/bbtools/). For each isolate, the reads were

mapped to a combined reference sequence set comprising a M. ozzardi reference genome from

Brazil [16], a reference mitogenome KX822021.1 [33] and the Wolbachia wMoz assembly

GCF_020278625.1 [34] using bowtie2 [35]. Reads mapping to mitochondria were extracted

from the bam alignment files using samtools [36] and assembled into circular mitochondrial

genomes using GetOrganelle v1.7.7.0 [37]. The average nucleotide identity scores between

pairs of all assembled mitogenomes and published mitogenomes, namely the accessions

KX822021.1 and MN416134.1 for M. ozzardi [21,33] and MT361687.1 and MN432521.1 for M.

perstans [21,38] were calculated using the OrthoANIu tool [39]. Multiple sequence alignments of

all M. ozzardi and M. perstans mitogenomes were obtained using mafft v7.149b [40]. The

phylogenetic tree based on this alignment was generated using the iqtree online server [41],

which performs automatic best fit substitution model selection using ModelFinder [42]. Bootstrap

support values were calculated based on ultrafast bootstrap [43] with 1000 replicates. The tree

was annotated on the iTOL webserver [44].

Serological tests for viral infections

Serum samples were used for antibody detection against several pathogens. Anti-dengue

immunoglobulin G (IgG) and IgM were detected using SD BIOLINE Dengue Duo rapid test

(Abbott), following manufacturer's instructions. Anti-Human Immunodeficiency Virus (HIV),

https://jgi.doe.gov/data-and-tools/bbtools/
https://paperpile.com/c/YPgI2K/EeJo
https://paperpile.com/c/YPgI2K/wTKy
https://paperpile.com/c/YPgI2K/giSR
https://paperpile.com/c/YPgI2K/LaVv
https://paperpile.com/c/YPgI2K/hGT3
https://paperpile.com/c/YPgI2K/D2DE
https://paperpile.com/c/YPgI2K/2kVT+wTKy
https://paperpile.com/c/YPgI2K/Jm3k+2kVT
https://paperpile.com/c/YPgI2K/1Vfm
https://paperpile.com/c/YPgI2K/CrGT
https://paperpile.com/c/YPgI2K/ea1w
https://paperpile.com/c/YPgI2K/Srxr
https://paperpile.com/c/YPgI2K/yyM5
https://paperpile.com/c/YPgI2K/liTW
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Hepatitis B Virus (HBV), and Hepatitis C Virus (HCV) as well as anti-IgM against Severe Acute

Respiratory Syndrome Coronavirus 2 (SARS-COV-2) were detected by chemiluminescence

immunoassay using the Architect I1000 system (Abbott), following manufacturer's instructions.

Data analysis

Self-reported data were recorded on printed surveys by study personnel and completed forms

were entered into Microsoft Excel by double entry. Excel spreadsheets were used for data

inspection, cleaning, and quality control before data analysis using R Studio software v4.2.2

(42). To examine sex- and age-based differences of M. ozzardi infections, we used a linear

model (lm) to get the residuals and assess the normality of our data. We determined our data

did not follow a normal distribution (Shapiro-Wilk test, male age: W = 0.93224, p-value =

0.0002649 , female age: W = 0.89475, p-value = 8.05e-09). Based on these results, we ran a

non-parametric Wilcox rank sum test with a p-value < 0.05 considered statistically significant.

Next, to examine differences between infection prevalence across demographic variables and

analyses on reported symptoms and serology results, we used generalized linear models

(GLMs) with binomial distributions and log link functions [45]. We conducted model selection

analyses using the aictab function in the R package AICcmodavg [46]. We built candidate

models starting with the full model with all combinations of main effects among relevant

biological and methodological factors, while avoiding overfitting. We compared candidate

models using Akaike’s information criterion and 𝚫AIC (the difference in AIC values for the focal

model and the model with the lowest AIC, i.e., the ‘winning’ model) [47]. We also calculated the

Akaike weight (𝓌), which further quantifies the probability that a model is the most appropriate

model relative to the candidate models (Supplementary Table 1). 𝚫AIC less than two and a

higher 𝓌 generally indicates that a model has substantial support while a suite of best models

with low weights (𝓌 ~ 0) indicates that no single variable plays a substantial role in mediating

https://paperpile.com/c/YPgI2K/Ugwu
https://paperpile.com/c/YPgI2K/jxut
https://paperpile.com/c/YPgI2K/lFxe
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infection dynamics [47]. Using the Anova function in the R package car [48], we assessed

significance of the effects using Wald χ 2 statistics for the winning model.

Protocol and data availability

All pipelines for statistical analysis and data visualization are available at

https://github.com/zamanianlab/Mansonella-ms.

Raw read data used for assembly of mitogenomes of M. ozzardi isolates Moz-Col-195,

Moz-Col-204, Moz-Col-220 and Moz-Col-239 are submitted under NCBI BioProject

PRJNA981507, PRJNA981522, PRJNA981514, and PRJNA981525, respectively. The

accession numbers of the assembled mitogenomes are OR271611, OR288092, OR296456,

OR296457, respectively. The mitogenomes of isolates Moz-Brazil-1 and Moz-Venz-1 were

assembled from previously reported raw read datasets [16] available from NCBI BioProject

PRJNA917722 and PRJNA917766 respectively. The corresponding GenBank accessions for

these mitogenomes are OR296458 for Moz-Brazil-1 and OR296459 for Moz-Venz-1.

Results

Parasite Prevalence

To assess Mansonella prevalence within our study population, we deployed a species-specific

loop-mediated isothermal amplification (LAMP) assay [30] and compared diagnostic results with

microscopic examination of thin blood smears. Across the first survey (samples 1-117), whole

blood LAMP results show a higher prevalence of M. ozzardi infections ( 54/115, 46.9%) than

single thin smear microscopy (16/104, 15.3%) and LAMP carried out using DNA from matched

plasma (31/115, 26.9%) (Figure 2 A). Consensus whole blood LAMP results were derived from

https://paperpile.com/c/YPgI2K/lFxe
https://paperpile.com/c/YPgI2K/YAA2
https://github.com/zamanianlab/Mansonella-ms
https://paperpile.com/c/YPgI2K/EeJo
https://paperpile.com/c/YPgI2K/pkZq
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experiments involving DNA extractions from independent aliquots of whole blood as well as

replicates of LAMP assays carried out in two laboratories using DNA from a single extraction

(Supplementary Figure 1 A).

Treating the whole blood LAMP as the truth case, thin smear microscopy shows a 31%

sensitivity and plasma LAMP shows a 50% sensitivity. For the 30 samples where whole blood

LAMP was positive and microscopy was negative, lower time (Tt) which is indicative of more

parasite material being present in semi-quantitative LAMP (sq-LAMP) were observed

(Supplementary Figure 1 B-C). We therefore hypothesized that the discrepancy between

LAMP results and microscopy is likely associated with lower titers of microfilariae in venous

blood leading to thin smear false negatives [49] or occult (amicrofilaremic) infections [21] that

can only be detected using molecular methods. In both cases, we would expect the whole blood

LAMP assay to display better sensitivity.

Subsequent surveys (samples 118-186; samples 187-244) were used to probe potential

associations between microfilaremia and Mansonella diagnostic results by incorporating

quantitative microscopy. Whole blood LAMP assays showed an M. ozzardi prevalence of 33%

(40/120). Among the 14 samples which tested positive in microscopy, 13 also tested positive in

LAMP. Plasma LAMP (16%) and thin smear microscopy detected a lower prevalence (12%),

reflecting the pattern observed in the first survey (Figure 2 B). Quantitative microscopy detected

mf in 23/122 samples (19%), ranging from 0-11 mf/40 µL blood spot (Figure 2 C). Samples with

the highest mf titers were most likely to be positive across whole blood and plasma LAMP

assays and thin smears, while samples with lower mf titers were more likely to be negative in

blood smears and only detected in the whole blood LAMP assay (Figure 2 D). This lends

support to the hypothesis that low mf titers is a driver of false negatives in both thin smears and

plasma LAMP assays.

To explore whether occult infections could also be a factor contributing to the positive

whole blood LAMP samples which had negative microscopy results, we re-sampled blood from

https://paperpile.com/c/YPgI2K/2p9V
https://paperpile.com/c/YPgI2K/2kVT
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six individuals that fit this pattern. A larger volume of blood (1 mL) was filtered to identify mf that

could be circulating at titers not routinely detectable via thick and thin smear microscopy. All six

samples were still microscopy negative, supporting the likelihood of occult infections. It is

possible that the freeze-thaw process preceding filtration of these samples reduced the

sensitivity of this approach. Whole blood LAMP was the most sensitive diagnostic test and

identified a prevalence of 40% for M. ozzardi across all three surveys (Table 1).

Population Demographics

The three surveys consisted of individuals who reside in thirteen different communities situated

between -02°50'14.9496" north latitude and -03°52'39.1980" south latitude; and

-069°44'10.7880" and -070°35'52.2240" west longitude (Figure3 A). A majority of our sampled

population were centered in Puerto Nariño (n = 136) (Table 2), where the prevalence of M.

ozzardi as determined by whole blood LAMP is 44%. The next largest sampled communities in

our survey, 12 de Octubre (24%; n = 25) and San Pedro de Tipisca (14%; n = 21), had lower

prevalence. There was a higher prevalence of M. ozzardi mf identified via blood LAMP in males

(49%; n = 84; mean age = 40.1 years) compared to females (32%; n = 148; mean age = 34.7

years). The mean age of M. ozzardi positive individuals was higher than the mean age of

negative individuals in females (Wilcox: p = 0.026) but not males (Wilcox: p = 0.07) (Figure 3 B).

To further examine differences between infection prevalence across demographic variables, we

assessed significance of the fixed effects using Wald χ 2 statistics and identified education and

place of residence as drivers of prevalence (education binomial GLM: χ 2 = 16.2647, p =

0.01240, case origin GLM: χ 2 = 13.6850, p = 0.03336). However, given the limitation of the data

we were unable to confirm significant differences within these groups due to unequal and small

sample sizes amongst subsets.

To explore potential associations between clinical symptoms and infections with other

pathogens, clinical histories were collected and additional serological tests were carried out for
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survey two and three samples (n = 117) (Figure 3 C) and compared across M. ozzardi whole

blood LAMP positive and negative individuals (Figure 3 D). Symptoms and serology results that

were differentially reported (abdominal pain, fever, joint pain, muscle pain, Hepatitis B

antibodies, and Hepatitis C antibodies) between whole blood LAMP positive and negative

individuals were examined further to determine if fixed effects or M. ozzardi infections were

more likely to explain these data. We assessed significance of the fixed effects and whole blood

LAMP results using Wald χ 2 statistics and determined that M. ozzardi infection status did not

significantly correlate to reported symptoms or serology results. Fixed effects including sex and

age were identified as potential drivers of some of the reported symptoms and serology results

but unequal and small sample sizes amongst subsets of data limited our post-hoc analysis.

Genomic Analysis

Whole genome sequencing was performed on 4 samples (ID numbers 195, 204, 220 and 239)

which tested positive in the M. ozzardi specific whole blood LAMP assay and where larger

volumes of whole blood were available for DNA extractions. Only sample 239 had detectable

microfilariae in the quantitative microscopy assay. While a mapping analysis of the sequencing

data showed that over 94% of the reads were from the human host, 1 to 6 % of reads mapped

to the reference M. ozzardi genome assembly and to the Wolbachia wMoz genome assembly,

although at a low coverage (Supplementary Figure 2).

Sufficient read coverage was obtained for successful assembly of complete, circular

mitogenomes for each isolate. The assembled mitogenomes displayed more than 99.6%

sequence identity to each other and to previously reported M. ozzardi mitogenomes from Brazil

[21,33], as well as to the newly assembled mitogenomes from isolates Moz-Brazil-1 and

Moz-Venz-1 obtained from Brazil and Venezuela respectively [16]. A phylogenetic analysis of all

M. ozzardi mitogenomes in conjunction with M. perstans mitogenomes from Brazil [21] and

Cameroon [38] showed a distinct M. ozzardi clade with very short branch lengths between

https://paperpile.com/c/YPgI2K/wTKy+2kVT
https://paperpile.com/c/YPgI2K/EeJo
https://paperpile.com/c/YPgI2K/2kVT
https://paperpile.com/c/YPgI2K/Jm3k
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various isolates and a clear separation from the M. perstans clade (Figure 4). Together, these

results confirm the presence of M. ozzardi infection in these individuals.

Cryopreservation of Blood-Dwelling Parasite Stage

As a first step towards establishing the lifecycle of M. ozzardi in a laboratory environment, we

sought to functionally cryopreserve microfilariae and observe viable and active worms after

thawing samples. We collected peripheral blood from individuals who were positive for M.

ozzardi via blood LAMP assay and thin smear microscopy in our initial survey. Blood samples

were mixed with dimethyl sulfoxide (DMSO) and kept at -80°C. We observed revitalization of

microfilariae upon thawing at 37°C, whereby motility increased over the first 24 hour incubation

period before steadily declining (Figure 5 A). Videos showed viable and healthy microfilariae

(Figure 5 B) that may allow for membrane feeding of lab colonies of Culicoides and the

production of infective-stage larvae (L3) in a laboratory setting.

Discussion

We conducted three seroprevalence surveys to better map the distribution of Mansonella

infections among indigenous communities in the Amazon basin of Colombia. Blood smear

microscopy identified microfilariae in 12.7% of sampled individuals, which falls within the range

of historical studies in the region [23,24,50]. Whole blood LAMP assays detected M. ozzardi

DNA in 40% of sampled individuals, in closer agreement with more recent PCR-based surveys

in the Amazon region of neighboring countries [26,28,51,52]. Our survey data adds to the

growing body of evidence that microscopy-based approaches can drastically underestimate the

true prevalence of global mansonellosis [5,14,26–30,51–53].

https://paperpile.com/c/YPgI2K/XZ67+EoDp+FdZ4
https://paperpile.com/c/YPgI2K/67jh+yMMt+pV3s+VPpk
https://paperpile.com/c/YPgI2K/qGbd+pkZq+7vR2+kNxG+VPpk+os00+EXXO+pV3s+67jh+yMMt
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Molecular diagnostic assays can be leveraged to capture a broader range of infection

states, including low microfilaremias or afilaremic (occult) infections [21]. The recovery of

complete mitogenomes confirms the presence of M. ozzardi DNA in blood samples that

previous microscopy diagnostics could not detect, providing further confidence in LAMP

diagnostic results. The distribution of M. ozzardi adults within the human body is not fully

resolved [54], but it is presumed that they commonly take residence in subcutaneous tissues

and possibly the serous cavities. These larger stages are the likely source of blood-detectable

nucleic acids in molecular diagnostic assays. LAMP assays provide a sensitive, specific, and

potentially cost-effective approach for the surveillance of filarial nematode infections in human

and vector populations [30,55–57]. The development of direct LAMP assays [58] not reliant on

DNA extraction will add to the convenience of this approach in endemic settings.

The establishment of a cryopreservation protocol can potentially facilitate the eventual

rearing of M. ozzardi in laboratory settings, including through the controlled blood-feeding of

reanimated microfilariae to susceptible colonies of biting midges or via intra-thoracic infection of

mosquitoes (Lowrie and Eberhard 1985; Lowrie et al. 1982). In vitro phenotyping of Mansonella

drug responses [59] can help resolve the genetic and molecular basis for observed differences

in antifilarial drug susceptibility across species [9,10,12,13,15,60] and open avenues for the

screening and discovery of new therapeutic leads for mansonellosis.

Mansonella is neglected even among neglected pathogens due to a lack of investment

in studying its biology and potential health impacts [4,8,61]. More complete demographic and

clinical data are needed to determine M. ozzardi pathogenicity and assess risk factors.

Non-specific clinical effects and the potentially skewed baseline health of our study population

may have hampered our ability to resolve associations with infection status. Adult worms

disperse somewhat randomly into various tissues and body cavities, the consequences of which

can vary considerably across individuals but have historically been summarized as relatively

non-pathogenic. Although there are growing clinical case reports suggesting appreciable

https://paperpile.com/c/YPgI2K/2kVT
https://paperpile.com/c/YPgI2K/O47S
https://paperpile.com/c/YPgI2K/pkZq+RHWv+7uN5+MJ8h
https://paperpile.com/c/YPgI2K/bjIc
https://paperpile.com/c/YPgI2K/5odR+GCii
https://paperpile.com/c/YPgI2K/CnTh
https://paperpile.com/c/YPgI2K/v5mX+uh9v+S7yw+4rcZ+WaiE+q95U
https://paperpile.com/c/YPgI2K/8zBQ+eVSC+NhD2
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pathogenicity [4], it is difficult to streamline causal associations with more subtle health impacts.

The current established threshold for addressing human filariasis is a causal association with

significant morbidity, including blindness and physical disfigurement. Investigation of subclinical

or secondary impacts of infection would shift the threshold of potential human clinical concern in

mansonellosis-endemic regions to the same threshold that often triggers action as it relates to

subclinical nematode infections of livestock and companion animals. We expect that improved

diagnostic tools, growing genomic resources, and methods to study Mansonella in laboratory

settings will facilitate this goal.
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Figures

Figure 1 A) Map of the study region in the Amazonas Department of Colombia depicting the
capital city of Leticia and the Puerto Nariño municipality where samples were collected across
three surveys. The study region is adjacent to the Amazon River at the borders of Colombia,
Brazil, and Peru. B) Schematic of sampling efforts and endpoints for blood samples acquired
from adult volunteers. Blood smears and preparations of cryopreserved samples were
conducted in the field. Whole blood was obtained in EDTA tubes and transferred on ice to a
laboratory in Leticia. Aliquots of whole blood and plasma were prepared from samples and used
for downstream serology, molecular diagnostics, and genomic analyses. Questionnaires were
filled out at the time of sampling.

Figure 2 A) Diagnostic results derived from survey one blood samples (1-117) for in-field
microscopy smears (M), LAMP using DNA extracted from whole blood (Lb), and LAMP using
matched DNA extracted from plasma (Lp). B) Diagnostic results derived from surveys two and
three (samples 118-244) for in-field microscopy smears (M), LAMP using DNA extracted from
whole blood (Lb), and LAMP using matched DNA extracted from plasma (Lp). C) Quantitative
microscopy counts (qM) derived from surveys two and three blood samples (118-244). D)
Quantitative microscopy counts of microfilariae stratified by Lb and Lp results and coloured by
microscopy smear results. ( NN = negative Lb and negative Lp, IN= inconclusive Lb and negative
Lp, PN = positive Lb and negative Lp, PP = positive Lb and positive Lp, NP = negative Lb and
positive Lp). Grey = negative for M. ozzardi; White = no result (A-C). LAMP assay data are
specific to M. ozzardi.
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Table 1. Summary and comparison of M. ozzardi diagnostic results for the entire study
population.
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Figure 3 A) A map of the study region in the Amazonas Department of Colombia depicting the
community where individual participants reside. Point size reflects the number of samples
collected and color represents the prevalence of M. ozzardi infection for each community. B) M.
ozzardi prevalence as determined by whole blood LAMP assay stratified by sex and age (95%
CI) (left) and histogram of M. ozzardi prevalence distribution by age (right). F = female, M =
male C) M. ozzardi infection status and reported symptoms and serological test results for
survey two and three individuals (n = 120). Orange = positive, present; Grey = negative,
not-present; white indicates missing data. D) Donut plots reflecting relative fractions of M.
ozzardi Lb positive and Lb negative individuals who self-reported symptoms and lab confirmed
serological test results.
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Table 2. Summary of Demographic and diagnostic data. Data includes a subset of the total
study population where all summarized demographic information was provided on the
questionnaire. (Age in years).

Figure 4 Maximum-likelihood tree based on whole-mitogenome alignments of various M.
ozzardi and M. perstans isolates. Abbreviation Moz and Mpe and indicate M. ozzardi and M.
perstans respectively. The GenBank accessions are indicated in parenthesis next to isolate
names, followed by the country of origin in the second parenthesis. Blue colors mark the
isolates sequenced in this study. The DNA substitution model HKY+F+I was found to be the
best fit according to Bayesian Information Criteria in ModelFinder. Values of ultrafast bootstrap
support calculated with 1000 replicates is shown for branches with value higher than 80.



50

Figure 5 A) Motility of cryo-preserved M. ozzardi microfilariae over 48 hours as measured by an
optical flow algorithm. B) Brightfield images and optical flowmaps of videos used for motility
analysis of thawed cryopreserved Mansonella samples aligned with the timepoints in (A).
Brighter regions of the flowmaps reflect areas where more parasite movement was detected.
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Supplementary Material

Supplementary Table 1. Model selection for prevalence of M. ozzardi across demographic
variables. Variables include age, sex, education, ethnicity, and location. Global = focal model,
m8 = winning model.

Supplementary Figure 1 A) Diagnostic results derived from survey one blood samples (1-117)
for four replicates of LAMP using DNA extracted from whole blood samples (Lb) across two
laboratories. Grey = negative for M. ozzardi. White = no result. B) Diagnostic results derived
from survey one whole blood samples (1-117) for semi-quantitative LAMP (Tt). ND = not
detected C) Semi-quantitative LAMP Tt counts (minutes) stratified by Lb and Lp results and
colored by thin smear results. Dashed lines indicate Tt cuttoffs (> 1, <30 minutes = positive
sq_LAMP). (NN = negative Lb and negative Lp, PN = positive Lb and negative Lp, PP = positive
Lb and positive Lp, NP = negative Lb and positive Lp). LAMP assay data are specific to M.
ozzardi.
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Supplementary Figure 2 A) Sequencing read coverage from different M. ozzardi isolates on
the reference nuclear contigs from Moz-Venz-1 genome assembly. B) Sequencing read
coverage from different M. ozzardi isolates on the Wolbachia wMoz reference genome
assembly.
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Chapter 3: Pharmacological Profiling of a Brugia malayi Muscarinic Acetylcholine

Receptor as a Putative Antiparasitic Target

Gallo KJ, Wheeler NJ, Elmi AM, Airs PM, Zamanian M. Pharmacological Profiling of a Brugia

malayi Muscarinic Acetylcholine Receptor as a Putative Antiparasitic Target.

Antimicrob Agents Chemother. 2023; :e0118822. DOI: 10.1128/aac.01188-22
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Abstract

The diversification of anthelmintic targets and mechanisms of action will help ensure the

sustainable control of nematode infections in response to the growing threat of drug resistance.

G protein-coupled receptors (GPCRs) are established drug targets in human medicine but

remain unexploited as anthelmintic substrates despite their important roles in nematode

neuromuscular and physiological processes. Bottlenecks in exploring the druggability of

parasitic nematode GPCRs include a limited helminth genetic toolkit and difficulties establishing

functional heterologous expression. In an effort to address some of these challenges, we profile

the function and pharmacology of muscarinic acetylcholine receptors in the human parasite

Brugia malayi, an etiological agent of human lymphatic filariasis. While acetylcholine-gated ion

channels are intensely studied as targets of existing anthelmintics, comparatively little is known

about metabotropic receptor contributions to parasite cholinergic signaling. Using multivariate

phenotypic assays in microfilariae and adults, we show that nicotinic and muscarinic

compounds disparately affect parasite fitness traits. We identify a putative G protein-linked

acetylcholine receptor (Bma-GAR-3) that is highly expressed across intra-mammalian life stages

and adapt spatial RNA in situ hybridization to map receptor transcripts to critical parasite

tissues. Tissue-specific expression of Bma-gar-3 in Caenorhabditis elegans (body wall muscle,

sensory neurons, and pharynx) enabled receptor deorphanization and pharmacological profiling

in a nematode physiological context. Lastly, we developed an image-based feeding assay as a

reporter of pharyngeal activity to facilitate GPCR screening in parasitized strains. We expect

that these receptor characterization approaches and improved knowledge of GARs as putative

drug targets will further advance the study of GPCR biology across medically important

nematodes.
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Introduction

Parasitic nematodes cause infectious diseases of poverty endemic to underdeveloped and

exploited countries, accounting for the loss of over 8 million disability-adjusted life years [1].

Current control mechanisms for helminth infections rely on mass drug administration (MDA) with

a limited arsenal of drugs. Lymphatic filariasis (LF) is a neglected tropical disease caused by

mosquito-transmitted nematodes (Wuchereria bancrofti, Brugia malayi, and Brugia timori) that

migrate to and develop in human lymphatics [2]. An estimated 50 million people currently have

LF with at least 36 million people suffering from chronic debilitating and highly stigmatizing

conditions such as elephantiasis and hydrocele [3–6]. Anthelmintics used for LF treatment are

suboptimal; they do not kill adult stage parasites and are contraindicated in regions co-endemic

for closely related parasites. Further, the threat of anthelmintic resistance [7–13] underscores a

recognized need for new drugs to treat vector and soil-transmitted nematode infections in

human and animal populations.

Current anthelmintics were primarily discovered using animal or whole-organism

screening approaches [14,15] and no new anthelmintics have been approved for human use in

decades. Target-based approaches may provide an alternative route to screening validated

molecular targets at much higher throughput [15–17], but bottlenecks derive from limited

knowledge of basic parasite biology, a dearth of actionable targets, and difficulties in

establishing reliable heterologous platforms for target expression and screening [16,18]. While

ligand-gated ion channels (LGICs) receive warranted attention as the primary targets of existing

anthelmintics, there is a need to diversify and pursue other druggable proteins critical to the

physiology and survival of parasitic nematodes [9,19–22].

G protein-coupled receptors (GPCRs) are highly druggable and are the targets of over

one-third of all FDA approved drugs in human medicine [23]. Despite their recognition as

lucrative targets [24–29], helminth GPCRs have yet to be effectively exploited as anthelmintic

https://paperpile.com/c/5LXIXO/67uC
https://paperpile.com/c/5LXIXO/sOemH
https://paperpile.com/c/5LXIXO/trZh2+fmZzl+da4fD+3QGPy
https://paperpile.com/c/5LXIXO/DcoGA+Z4f6R+Z3JwR+iP1kO+UjZL7+hKAeK+g83Nk
https://paperpile.com/c/5LXIXO/Y3jus+yMUCr
https://paperpile.com/c/5LXIXO/Ml7qk+LLLXy+yMUCr
https://paperpile.com/c/5LXIXO/Ml7qk+gzEue
https://paperpile.com/c/5LXIXO/QuStT+DpHdg+jCugd+TWU0w+Z3JwR
https://paperpile.com/c/5LXIXO/gOfTk
https://paperpile.com/c/5LXIXO/vADZS+J63Iy+a9OZR+naOyq+r5vps+IYqFV
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substrates. Studies of GPCRs and their ligands in free-living nematodes show that this receptor

family is involved in a range of important physiological processes [30–34]. Biogenic amines and

neuropeptides elicit phenotypes of interest in free-living [30,31,35,36] and parasitic nematodes

[26,37–39], many of which are likely mediated by metabotropic receptors. However, there is little

data on the localization and function of parasitic nematode GPCRs, and pharmacological data is

scant partly owing to difficulties in establishing reliable heterologous expression in single-cell

systems [18,40,41]. Methods to characterize GPCRs in less tractable parasite species will better

enable the prioritization of new receptor leads with host-divergent pharmacological profiles that

can be selectively targeted.

Acetylcholine (ACh) and its receptor targets are essential for growth, development, and

neuromuscular function in the clade V model nematode Caenorhabditis elegans [42,43]. The

contribution of nicotinic acetylcholine receptors (nAChRs) to cholinergic signaling is

underscored by the successful development of nicotinic channel agonists as antiparasitics

[44–50], but much less is known about the druggability of muscarinic acetylcholine receptors

(mAChRs) associated with slower but more sustained synaptic and extrasynaptic transmission.

The C. elegans genome encodes three known G protein-linked acetylcholine receptors (GARs)

[51–54] that are widely expressed in the nervous system and muscle tissues [53,55] and are

involved in the regulation of feeding, mating, egg laying, and locomotion [32,52,56–58]. While

some of the GAR functions in C. elegans are likely conserved in parasitic nematodes, very little

is known about GAR biology in filariae and other clade III parasites. GAR-1 from the

gastrointestinal nematode Ascaris suum displays atypical pharmacologic responses [25,59] and

muscarinic compounds affect motility in adult stage B. malayi [60], justifying closer examination

of the GAR receptor subfamily.

Here, we focus our efforts on the characterization of a phylum-conserved muscarinic

acetylcholine receptor in B. malayi (Bma-gar-3). We examine the effects of muscarinic

compounds on microfilariae and adult Brugia using multivariate phenotyping approaches, and

https://paperpile.com/c/5LXIXO/loB8K+5ytV0+lVfyy+Hv78O+AxVzY
https://paperpile.com/c/5LXIXO/loB8K+5ytV0+L8sOU+MITJ0
https://paperpile.com/c/5LXIXO/a9OZR+1HPUe+vAXFs+feTu2
https://paperpile.com/c/5LXIXO/gzEue+MKeWl+WZ3Ie
https://paperpile.com/c/5LXIXO/5sF3k+FDBsD
https://paperpile.com/c/5LXIXO/9jMAX+Luzsg+qU6pe+A49ZA+oHY0S+Vlx7u+kcQm4
https://paperpile.com/c/5LXIXO/uPRQX+tNVTq+2pYCW+PaWDb
https://paperpile.com/c/5LXIXO/3a7Rd+2pYCW
https://paperpile.com/c/5LXIXO/YbJo7+G4TLR+tNVTq+lVfyy+iNMLU
https://paperpile.com/c/5LXIXO/J63Iy+cfZWs
https://paperpile.com/c/5LXIXO/wbjuc
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determine temporal and spatial gene expression patterns for Bma-gar-3. Building on previous

work [35,61–64], we exploit the physiological context of C. elegans as a versatile heterologous

platform for the study and characterization of parasite GPCRs as anthelmintic targets. We

establish functional expression of Bma-GAR-3 in C. elegans and tissue-specific phenotypic

endpoints in parasitized strains that allow for deorphanization and pharmacologic

characterization. Lastly, we validate a high-throughput assay that enables screening of

Bma-GAR-3 expressed in the C. elegans pharynx. These approaches circumvent some of the

challenges associated with the study of GPCRs in difficult helminth systems, and are likely

extensible to many other parasitic nematodes and receptors.

Results and Discussion

Brugia malayi GAR-3 is highly expressed across intra-mammalian life cycle stages and

may mediate whole-organism effects of muscarinic compounds

Homology-based searches of annotated C. elegans G protein-linked acetylcholine receptors

(GARs) were used to identify closely related biogenic amine receptors across six parasitic

nematode species. Phylogenetic analysis of putative GARs reveals B. malayi possesses

one-to-one orthologs of C. elegans GAR-2 and GAR-3 but not GAR-1 (Figure 1A). The clade

IIIb nematode A. suum possesses a GAR-1 ortholog, but GAR-1 could not be identified in the B.

malayi clade IIIc sublineag. Although GAR-3 clusters closest to human mAChRs [65], nematode

GARs are significantly diverged from their mammalian host orthologs and likely exhibit distinct

pharmacological profiles that may allow for selective targeting [25,53,66]. In order to determine

temporal patterns of B. malayi gar-2 and gar-3 gene expression, we performed qPCR across

intra-mammalian life cycle stages (microfilariae (mf), L3, adult male, and adult female).

Bma-gar-3 is constitutively expressed across all life cycle stages and is much more highly

https://paperpile.com/c/5LXIXO/7pzeo+oEwqf+aQne1+L8sOU+8Ogu1
https://paperpile.com/c/5LXIXO/EyeqD
https://paperpile.com/c/5LXIXO/2pYCW+eMH8J+J63Iy
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expressed than Bma-gar-2 (Figure 1B), suggesting potentially outsized physiological roles

throughout development.

To explore the gross effects of cholinergic compounds on parasite health, we optimized a

number of phenotypic readouts in Brugia adults and microfilariae [67]. Parasites were incubated

in muscarinic and nicotinic compounds and the stage-specific effects of these chemical

perturbations on worm motility, viability, and fecundity were measured using a customized

imaging platform [68]. Male and female Brugia adults were exposed to 10 µM and 100 µM of

acetylcholine (ACh), atropine (ATR), arecholine (ARE), carbachol (CAR), oxotremorine-M

(OXO), nicotine (NIC), and levamisole (LEV). ACh leads to a slow increase in baseline

movement after prolonged exposure (24 and 48 hours), attributable to inefficient penetration of

thecuticle [69] (Figure 1C). Treatment with nicotinic compounds (NIC and LEV) leads to an

immediate drop in female and male (10 µM and 100 µM) worm motility followed by quick

recovery, mediated by fast responding nAChRs [70].

Treatment with compounds associated with muscarinic activity (ATR, ARE, CAR, OXO)

elicit a range of subtle-to-large effects on motility. ATR and ARE immediately decrease motility in

male and female worms (100 µM) and CAR decreases motility in male worms (10 µM and 100

µM), in agreement with previous work [60]. Cel-GAR-2 is unaffected by the muscarinic agonists

ARE and OXO or the antagonist ATR [53,65], suggesting that effects driven by these

compounds are mediated by Bma-GAR-3. Given the promiscuity of some muscarinic

compounds, it is possible that some of these effects are partly mediated by nicotinic receptors or

that acute effects are dominated by ionotropic as opposed to metabotropic signaling. Fecundity

was not significantly altered by any of the treatments except for 10 µM LEV at 24 hrs, a nicotinic

compound that stimulates egg-laying in C. elegans [71] (Figure 1D).

Dose responses were carried out in mf stage parasites over three time points (0, 24, and

48 hours) to measure the effects of cholinergic compounds on motility and cell death. NIC and

LEV both cause immediate inhibition of mf motility at high (>10-4 M) and low (>10-7 M)

https://paperpile.com/c/5LXIXO/ZmPZN
https://paperpile.com/c/5LXIXO/dEqpU
https://paperpile.com/c/5LXIXO/Qvf97
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https://paperpile.com/c/5LXIXO/wbjuc
https://paperpile.com/c/5LXIXO/2pYCW+EyeqD
https://paperpile.com/c/5LXIXO/DIlAs
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concentrations, respectively (Figure 1E). OXO, a GAR-3 selective muscarinic compound,

significantly decreases motility at high concentrations (>10-2 M) in the 24-48 hour time frame.

Morphologies of mf at 48 hours varied among treatments suggesting effects not fully captured

by motility. LEV, NIC, and OXO treatment causes worms to become flaccid much like heat-killed

(HK) control worms while ACh-treated worms maintain the posture of untreated controls. Some

cell death was noticeable for all treatments except acetylcholine at high concentrations (>1 mM)

at 48 hours (Figure 1F). While OXO-mediated effects suggest that perturbation of Bma-GAR-3

may elicit phenotypes of interest, the slower neuromodulatory action of this general receptor

class may require assays sensitized to other subtle but important phenotypes in the host context

[72,73]. More insight into tissue-specific expression patterns of this highly-expressed receptor

would allow for better prediction of its physiological roles.

Bma-gar-3 transcripts are widely expressed across critical tissues in adult stage

parasites

While GARs have been localized to specific cells and tissues using genetic tools in the tractable

C. elegans system, the fine spatial distribution of these receptors is unknown in filarial or other

parasitic nematodes. Building on an RNA tomography protocol [74], we developed a strategy to

map Bma-gar-3 transcripts across the adult female head and mid-section at 8 μm resolution

while preserving spatial information (https://doi.org/10.6084/m9.figshare.20757481.v1).

Individual sections were sequentially captured from the anterior tip (216 sections) of a single

adult female B. malayi worm and RNAscope was used to localize Bma-gar-3 transcripts within

sections, allowing for reconstruction of expression patterns down the anterior-posterior axis of

the head region (Figure 2A). Bma-gar-3 is widely expressed across several tissue types

including the body wall muscle and neurons, with near ubiquitous expression in digestive and

reproductive tissues (Figure 2B-D). The expression of Bma-gar-3 across these important

https://paperpile.com/c/5LXIXO/mz4Qd+lOyBM
https://paperpile.com/c/5LXIXO/q3zCe
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tissues overlaps with the expression pattern of C. elegans gar-3 (body wall muscle, pharyngeal

muscle, cord and other neurons) [75–78], suggesting some conservation of pleiotropic receptor

function across clades.

Heterologous expression and deorphanization of Bma-GAR-3 in C. elegans

We sought to establish heterologous assays to characterize the pharmacology of B. malayi

GPCRs through functional expression in discrete C. elegans tissues. Pharmacological profiling

of parasite GPCRs in this heterologous system requires that the receptors are properly folded

and exported to the membrane, that they signal through endogenous G proteins, and that their

activation in response to exogenous ligands can be measured through convenient phenotypic

endpoints. Building on previous work leveraging C. elegans as a heterologous expression

platform for the expression of human GPCRs [79,80] and anthelmintic targets [35,61–63], we

first established transgenic lines expressing Bma-GAR-3 in the C. elegans ASH sensory amphid

neuron and the body wall muscle. These parasitized strains were used to develop and optimize

tissue-specific assays to measure receptor activation.

To limit background signaling, transgenic lines were created in a Cel-GAR-3 knockout

(gar-3(gk305)) genetic background. We employed simple plate-based assays to verify proper

cell surface expression of B. malayi GAR-3 and to deorphanize the receptor by confirming

activation by the putative ligand ACh. Activation of the C. elegans ASH neuron by noxious

stimuli results in a well-characterized avoidance response whereby worms reverse their

movement. We hypothesized that the successful activation of parasite GPCRs expressed in this

neuron should lead to increased reversal frequency. We adapted an aversion assay [81,82] that

involved placing individual worms in the center of a compound ring and monitoring for reversals

in movement in response to test compounds (Figure 3A). Worms expressing Bma-GAR-3 in the

ASH neuron (sra-6p::Bma-gar-3) exhibited strong aversion responses to ACh (100 mM) and the

selective muscarinic agonist oxotremorine-M (100 mM) (Figure 3B). OXO has been shown to

https://paperpile.com/c/5LXIXO/1yb69+C3cWR+BIfIf+H5lDZ
https://paperpile.com/c/5LXIXO/Fa4UW+43Yv7
https://paperpile.com/c/5LXIXO/7pzeo+oEwqf+aQne1+L8sOU
https://paperpile.com/c/5LXIXO/zCGUC+pkOLy
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specifically activate C. elegans GAR-3, but not Cel-GAR-1 or Cel-GAR-2 [51,53,66]. Neither the

wild-type (N2) or knock-out (gar-3(gk305)) strains demonstrated aversion to ACh or OXO but all

strains maintained consistent responses to negative (water) and positive (4 M fructose) controls.

We then assayed the effects of a cholinesterase inhibitor (aldicarb) on worms expressing

Bma-GAR-3 in the body wall muscle (myo-3p::Bma-gar-3), predicting that the build up of ACh at

the receptor synapse would lead to flaccid paralysis of this parasitized C. elegans strain. We

adapted a protocol [83] that involved transferring worms onto plates with 1 mM aldicarb,

restricting their movement with copper rings, and monitoring responses to touch stimuli over a

120 minute period. myo-3p::Bma-gar-3 worms are hypersensitive to aldicarb-induced paralysis

compared to wild-type and knock-out strains (Figure 3C-D). Combined, these results show that

Bma-GAR-3 can be functionally expressed in both sensory neurons and body wall muscle, and

that this receptor is activated by acetylcholine and oxotremorine-M.

Establishing pharyngeal endpoints for profiling Bma-GAR-3 pharmacology

In order to improve the pharmacologic profiling of parasite GPCRs in this heterologous system,

we optimized more quantitative assays to measure receptor activation in response to

exogenous drugs. Any eventual anthelmintic screen of parasite receptors expressed in this

model system will require quantitative and scalable phenotypic readouts of receptor activity. We

generated a strain of C. elegans expressing Bma-GAR-3 in the pharyngeal muscle

(myo-2p::Bma-gar-3), hypothesizing that expression and activation of parasite acetylcholine

receptors in the pharynx and the body wall would alter baseline and drug-induced pharyngeal

pumping activity. Pharyngeal pumping activity can be directly measured by observing terminal

bulb inversions [56,75,84] or using electropharyngeogram (EPG) recordings [85,86]. Each pump

is highly regulated [57,87] by muscarinic receptors working in tandem with nAChRs [57,75,88].

To optimize assays that rely on pharyngeal function as a quantitative measure of direct

or indirect parasite receptor activity, we investigated the effects of pumping stimuli across worm

https://paperpile.com/c/5LXIXO/eMH8J+uPRQX+2pYCW
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developmental stages on our ability to resolve drug responses in parasitized strains. We first

examined how different pharyngeal pumping stimuli would affect our ability to measure

drug-induced changes in both larvae and adults. While OP50 and serotonin (5HT) are

commonly used to elevate baseline pumping frequency [85,89–93] for assay sensitization, it is

important that these stimuli do not mask drug effects and allow for the reliable capture of both

inhibitory and stimulatory responses to drug exposure. We tested combinations of OP50, 5HT,

and a known GAR-3-dependent inhibitor of pharyngeal pumping (arecoline) [75] to assess our

ability to capture effects in both directions in L1 and young adult animals.

L1 assays carried out on OP50 plates confirmed that this food stimulant does not

saturate pumping responses or mask expected drug effects. The inhibitory effect of arecoline

can be measured in strains expressing either C. elegans GAR-3 (N2) or B. malayi GAR-3

(myo-2p::Bma-gar-3) in the pharynx (Figure 4A). A dynamic range of pump frequencies is

observable using OP50 and we conclude from these data that L1 assays should be carried out

in the presence of OP50 and without 5HT. OP50 leads to a non-saturating increase in L1

baseline pharyngeal pumping that allows us to measure both drug-induced stimulation and

inhibition of pump frequency. In contrast, adult stage assays carried out in the presence of OP50

saturated baseline pharyngeal pumping frequency. The addition of 5HT leads to no further

increase in pumping rate and the inhibitory effects of ARE are largely masked in these

conditions (Figure 4A). Assays carried out in the absence of OP50 allow for the robust

detection of both 5HT stimulation and arecoline inhibition. We conclude from these data that

adult assays should be carried out in the absence of OP50 and with drugs in combination with

5HT to allow for the largest dynamic range of stimulation and inhibition.

We next used these optimized L1 and adult stage assays (Figure 4B) to confirm the

action of the selective Cel-GAR-3 agonist oxotremorine-M. OXO increases pumping frequency

in L1 (~ 41%) and adult (~26%) stage N2 worms (Figure 4C-D). Knock-out of native gar-3 leads

to a loss of OXO responsiveness, which is near completely rescued by expression of Bma-gar-3

https://paperpile.com/c/5LXIXO/yYG1n+43Jdp+wO7vt+LSHiH+ipCwe+Hu976
https://paperpile.com/c/5LXIXO/1yb69
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in the pharynx but not the body wall muscle. We next profiled the responses of parasitized

strains to muscarinic and nicotinic compounds with less receptor specificity. In L1 stage worms,

expression of Bma-gar-3 in the pharynx restores the wild-type response profile (Figure 4E). In

adult stage worms, expression of Bma-gar-3 in the body wall leads to hyperstimulation of

pumping in response to CAR, while expression of Bma-gar-3 in both the pharynx and body wall

leads to a decreased inhibitory response to ATR compared with either wild-type or gar-3(gk305)

strains (Figure 4F).

Although it is known that pharyngeal pumping can be modulated by cholinergic signaling

in both tissue types, the precise mechanism by which the body wall and pharynx communicate

is unclear [86,94,95]. Interpretations of how pharyngeal pumping is modulated by direct versus

indirect pharmacological action at our receptor of interest can be confounded by the

promiscuous binding of cholinergic compounds to a range of muscarinic and nicotinic receptors

expressed across relevant tissues and perhaps differentially expressed across stages. Despite

these complications, it is reasonable to expect that compounds with high specificity for GAR-3

can be identified by comparing responses across gar-3(gk305) and gar-3(gk305);

myo-2p::Bma-gar-3 strains.

Electropharyngeal measurements of Bma-GAR-3 activity in parasitized strains

Electrophysiological recordings from the pharynx can provide more detailed information about

pharyngeal function in response to drug. Using established protocols [85], we sought to use

electropharyngeogram (EPG) recordings to investigate other pharyngeal phenotypes modulated

by Bma-GAR-3 expression in the body wall and pharynx of young adult C. elegans. We

recorded individual worms for two minutes after a 20 minute drug incubation period, mirroring

the visual counting assay (Figure 5A). The use of 5HT in combination with test drugs was

necessary to capture the inhibitory effects of ARE and to recapitulate trends from visual

counting data (Figure 5B).

https://paperpile.com/c/5LXIXO/iIs6W+7rO8R+9B8jN
https://paperpile.com/c/5LXIXO/wO7vt
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We next used EPG recordings to test whether the effects of cholinergics on

electrophysiological features could be linked to Bma-GAR-3 activity in parasitized strains. We

found that EPG-derived pump frequency did not correlate well with visual counting data. Most

notably, OXO did not exhibit a pattern of differential response and rescue in gar-3(gk305) and

gar-3(gk305);myo-2p::Bma-gar-3, respectively (Figure 5C). General discrepancies between

visual counts and EPG-derived pump frequency are likely due to the disconnect between

terminal bulb movement and action potentials, supported by the fact that C. elegans GAR-3

regulates both membrane potential and excitation-contraction coupling through a yet defined

signaling pathway [75]. While EPG-derived pump frequency was not a reporter of Bma-GAR-3

activation in this assay, other electrophysiologic features show patterns consistent with

Bma-GAR-3 phenotypic rescue (Figure 5D). Specifically, expression of Bma-gar-3 in the

pharynx rescues the OXO-induced increase in peak amplitude that is lost in the gar-3(gk305)

background (Figure 5E). EPG recordings provide a rich set of features (Sup Figure 1) that can

reveal the activation of parasite receptors in response to exogenous drug. While these

electrophysiological assays provide deeper insight into electric and chemical signaling

dynamics, they do not enable high-throughput screening of parasitized strains to identify drugs

that act on receptors of interest.

Establishing a high throughput image-based feeding assay for screening of parasitized

strains

We developed a high-throughput imaging assay to measure pharyngeal pumping as a reporter

of receptor activity in parasitized animals. Fluorescence uptake in the form of beads, bacteria,

and dye has been used to measure feeding behaviors in C. elegans, whereby drug modulation

of pumping rates can be expected to impact the amount of intestinal fluorescence. Many of

these assays are low in throughput [96–99] or require a large particle sorter [100–103], or

https://paperpile.com/c/5LXIXO/1yb69
https://paperpile.com/c/5LXIXO/qRfoX+liyhf+IaiLs+QhrW0
https://paperpile.com/c/5LXIXO/VoJUo+gqCGY+4Ovfx+Yg4na
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luminometer [84]necessitating the development of a high-throughput and high-content imaging

endpoint that allows for the measurement of intestinal fluorescence and transgenic markers.

We optimized parameters for a microtiter plate assay that measures intestinal

accumulation of fluorescent dye as a correlate of pharyngeal activity. L1 synchronized worms

were aliquoted into 96-well plates and grown to adults over 48 hours in the presence of HB101.

Worms are then treated with a test compound for 20 minutes followed by a 20 minute BODIPY

558/568 (red) incubation. We tested two concentrations of BODIPY to help minimize

background fluorescence and ensure that dye was not a limiting reagent. We tested the

inclusion of 5HT and HB101 as feeding stimulants for the duration of the drug exposure, as well

as the inclusion of HB101 in the BODIPY incubation period. Assays using at least 90 ng/mL

BODIPY (2x) generated the best conditions to detect both pharyngeal stimulation (5HT and

HB101) and inhibition (NIC) (Figure 6A). The inclusion of HB101 in the dye incubation period

was not necessary to detect these differences (Figure 6A).

To validate this protocol as a means to screen parasite receptors at higher throughput,

we compared the effects of cholinergic compounds in gar-3(gk305) and gar-3(gk305);

myo-2p::Bma-gar-3 animals. We treated worms with cholinergic compounds followed by

BODIPY incubation. An image processing pipeline was established to identify transgene (+)

worms via pharyngeal GFP expression. OXO causes an increase in dye uptake in wild-type

worms compared to non-treated controls (~ 17%, p = 9.4e-07), consistent with increased

pumping frequency observed in visual counting assays. OXO decreases dye uptake in the

gar-3(gk305) background, which is rescued by expression of Bma-gar-3 in the pharynx (Figure

6B). These results reaffirm that OXO has selective effects on Bma-GAR-3 in the pharynx and

provides proof of principle for this high content imaging approach for pharmacological profiling

of transgenically expressed parasite GPCRs.

https://paperpile.com/c/5LXIXO/DexHU
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Conclusion

Parasite G protein-coupled receptors remain unexploited as anthelmintic targets despite their

involvement in critical nematode neuromuscular and physiological processes. One significant

bottleneck in exploring the pharmacology of parasite GPCRs results from difficulties in

consistently establishing heterologous expression in single-cell systems. Yeast and mammalian

cell culture systems have paved the way for deorphanization of helminth GPCRs [18,25,104],

but not all receptors express or behave properly in cell types derived from distant phylogenetic

lineages. The combinations of accessory proteins, molecular chaperones, G proteins, and

membrane determinants required for the successful folding, cell-surface expression, and

signaling of parasite receptors in surrogate systems have not been comprehensively identified.

To avoid some of these complications, we explored a range of assays for parasite GPCR

expression and profiling in the model nematode C. elegans.

We identified a B. malayi muscarinic GPCR (Bma-gar-3) that is highly expressed

throughout the intra-mammalian life stages and developed a spatial RNAscope protocol to map

receptor transcripts in multiple tissue types in the adult stage. Multivariate phenotypic assays of

cholinergic effects on microfilariae and adult parasites reveal differential effects of nicotinic and

muscarinic agents. We show that muscarinic compounds affect motility in both adult and mf

stage parasites, some of which are likely to be mediated by GAR-3. We predict that sampling a

broader array of muscarinic compounds will likely reveal other overt and subtle but important

phenotypes that are relevant to potential anthelmintic mechanisms of action.

Building upon previous work [35,61–64], we expressed Bma-gar-3 in the C. elegans

body wall muscle, pharynx, and sensory neurons. Different phenotypic endpoints were

optimized to measure receptor activity across these parasitized strains. Simple plate-based

assays allowed for the deorphanization of Bma-GAR-3 expressed in the body wall and sensory

neurons. We focused primarily on pharyngeal expression, given amenability to a range of visual,

https://paperpile.com/c/5LXIXO/J63Iy+gzEue+U7TIM
https://paperpile.com/c/5LXIXO/7pzeo+oEwqf+aQne1+L8sOU+8Ogu1
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electrophysiological, and imaging assays. While visual observations of pharyngeal pumping and

electropharyngeogram recordings provided different measurements of Bma-GAR-3 perturbation,

these assays are ultimately low in throughput. To enable more facile and higher throughput

screening of pharynx-expressed receptors, we deployed a microtiter plate imaging assay that

measures the accumulation of lipophilic dye as a reporter of pharyngeal pumping. We show that

this feeding assay can be used to detect activation of Bma-GAR-3 within the pharynx.

The suitability of these approaches for a given parasite GPCR will depend on the

complement of related receptors and endogenous ligands that signal in targeted tissues. We

show that transgenic strains can be created in various genetic knockout backgrounds to help

mitigate some of these concerns. While expression in scalable single-cell systems will remain

an important objective for high-throughput screening (HTS) against GPCR targets, functional

parasite receptor assays in a more native nematode cell and physiological environment can

provide important baseline pharmacological data and transgenic whole-organism assays can

conceivably be adapted for high-throughput screening and anthelmintic discovery.

Methods

Protocol and data availability
All primary data (phylogenetic, qPCR, phenotypic) and pipelines for statistical analysis and data

visualization are available at https://github.com/zamanianlab/Bm-GAR-ms.

Parasites and chemical reagents

B. malayi and B. pahangi adults extracted from the Meriones unguiculatus infection system

(NIH/NIAID Filariasis Research Reagent Resource Center) [105] were maintained in daily

changes of RPMI 1640 with L-glutamine (Sigma-Aldrich) supplemented with FBS (10% v/v,

Fisher Scientific) and penicillin-streptomycin (0.1 mg/mL, Gibco) at 37°C with 5% CO2 unless

https://github.com/zamanianlab/Bm-GAR-ms
https://paperpile.com/c/5LXIXO/lQxNi
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otherwise specified. Brugia microfilariae isolated from the same system were maintained in

RPMI 1640 with L-glutamine (Sigma-Aldrich) supplemented and penicillin-streptomycin (0.1

mg/mL, Gibco) at 37°C with 5% CO2 unless otherwise specified.

Chemicals used in assays include serotonin (Fisher Scientific cat#AAB2126306),

arecoline (Fisher Scientific cat# AC250130050), atropine (Santa Cruz Biotechnology cat#

sc-252392) , nicotine (Santa Cruz Biotechnology cat# sc-482740), levamisole (VWR cat

#TCL0231-1G), carbachol (Santa Cruz Biotechnology cat# sc-202092), acetylcholine (Fisher

Scientific cat# AC159170050), oxotremorine-M (Santa Cruz Biotechnology cat# sc-203656),

aldicarb (Santa Cruz Biotechnology cat# sc-254939).

Phylogenetics

Putative parasite GARs were identified using a reciprocal BLASTp [106] approach using known

C. elegans GARs. This initial list of GARs was expanded with homology-based searches

against the C. elegans predicted proteome and a broader list of C. elegans [107] biogenic amine

receptors was used to carry out blastp searches against the predicted proteomes of B. malayi

[108], Ancylostoma caninum [109], Ascaris suum [110], Haemonchus contortus [111],

Strongyloides ratti [112], and Trichuris muris [113] (WormBase ParaSite v16 [114]). Filtered hits

(percent identity > 30%, E-value < 10-4, and percent coverage > 40%) that survived a reciprocal

blastp search against C. elegans were retained. This list was combined with human muscarinic

receptors for phylogenetic inference and annotation. Receptors were aligned with MAFFT [115],

trimmed with trimAl [116], and phylogenetic trees were inferred with IQ-TREE [117]. Bootstrap

values from 1,000 replicates were drawn as nodal support onto the maximum-likelihood tree.

Trees were visualized and annotated with ggtree [118].

https://paperpile.com/c/5LXIXO/zhYvk
https://paperpile.com/c/5LXIXO/0gpHv
https://paperpile.com/c/5LXIXO/ONp3v
https://paperpile.com/c/5LXIXO/6i7Af
https://paperpile.com/c/5LXIXO/8Nh7t
https://paperpile.com/c/5LXIXO/wMumJ
https://paperpile.com/c/5LXIXO/HRBuH
https://paperpile.com/c/5LXIXO/Y03tx
https://paperpile.com/c/5LXIXO/VEGgj
https://paperpile.com/c/5LXIXO/juFuH
https://paperpile.com/c/5LXIXO/ycBTA
https://paperpile.com/c/5LXIXO/65gW7
https://paperpile.com/c/5LXIXO/HxvI5
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Adult parasite assays

Multivariate phenotyping of adult parasites was performed as described [67,119]. After receipt

from the FR3, adult male and female B. pahangi parasites were manually sorted into 24-well

plates filled with 750 µL of complete media (RPMI 1640 + 10% FBS + pen/strep) per well.

Parasites were incubated overnight, after which individual parasites were transferred to new

plates with 750 µL incomplete media. 100X compound stocks were made fresh daily in H2O.

Plates were recorded for 15 sec, compound was added, and plates were immediately recorded

again. Recordings were taken 1 hr post-treatment and 24 hr post-treatment, prior to transferring

parasites to a new pre-loaded drug plate. Final recordings were taken 48 hr post-treatment.

Three biological replicates from separate batches of parasite infection cohorts were assayed

with four worms per treatment. Videos were analyzed with the optical flow (motility) module of

wrmXpress [68].

Conditioned media from female worms from the initial overnight incubation in complete

media and 24/48 hr treatment plates were transferred to 1.5 mL tubes and centrifuged for 5 min

at 10,000 x g to pellet progeny. 500 µL of the supernatant was removed, and the remainder was

stored at 4°C for >48 hr. To quantify progeny, 50 µL aliquots were transferred to wells of a

96-well plate (Greiner), and each well was imaged with transmitted light at 2X with an

ImageXpress Nano (Molecular Devices). Images of progeny were segmented as previously

described [67], and segmented pixels were counted to infer output of progeny using a previously

generated model [67].

Microfilariae assays

B. malayi microfilariae motility and cell toxicity assays were performed as described [67,120].

Briefly, mf are purified using a PD-10 Desalting Column (VWR, cat# 95017-001) into culture

media and titered to a concentration of 10 mf/µL. 100 µL containing 1,000 mf were added to

https://paperpile.com/c/5LXIXO/ZmPZN+aAyx1
https://paperpile.com/c/5LXIXO/dEqpU
https://paperpile.com/c/5LXIXO/ZmPZN
https://paperpile.com/c/5LXIXO/ZmPZN
https://paperpile.com/c/5LXIXO/ZmPZN+yHnA1
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each well of a 96-well plate. Heat killed controls were incubating for 1 hr at 60°C before being

added to wells. Serial dilutions of 100 mM stock of each drug was made fresh in water. Plates

were imaged immediately after treatment (0 hr) and 24 and 48 hr after treatment. At least two

replicates with high technical replication were run for motility assays. CellTox (Promega cat#

G8742) staining was performed at 48 hr following the kit protocol with half the recommended

concentration of CellTox. Wells were imaged using an ImageXpress Nano (Molecular Devices).

Three replicate dose-response plates were assayed using CellTox assays. Videos were

analyzed with the motility and segmentation modules of wrmXpress [68] and output data was

analyzed using the R statistical software.

qPCR

Parasites were flash frozen in liquid N2 in 1.5 mL tubes and stored at -80°C in TRIzol LS

(Thermo Scientific cat# 10296028) in batches of 500,000 (mf), 300-500 (L3), or 3 (adults). Three

independent samples originating from different batches of animal infections were collected for

each stage (mf, L3, adult male, and adult female). Freeze-thawed samples were homogenized

by compact bead mill (TissueLyser LT, Invitrogen) and RNA was extracted using the Zymo

Direct-zol RNA Miniprep kit (cat# R2050). RNA integrity and concentration were assessed via

NanoDrop, and cDNA was generated with the SuperScript III kit (ThermoFisher cat# 18080051)

using equal amounts of oligo(dT) and random hexamer primers for first-strand synthesis. qPCR

primers for Bma-gar-2 (F: 5’-TAATACGACTCACTATAGGGCGACGTACTTCCTCCGATGT-3’, R:

5’-TAATACGACTCACTATAGGGCCGCTCATCGTATTCCATTT-3’) and Bma-gar-3 (F:

5’-TTTGGCCACCATGGATTATT-3’, R: 5’-TGTATAACGCAACGGTCAGG-3’) were designed with

Primer3 [121] and optimized to quantify expression levels from cDNA. GAPDH primers [122]

were used as a control. 20 µL qPCR reactions were carried out using 2x PowerUp SYBR Green

Master Mix (Fisher Scientific cat# A25776), 800 nM primers, and 10 ng of cDNA as input.

Reactions were run in triplicate on a StepOnePlus real-time PCR system with the following

https://paperpile.com/c/5LXIXO/dEqpU
https://paperpile.com/c/5LXIXO/iuGFb
https://paperpile.com/c/5LXIXO/cTAcS
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program: 2 min for 50°C, 95°C for 5 min, 40 cycles of: 95°C for 15 sec, 55°C for 15 sec, and

72°C for 1 min. CT values were calculated with the system’s automatic threshold.

RNAscope in situ hybridization

Adult B. malayi females were cultured overnight and separated in 10 cm petri dishes, dipped in

70% ethanol, and spatially embedded in 1% bacto-agar. Blocks of bacto-agar were dehydrated

for 5 minutes in 25%, 50%, 70% ethanol sequentially and stored in 100% ethanol overnight. The

bacto-agar embedded tissue was processed into a paraffin block and agar was trimmed from

the anterior tip of the agar block before embedding for cross-sections. Blocks were sectioned at

8 µm and sections were arranged sequentially on slides, keeping all sections.

Hybridization probes used for RNAscope (ACD Bio) include DapB (dihydrodipicolinate

reductase, Bacillus subtilis) as a negative control and two highly-expressed B. malayi genes as

positive controls: Bma-Bm4733 (B. malayi β-tubulin targeting 2-1031 of XM_001896580.2

(20ZZ)) and Bma-cdc-42 (B. malayi putative GTP-binding protein targeting 2-550 of

XM_001899971.1 (11ZZ)). Our Bma-GAR-3 target probe targets 400-1501 of XM_043081323.1

(20ZZ). The standard RNAscope™ 2.5 HD Assay-RED kit (ACD Bio) protocol was followed with

an adjusted length of 8 min for retrieval using a steamer and 45 min for amp 5. Imaging was

done in bright field with 40x-Nikon Plan Apo on a Nikon Eclipse80i. Presence of red punctate

staining, indicating target gene expression, was quantified by manual annotation by two

independent observers. Annotation and alignment were carried out with Fiji [123] using

TrakEM2 [124].

Cloning and transgenegic C. elegans strains

The open-reading frame (ORF) for the longest predicted isoform of Bma-gar-3 (isoform a,

WormBase ParaSite version 17) was selected for study based on manual assessment and

https://paperpile.com/c/5LXIXO/X3DgF
https://paperpile.com/c/5LXIXO/6ixJ0
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alignment with homologous GARs. This isoform is supported by long-read RNA sequencing

data [125] that extends the model upstream of the 5’ end of isoform b. The ORF was

synthesized (GenScript) and cloned into pPD133.48, L4663 (a gift from Andrew Fire, Addgene

plasmid #1665) using BamHI/KpnI sites to create pMZ0005 (myo3p::Bma-gar-3::unc-54-3’UTR).

pMZ0012 (sra-6p::Bma-gar-3::unc-54-3’UTR) was created by subcloning Bma-gar-3 into

sra-6p::ChR2*YFP (a gift from Shawn Lockery [126]) using BamHI/EcoRI sites. pMZ0018

(myo-2p::Bma-gar-3::unc-54-3’UTR) was created by amplifying myo-2p from pPD96.48, L2531

(a gift from Andrew Fire, Addgene plasmid #1607) with 5’ XbaI and 3’ BamHI sites and using

this amplicon to replace myo-3p in pMZ0012.

Genotypes generated and used in this study include: ZAM7 (gar-3(gk305) V,

maz7Ex[sra-6p::Bma-gar-3::unc-54 3'UTR; sra-6p::GCaMP3; unc-122p::GFP]), ZAM10

(gar-3(gk305) V, maz10Ex[myo-3p::Bma-gar-3::unc-54 3'UTR; myo-2p::GFP]), and ZAM11

(gar-3(gk305) V, maz11Ex[myo-2p::Bma-gar-3::unc-54 3'UTR; myo-2p::GFP]) were created as

described [127] by injecting pMZ0012 (75 ng/μL), pMZ0005 (30 ng/μL), and pMZ0018 (30

ng/μL) into gar-3(gk305), respectively, along with fluorescent markers (unc-122p::GFP or

myo-2p::GFP) and empty vector (pPD95.75) to create a final concentration of 100 ng/μL.

ZAM19 ([myo-2p::GFP]) and ZAM20 (gar-3(gk305) V [myo-2p::GFP]) were created by injecting

10 ng/μL of a fluorescent marker (myo-2p::GFP) and empty vector (pPD95.75) to create a final

concentration of 100 ng/μL. VC657(gar-3(gk305) V) was sourced from the C. elegans Gene

Knockout Consortium [128]. Lines were maintained at 20°C on NGM plates seeded with E. coli

strain OP50 and routinely picked to fresh plates at the L4 stage.

Ring aversion assay

Bleach synchronized adult worms were rinsed three times in M9 and pipetted onto unseeded 6

cm plates. To assemble the assay plate, a copper ring (PlumbMaster cat# 17668) was soaked in

a test compound with fast green dye as a visual marker and placed in the center of the plate. 1

https://paperpile.com/c/5LXIXO/h1q9a
https://paperpile.com/c/5LXIXO/gDJxN
https://paperpile.com/c/5LXIXO/x5QXU
https://paperpile.com/c/5LXIXO/mgmVc
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µL of 1:1000 diluted diacetyl (attractant) was combined with 1 µL fast green and added outside

of the ring. Plates were used immediately after assembly. The copper ring was removed after 1

minute to allow soaking of the test compound into the agar. Individual worms were picked

without bacteria to the center of the compound ring on assay plates and monitored for reversals

in response to test compounds. Three biological replicates from three independent bleaches

were run using four worms per treatment per strain. Observations were made until either the

worm crossed the compound ring or six attempts to cross the compound ring occurred without

the worm crossing. Water was used as a negative control and 4 M D-fructose was used as a

positive control.

Aldicarb paralysis assay

1 mM aldicarb plates were made by diluting 100 mM aldicarb (in 70% ethanol) in NGM. Plates

were stored at 4°C and used within 30 days. Thirty L4s from each strain were picked to OP50

seeded NGM plates and cultured at 20°C overnight until they reached the young adult stage.

Aldicarb plates were acclimated to room temperature on the morning of the assay. Four copper

rings (PlumbMaster cat# 17668) were dipped in 70% ethanol and briefly flamed before

placement onto a single aldicarb plate to form quadrants. 10 μL of OP50 from overnight liquid

culture was spotted into the center of each of the copper rings and allowed to dry for 30 min. A

minimum of 10 worms per strain were picked to the center of a quadrant, allowing the testing of

four strains per plate. Four biological replicates were carried out across strains. After 30 min and

every 10 min thereafter, each worm was tapped 3 times on the head and tail, paralyzed worms

were removed, and remaining worms were tallied. This process continued until the 2 hr mark.
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Visual pharyngeal pumping assay

For L1 stage assays, gravid worms were bleached and embryos were hatched on unseeded 10

cm NGM plates overnight (2,000 embryos per plate). L1s were washed from plates into 1.5 mL

tubes and treated with drug for 20 min. 500 µL of the treated worm mixture was then transferred

to an unseeded 10 cm NGM plate and allowed to dry for 5 min. Individual transgene (+) worms

were then picked to seeded 6 cm NGM assay plates and given 10 min to acclimate. Adult

assays required minor modifications of the L1 protocol. Young adults were developed on seeded

10 cm NGM plates, drug-treated worms were transferred to 10 cm plates with no drying period,

and transgene (+) worms were picked to unseeded 6 cm NGM assay plates. For optimization

and cholinergic assays, an average of 8 worms were visually phenotyped for each

strain-condition combination. Pumps were measured by the motion of the terminal bulb grinder

over a 30 sec (L1s) or 10 sec (adults) interval using a Zeiss Axio Vert.A1 at 10x with DIC optics.

Electropharyngeogram recordings

Electropharyngeograms (EPGs) were recorded with the ScreenChip system (InVivo

Biosystems). Briefly, worms were bleach synchronized and embryos were hatched and

developed on seeded 10 cm NGM plates. Young adult worms were washed 3 times with M9 in

1.5 mL tubes. Worms were treated for 20 min before loading them into the ScreenChip40

microfluidic chamber. Each worm was vacuumed into the channel, acclimated for 30 sec, and

recorded for 2 min using the NemaAcquire 2.1 software. Worms from three biological replicates

representing independent bleaches were assayed for optimization (minimum of 15 worms per

condition), and one replicate was assayed for the cholinergic panel (minimum of 5 worms per

condition). Analysis was done using NemaAnalysis 0.2 with default settings found under

customize analysis. Filtering of data was done by modifying “parameters left” for signal to noise
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ratio (SNR), E and R highpass cutoffs, and minimum absolute threshold followed by visually

ensuring all pumps were identified and background noise was ignored.

Image-based feeding assay

Bleach synchronized larval stage worms (L1) were aliquoted into 96-well plates at a titer of 50

L1 per well along with E. coli HB101 bacterial food (2.5 mg/mL final concentration). Worms were

incubated for 48 hr at 20°C, shaking at 180 RPM until reaching adult stage [129]. For the initial

screen, adult stage worms were drug treated for 20 min followed by addition of 180 ng/mL

BODIPY 558/568 (Thermo Scientific cat#D3835) combined with HB101 and again incubated for

20 min. For optimization assays, 45 ng/mL (1x) or 90 ng/mL (2x) BODIPY 558/568 combined

with M9 or HB101 was added to the plate with the same incubation time. Plates were washed 3

times with M9 and paralyzed with 50 mM sodium azide. Images of worms in transmitted light,

GFP, and TxRed were taken on an ImageXpress Nano (Molecular Devices) at 2x. Images were

analyzed with the feeding module of wrmXpress, which incorporates a custom CellProfiler

model using the Worm Toolbox plugin [130,131]. Segmented worms were computationally

straightened and GFP and TxRed were quantified. Transgenic worms were identified using a

robust cutoff of GFP quantification such that only worms expressing Bma-gar-3 were analyzed

(Sup Figure 2 A-B). Non-worm objects and contaminating fluorescence were further filtered

with size thresholds and outlier pruning (TxRed FLU z-score > 3). Total fluorescent dye uptake

for GFP(+) worms was quantified using the StdIntensity parameter.
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Figures

Figure 1. B. malayi expresses two GARs and muscarinic compounds elicit
neuromuscular effects in microfilariae and adult stage parasites. A) Phylogeny based on
protein sequence alignment of characterized and putative nematode and human GARs. B.
malayi expresses two GARs (Bma-GAR-2 and Bma-GAR-3), but lacks a GAR-1 homolog. Nodal
values represent bootstrap support of 1,000 replicates. B) Gene expression of Bma-gar-2 and
Bma-gar-3 across intra-mammalian life stages of B. malayi as assayed by quantitative reverse
transcription PCR (qPCR) (control = B. malayi GAPDH). Bma-gar-3 is abundantly and
constitutively expressed throughout the life cycle. C) Effects of cholinergic compounds on adult
B. pahangi movement over 48 hours as measured by optical flow. Log2 normalized movement
compared to untreated controls using a t-tests (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001) (brown: 10
µM, cyan: 100 µM). D) Effects of cholinergic compounds on adult female B. pahangi fecundity
as measured by microfilariae output. Percent change mf output from untreated controls by time
point, t-tests (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001) (brown: 10 µM, cyan: 100 µM). E)
Dose-response of cholinergic compounds on microfilariae motility over 48 hours. Images from
mf motility plates taken at 48 hours showing diverse morphologies from cholinergic treatment at
10 mM. Log2 normalized movement compared to untreated controls using t-tests (*p ≤ 0.05; **p
≤ 0.01, ***p ≤ 0.001). F) Effects of cholinergic compounds on microfilariae cell health over 48
hours as measured by cell toxicity stain (CellTox fluorescence). Percent change in fluorescence
from untreated controls, t-tests (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001).
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Figure 2. RNAscope spatial localization of Bma-gar-3 in the B. malayi adult female head.
A) Illustration of tissue distribution along the anterior-posterior axis and transverse illustrations
at approximately (a’) 400 µm, (b’) 715 µm, (c’) 1024 µm, and (d’) 1400 µm, with a key of
representative section locations shown in part C. B) RNAscope Bma-gar-3 punctae counts per
tissue per 8 µm section. C) Representative section images with key in part A, showing 3x zoom
insets of punctate staining in the pharynx (iii), vulva (iv), uterus (v), esophageal-intestinal
junction (vi), body wall muscle (vii), intestine (viii), and lateral cords (ix). Scale bar = 50 µm.
Positive (Bma-cdc-42 and Bm4733) and negative (bacterial DapB) controls for RNAscope
validate RNA integrity, show that punctate staining is probe specific, and that nonspecific
background staining is minimal. D) Proportion of sections containing Bma-gar-3 punctae where
tissue is present and defined. Colors in C and D represent counts performed by two
independent researchers.
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Figure 3. Bma-GAR-3 is activated by the selective muscarinic agonist oxotremorine-M
and confers hypersensitivity to aldicarb induced paralysis
A) Schematic of plate-based aversion assay. Bleach-synchronized adult worms are monitored to
capture reversal frequency in response to a test compound ring, in the presence of a known
attractant (diacetyl). B) Acetylcholine and oxotremorine-M activate the ASH neuron of
parasitized C. elegans expressing Bma-GAR-3 and elicits reversal behaviors. t-tests (*p ≤ 0.05;
**p ≤ 0.01, ***p ≤ 0.001) were used to identify differences in comparison to gar-3(gk305) (gray)
and N2 (black). C) Schematic of aldicarb paralysis assay. Paralysis of young adult worms is
monitored on agar plates containing test drug over a two hour period. D) Kaplan-Meier survival
plot showing paralysis measured every 10 minutes. Knock-out of Cel-GAR-3 leads to resistance
to aldicarb induced paralysis. myo-3p::Bma-gar-3 worms paralyze more rapidly than wild-type
N2 and gar-3(gk305) worms. Pairwise survival t-tests (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001).

Figure 4. Bma-GAR-3 modulates pharyngeal pumping via expression in the C. elegans
body wall and pharynx. A) Iteration across chemical (5HT) and food (OP50) pumping stimuli
for optimization of visual pumping assay in L1 and adult stage C. elegans. (brown: comparisons
to 5HT, black: comparisons to untreated). B) Schematic of the optimized visual pharyngeal
pumping assay. Bleach synchronized worms are treated with drug for 20 minutes and pumps
are counted on seeded (L1s) or unseeded (adults) 6 cm agar plates. Drug treatments are tested
in combination with 5HT in the adult stage. C-D) Modulation of pharyngeal pumping by OXO in
L1 and adult parasitized strains. L1 data are normalized to untreated controls while adult data
are normalized to 5HT-stimulated controls. E-F) Effects of cholinergic compounds on stage
specific pharyngeal pump frequency compared to untreated (L1) or 5HT-stimulated (adult) pump
frequency. All statistics were calculated using t-tests (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001).
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Figure 5. EPG recordings in parasitized strains provide alternative reporters of parasite
receptor activity. A) Schematic of electropharyngeogram (EPG) assay. Adult worms are bleach
synchronized, washed three times, treated with drugs for 20 minutes, and positioned into the
microfluidics chip. Worms are recorded for two minutes. B) EPG recordings used to measure
pharyngeal pump frequency show that 5HT in combination with drugs allows for the capture of
inhibitory effects of ARE. (brown: comparisons to 5HT, black: comparisons to untreated). C)
Cholinergic effects on pharyngeal pump frequency as measured by EPG do not align with visual
pumping assay. D) Heatmap depicting scale-normalized electrophysiological features across all
strain conditions. Clustering of these features identifies subsets that provide similar information.
E) Bma-GAR-3 expressed in the pharynx increases the peak amplitude of OXO treated worms
compared to gar-3(gk305) knockout, revealing receptor-specific modulation of this
electrophysiological feature. All statistics were calculated using t-tests (*p ≤ 0.05; **p ≤ 0.01,
***p ≤ 0.001).
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Figure 6. Development of an image-based feeding assay to enable high-throughput
screening of parasitized strains.
A) Testing lipophilic dye (BODIPY) concentration (1x: 45 ng/mL, 2x: 90 ng/mL) and the inclusion
of HB101 for the development of a feeding assay. Treatment with 2x BODIPY in the absence of
HB101 allowed the detection of both pharyngeal stimulation and inhibition as quantified by the
accumulation of red intestinal fluorescence. (brown: comparisons to 5HT, black: comparisons to
untreated). t-tests (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001). B) Feeding assay carried out using a
panel of cholinergic treatments. Bma-GAR-3 expression in the pharynx partially rescues the
wild-type OXO effect that is lost in the gar-3(gk305) background, as measured by fluorescent
dye uptake. (brown: comparisons to 5HT, black: comparisons to untreated). t-tests (*p ≤ 0.05;
**p ≤ 0.01, ***p ≤ 0.001). C) Schematic of the dye feeding assay. Bleach synchronized L1
worms are grown in 96-well plates for 48 hours followed by 20 minute drug treatment. Worms
are then fed >90 ng/mL BODIPY 558/568 for 20 minutes. Plates are washed three times and
worms are paralyzed and straightened with 50 mM sodium azide before images are acquired
using an high-content imaging system. Fluorescence is quantified using a wrmXpress [68]
pipeline.

https://paperpile.com/c/5LXIXO/dEqpU


94



95

Supplemental Material
All supplemental data and pipelines for analysis and data visualization are available at
https://github.com/zamanianlab/Bm-GAR-ms .

Supplemental Figure 1. Effects of cholinergic treatment on electrophysiological phenotypes
measured using EPG recordings. Duration measures are reported in ms, amplitude = μV, and
frequency = Hz.

https://github.com/zamanianlab/Bm-GAR-ms
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Supplemental Figure 2 A) Data was manually annotated by visually labeling worms in
wrmXpress output images as GFP+ or GFP- (transgenic strain populations created with
extrachromosomal arrays contain both GFP+ and GFP- populations indication expression of
transgenes). Each GFP-related measure was plotted to determine a metric for filtering data for
only GFP+ (transgene expressing) worms. B) StdIntensity, used to filter GFP+ worms from
mixed populations, shows a clear separation between GFP+/- populations at a threshold of
.0015.
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Abstract

Nearly one billion people worldwide are at risk for lymphatic filariasis (LF), a neglected tropical

disease caused by mosquito-transmitted filarial parasites. Current mass drug administration

regimes have successfully interrupted transmission and led to elimination in some countries,

however, the drugs used do not cure or prevent reinfection and new drugs with diversified

targets are needed to continue to combat this disease. Limited information is available on

druggable targets in filarial parasites and biological and pharmacological profiles are needed for

pursuing novel druggable targets in these filarial parasites. We pursue biogenic amine G

protein-coupled receptor (BA-GPCRs) as anthelmintic drug targets and begin to establish

pharmacologic profiles using multiplexed phenotypic readouts across both the model nematode

C. elegans and the parasitic nematode Brugia malayi, an etiologic agent of LF. We report that

dopamine and dopaminergic compounds negatively affect fitness phenotypes and we prioritize

12 dopaminergic compounds from a neurotransmitter library that have strong microfilarial and

mixed adulticidal effects. Using homology-based searches, we identify BA-GPCRs and ion

channel receptors that could be mediating the observed effects. We are in the process of

genetic screens and heterologous expression assays to determine the receptor target of the

dopaminergic compounds. These data will expand our understanding of helminth basic biology

and provide valuable knowledge about BA-GPCRs as drug targets.
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Introduction

Neglected tropical diseases (NTDs) are infectious diseases of poverty endemic to

underdeveloped and exploited countries and account for 26 million disability-adjusted life years

with nearly half of these caused by parasitic worm (helminth) infections [1]. Current treatment

and control mechanisms for helminth infections almost entirely rely upon mass drug

administration (MDA) with a limited arsenal of drugs. These drugs (anthelmintics) are

inadequate and do not cure or prevent reinfection and reports of anthelmintic resistance have

only emphasized the need for novel druggable targets (receptors, enzymes, transporters,

structural proteins) and therapies [2,3].

Lymphatic filariasis (LF), a NTD, is caused by mosquito-transmitted filarial nematodes

(Wuchereria bancrofti, Brugia malayi, and Brugia timori) with nearly one billion people are at risk

of infection [4]. No new anthelmintics for LF have been brought to market in decades and with

the growing threat of anthelmintic resistance for LF, new drugs are in dire need [5–8]. However,

realization of new anthelmintics is hampered by the sparse information available on druggable

targets in filarial parasites.

Current anthelmintics for LF treatment are poorly understood and their antiparasitic

activities have all been discovered via in vivo experiments [9–11]. The field has recently moved

toward more cost effective, in vitro target-based high throughput screening (HTS) but difficulties

prioritizing targets due to lack of fundamental knowledge about druggable targets in filarial

parasites has hindered our ability to achieve true target-based HTS [7,12,13]. To date, no novel

drugs have been discovered from these approaches [7,12,13]. Ligand-gated ion channels

(LGICs) have been the predominant focus of anthelmintic research as a result of historic

success as an anthelmintic target and their critical physiological role in nematodes, but with little

knowledge of LGICs expression patterns, gating mechanism, and combination of subunits,

target-based HTS remains elusive [14–16]. Moreover, resistance to anthelmintics targeting

https://paperpile.com/c/SZLwYo/6cYBv
https://paperpile.com/c/SZLwYo/FQJwh+ieKVc
https://paperpile.com/c/SZLwYo/c5hL8
https://paperpile.com/c/SZLwYo/nNVxH+9G8r7+xpuHR+sj0ng
https://paperpile.com/c/SZLwYo/vTM5Y+ABzFL+NgjjH
https://paperpile.com/c/SZLwYo/QQ3ik+xpuHR+25uN1
https://paperpile.com/c/SZLwYo/QQ3ik+xpuHR+25uN1
https://paperpile.com/c/SZLwYo/XfgDT+yLwSf+cj5b6
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LGICs is well established in veterinary medicine and continues to threaten disease control [7].

Diversification of drug targets are needed to continue helminth control efforts.

G protein-coupled receptors (GPCRs) constitute the most abundant drug targets in

human medicine but remain unexploited as drug targets for anthelmintics [17,18]. Moreover,

biogenic amine GPCRs (BA-GPCRs) have been shown to be essential for many biological

functions in the model nematode Caenorhabditis elegans including growth, development, and

neuromuscular function [18–22]. Specifically, BA-GPCRs regulate many of the same biological

functions as the LGICs targeted by current anthelmintics such as movement, embryogenesis

and pharyngeal pumping in C. elegans and GPCRs are more amenable to HTS than LGICs

[14,16,23–25]. Exogenous application of octopamine (OCT) and tyramine (TYRA) inhibit both

pharyngeal pumping and egg laying while serotonin (SER) stimulates both of these processes

[26–32]. Despite the critical role of BA-GPCRs in C. elegans, little attention has been given to

the study of these receptors in parasitic nematodes. Based on our understanding of BA-GPCRs

in C. elegans, it is likely that BA-GPCRs have an essential function in B. malayi biology and that

dysregulation of these receptors will be detrimental to the worm.

The future success of helminth control requires the identification of diverse targets for

novel antiparasitic therapies [33]. We need to explore a diversity of drug targets outside of ion

channel receptors in order to mitigate potential anthelmintic resistance and continue effective

control of helminth infections. Here, we begin to uncover the importance and pharmacology of

BA-GPCRs in parasitic filarial nematodes, we measured multiple phenotypic outputs from both

C. elegans and Brugia adults as well as microfilariae under perturbation of biogenic amines.

https://paperpile.com/c/SZLwYo/xpuHR
https://paperpile.com/c/SZLwYo/lYYR7+kpLdJ
https://paperpile.com/c/SZLwYo/MG78O+kpLdJ+BXPEu+qESva+0CTI5
https://paperpile.com/c/SZLwYo/PX90d+7lWZ3+baBig+XfgDT+cj5b6
https://paperpile.com/c/SZLwYo/Yzfh+YWLG+kGr5+IBbC+BOeJ+xyCG+1lG0
https://paperpile.com/c/SZLwYo/p4VZY
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Results and Discussion

Multivariate phenotypic screen of exogenous biogenic amine neurotransmitters

We sought to measure whole-organism phenotypic effects of biogenic amines (serotonin,

dopamine, histamine, octopamine, and tyramine) on Brugia adults and microfilariae as well as

on C. elegans. Stage-specific effects of biogenic amines on worm motility, viability, and fecundity

were measured using established protocols [34–37] and analyzed with wrmXpress, a

customized image processing platform [38]. Dose responses were first carried out in mf stage B.

malayi parasites at three timepoints (0 hr, 24 hr, 48 hr) followed by cell viability measures at the

terminal timepoint. All compounds (SER, DOP, HIS, OCT, TYRA) had immediate effects leading

to decreased motility at high concentrations (≥10-2 M) (Fig 1 A). Interestingly, at the 24 and 48

hr timepoints SER and DOP maintained hypomotility, while HIS and OCT displayed a

hypermotile phenotype across all tested concentrations (≥10-9 M). Mf viability was not

significantly affected by any of the biogenic amine compounds (Fig 1 B). Oxidation of dopamine

in liquid culture can produce toxic reactive oxygen species [39] which can have confounding

effects on media color, image clarity, and worm health.

Male and female B. malayi and B. pahangi adults were then exposed to 10 µM and 100

µM of each biogenic amine and motility was measured at five timepoints (0hr, 0.1 hr, 1hr, 24 hr,

48 hr). Additionally, adult female fecundity was measured at baseline (0 hr) and 48 hr

timepoints. At 10 µM, all compounds except SER decreased 48 hr motility in male B. pahangi

(Fig 1 C). 100 µM DOP decreased motility at 24 and 48 hr timepoints in both species of adult

males but only had an effect in B. pahangi female worms at 48 hr. No strong motility effects

were measured in B. malayi female worms even though 100 µM TYRA decreased motility in B.

pahangi female worms. OCT and TYRA (100 µM) decreased mf output in B. malayi and B.

pahangi, respectively (Fig 1 D). Given that nematodes possess biogenic amine responsive ion

https://paperpile.com/c/SZLwYo/v9Mv+svbM+TIy2k+Jzjj
https://paperpile.com/c/SZLwYo/2ZJJK
https://paperpile.com/c/SZLwYo/9Uet
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channels, it is possible that some of these effects may be mediated by ionotropic as opposed to

metabotropic signaling.

We next screened C. elegans for development effects caused by exogenous application

of biogenic amines. As expected, dose responses of biogenic amines on C. elegans

development over 48 hr showed few significant growth effects (Fig 1 E). Comparative assays

using this distantly related free-living nematodes can provide a path to identifying underlying

targets that may be mediating phenotypic effect using genetic tools not readily available for

Brugia parasites. Further, these screens and future genetic screens using C. elegans can

provide insight on potential for pan-nematodal drug effects.

Poor cuticular permeation by some amine neurotransmitters [40,41] and the natural

abundance of these biogenic amines within nematodes limits the utility of their exogenous

application as a means of detecting whole-organism phenotypes or predicting specific receptors

that mediate significant phenotypic effects.

Neurotransmitter compound library screen prioritizes dopaminergic compounds

We next sought to screen a neurotransmitter compound library with ligands known to target

mammalian BA-GPCRs expecting an increased likelihood of hits against our nematode

BA-GPCRs compared to unmodified exogenous application of biogenic amines. Added moieties

are expected to increase the permeability of some compounds across the cuticle allowing for

bioavailability and selective binding at receptors of interest. Using compounds with known

activity against human receptor ortholog provides prospects of repurposing drugs as

anthelmintics and the information about possible targets in B. malayi can be useful for

heterologous receptor expression and subsequent target-based screening approaches.

Using the Screen-Well Neurotransmitter library, we measured motility and viability of B.

malayi mf at 10 µM across all 661 compounds. In this primary screen we identified 47

compounds that were hits (z-scores > 1) at the terminal 48 hr timepoint (Fig 2 A). Overall, a

https://paperpile.com/c/SZLwYo/D0W26+uEaS
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total of 59 hits (8.9% of the library) with three different hit type patterns were observed (Fig 2 B).

Clustering of these hit patterns revealed 26 hits that decreased motility only at 48 hr or had

motility effects and lead to cell death, 13 hits led to immediate motility decreases but recovered

by 48 hr, and 20 hits were early on-set and had sustained motility effects but did not lead to cell

death during the timeline of our assay (Fig 2 C). Phenotypes observed from all three of these

clusters are of interest from an anthelmintic discovery point of view. Many current anthelmintic

drugs lead to reversible or sustained paralysis while others, such as the benzimidazoles, can

lead to worm death [7,42,43].

We conducted the same library screen in C. elegans measuring development over 48 hr

and motility of adult worms at three timepoints (01 hr, 24 hr, 48 hr). This screen identified 93 hit

compounds (z-scores > 1) that either inhibited development or motility at the 48 hr timepoint

(Fig 2 D). Interestingly, only 16 of the 81 development hits overlapped with the 80 motility hits

(total hits = 145, ~22% of the library) (Fig 2 E). Clustering of these hit compounds identified

three motility patterns ranging from recovery to sustained motility inhibition. To narrow our hit list

to compounds we would further pursue, we identified the class of neurotransmitter and

associated mammalian receptor. Dopaminergic compounds were the most represented (Fig 2

F-G) accounting for 20 hits in the mf screen and 21 hits in the C. elegans screen with varying hit

patterns. A total of 18 hits overlapped between the mf and C. elegans screens, 6 of which were

dopaminergic compounds.

Identification of biogenic amine receptors in Brugia malayi

In order to begin to investigate possible targets driving the observed phenotypes of

dopaminergic compounds and inform our genetic screens, homology-based searches of

annotated C. elegans BA-GPCRs were used to identify closely related biogenic amine receptors

across seven parasitic nematode species. Phylogenetic analysis of putative BA-GPCRs reveals

B. malayi possesses one-to-one orthologs of eleven C. elegans BA-GPCRs (fig 3 A). Notably B.

https://paperpile.com/c/SZLwYo/FOoRU+xpuHR+Q1m5
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malayi possesses three putative dopamine receptors, dop-1, dop-2, and dop-5. Further

homology-based searches for orthologs of C. elegans biogenic amine ligand-gated ion channels

(BA-LGIC) revealed five putative BA-LGICs in B. malayi (Fig 3 B). Both lgc-53 and Bm12502

(likely lgc-51) are putative dopamine responsive receptors. While mammals lack BA-LGICs,

there is some close clustering of the human BA-GPCRs with Brugia receptors. However,

nematode receptors are significantly diverged from their mammalian host orthologs and likely

exhibit distinct pharmacological profiles that may allow for selective targeting.

Dose responses of dopaminergic hits on microfilariae and adult phenotypic effects

Dose response for the twelve prioritized dopaminergic hit compounds from the initial

Screen-Well Neurotransmitter library screen were assayed against B. malayi mf and motility was

measured at three timepoints ( 0 hr, 24 hr, 48 hr). All compounds recapitulate previous motility

results except for L-741,626 which did not show any change in motility (Fig 4 A). Since the

primary screen only had one replicate for each compound, we expected to reveal some

false-positive hits with higher replication. Of the 11 compounds with motility effects in the dose

response, five were slow acting and six had immediate motility effects. Slower action of

anthelmintic hit compounds could be beneficial in treatment regimes to mitigate adverse

reaction to antigens or commensal Wolbachia released by dead and dying worms [44,45]. ED50

values fell between 1 µM and 10 µM at all timepoints.

To assess if these prioritized compounds had any phenotypic effects on adult B. malayi

in vitro, we exposed adult male and female worms to 1 µM of each compound and measured

motility and female fecundity over 48 hr. Adult motility effects were mostly transient in both

sexes (Fig 4 B). For example, Apomorphine, a dopamine agonist, significantly decreased

motility in adult female worms at early timepoints and in males at 24 and 48 hr timepoints. The

reduction in mf output from adult female worms did not significantly differ from the controls (Fig

4 C).

https://paperpile.com/c/SZLwYo/nlsG+hSQQ
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Despite lack of strong adulticidal effects in vitro biogenic amine receptors may still pose

as actionable targets for novel anthelmintics. In fact, there are no motility or mortality

phenotypes associated with application of ivermectin, a frontline anthelmintic, directly to

parasites in culture [6,10,46]. Target-based screens and reverse genetic approaches can

provide a path to further understanding the importance of biogenic amines and their receptors

for nematode biology.

Conclusion and Future directions

Reverse genetic screens in C. elegans

In order to begin to identify receptor targets that may be mediating the observed phenotypes

from the Screen-Well Neurotransmitter library screen, we will create CRISPR knockout strains

of C. elegans where each stain lacks one biogenic amine GPCR. We created a premature stop

codon near the 5' region of each gene with the insertion of a ssODN that includes the restriction

site NheI. Co-CRISPR with dpy-10 will be used to screen for edited progeny. Screening for

edited progeny will involve initial injections into young adult gonad arms followed by recovery

on individual 6 cm seeded NGM plates. Worms that have laid progeny overnight will be moved

to a new 6 cm plate. The F1 progeny will be examined for the non-dumpy, roller phenotype and

segregated to individual 6 cm NGM plates to lay a brood. After F1s have laid the F2 progeny, we

will single-worm genotype the F1s for the short range mutation by PCR amplifying the gene

target region and subjecting the PCR product to the NheIII restriction digest. Edited progeny will

produce two or three bands (depending on homo- or heterozygosity) and unedited progeny will

have a single band. We will select F2 progeny from plates where the F1 was edited and

genotype the F2s to isolate a homozygous line. These individual strains will be used for counter

screens of compounds of interest.

https://paperpile.com/c/SZLwYo/9G8r7+rjYv7+ABzFL
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Insight into receptors driving the phenotypes observed in wild type worms can be gained

if worms lacking the functional receptor (BA-GPCR or BA-LGIC) are resistant to drug induced

motility or development effects. The utility in directly screening C. elegans has had mixed utility

for anthelmintic discovery but the tractable genetics and molecular tools have enabled target

identification and exploration of anthelmintic compounds [32,34,47–52].

Functional expression of dopaminergic GPCRs in mammalian cell lines

We have designed a heterologous expression scheme with the objective of expressing B.

malayi dopamine GPCRs in Chinese hamster ovary cells (CHO) and HEK293 T-REx cells in

order to pharmacology profile Brugia BA-GPCRs. We will clone our dopamine receptors of

interest into a transducible expression vector as well as into pcDNA vector allowing for both

inducible and transient expression. We will establish receptor expression in cell lines with a

promiscuous G-alpha subunit (G15α). Upon activation of the receptor, increased cytosolic

calcium can be measured using the Fluo-4 DirectTM Calcium Assay Kit (Invitrogen).

Conclusion

Nearly half of all morbidities caused by neglected tropical diseases are a result of parasitic worm

(helminth) infections. Mass drug administration (MDA) of anthelmintics has been implemented to

control these infections but current anthelmintics are suboptimal and drug resistance threatens

our ability to continue to manage disease transmission. Furthermore, development of new

anthelmintics is inhibited by our lack of knowledge on putative drug targets in helminths. This

gap in knowledge is exacerbated by lack of fundamental information on the basic biology of

helminths. These gaps in knowledge have not only hindered our ability to prioritize drug targets

responsible for critical biological processes in helminths but have also impaired our ability to

understand the current mode of action for the anthelmintics used in MDA.

https://paperpile.com/c/SZLwYo/427n+ihZm+81IT+8nij+3ui1+DFjo+v9Mv+1lG0
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Despite significant investment, in vitro HTA have not produced any anthelmintic

compounds with adulticidal effects. While screening compounds with known mammalian targets

can be useful for deducing potential nematode targets, nematode orthologs may not have the

same evolutionarily conserved binding pockets or other regions needed for compound

interactions. In order to mitigate these complexities and to begin to address some gaps in

knowledge in Brugia malayi, we used established methods to perturb druggable targets and

began to establish pharmacological profiles for BA-GPCRs, a lucrative set of drug targets. Using

a library of 661 neurotransmitters we identified 59 bioactive compounds with a large proportion

(20/59) of these hits targeting dopamine receptors and pathways. We identified eleven

BA-GPCRs and five putative BA-LGICs in B. malayi using homology-based searches that may

be mediating observed phenotypic effects of these hit compounds. Dose-responses and adult

screens of dopaminergic compounds revealed that the action of these compounds lead to both

fast and slow acting phenotypic effects likely through a mix of ionotropic and metabotropic

receptors.

We will continue to comprehensively characterize these putative drug targets native

function, expression, and pharmacology via reverse genetic screens and heterologous

expression platforms in order to expand our understanding of basic helminth biology and pursue

novel drug targets. Deorphanize and pharmacological screens of B. malayi BA-GPCRs in

heterologous cell lines is in progress. Additional work proposed here incldues developing a

spatiotemporal expression profile of BA-GPCRs and in silico compound docking using

AlphaFold2. Completion of this research will generate valuable knowledge on BA-GPCRs as

drug targets, expand our understanding of helminth basic biology, and validate methods for

novel anthelmintic target discovery.
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Methods

Protocol and data availability

All primary data and pipelines for statistical analysis and data visualization will be available on

github.

Parasites

B. malayi and B. pahangi adults extracted from the Meriones unguiculatus infection system

(NIH/NIAID Filariasis Research Reagent Resource Center) [53] were maintained in daily

changes of RPMI 1640 with L-glutamine (Sigma-Aldrich) supplemented with FBS (10% v/v,

Fisher Scientific) and penicillin-streptomycin (0.1 mg/mL, Gibco) at 37°C with 5% CO2 unless

otherwise specified. Brugia microfilariae isolated from the same system were maintained in

RPMI 1640 with L-glutamine (Sigma-Aldrich) supplemented and penicillin-streptomycin (0.1

mg/mL, Gibco) at 37°C with 5% CO2 unless otherwise specified.

compound Library

For the SCREEN-WELL® Neurotransmitter library (10 plate set) (further referred to as

Screenwell compound library), assay-ready plates (ARPs) were generated at the UW-Madison

Small Molecule Screening Facility with a Labcyte Echo 650 (Beckman Coulter) liquid handler by

spotting each compound onto 96-well assay plates (Greiner Bio-One), which were sealed with

adhesive foil and stored at −80 °C until the time of the assay.

Microfilariae assays

B. malayi microfilariae motility and cell toxicity assays were performed as described [36,37].

Briefly, mf are purified using a PD-10 Desalting Column (VWR, cat# 95017-001) into culture

https://paperpile.com/c/SZLwYo/3Zk75
https://paperpile.com/c/SZLwYo/TIy2k+Jzjj
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media and titered to a concentration of 10 mf/µL. 100 µL containing 1,000 mf were added to

each well of a 96-well plate. Heat killed controls were incubating for 1 hr at 60°C before being

added to wells. For primary screens, serial dilutions of 100 mM stock of each drug was made

fresh in water. Plates were imaged immediately after treatment (0 hr) and 24 and 48 hr after

treatment. Two biological replicates across six 96-well plates were run for motility assays. Each

plate contained two replicates per condition with high technical replication per well. Plates were

imaged 1, 24 and 48 hr after treatment. CellTox (Promega cat# G8742) staining was performed

on six technical replicates at 48 hr following the kit protocol with half the recommended

concentration of CellTox. Wells were imaged using an ImageXpress Nano (Molecular

Devices).Videos were analyzed with the motility and segmentation modules of wrmXpress [54]

and output data was analyzed using the R statistical software.

For Screenwell compound library assays, mf were added directly to assay ready plates

with a final concentration of 10 µM or to dose response plates with three replicates of

dose-responses per compound. All downstream processing and analyses were performed the

same as the primary screen.

Adult parasite assays

Multivariate phenotyping of adult parasites was performed as described [37,55]. For primary

screens, after receipt from the FR3, adult male and female B. pahangi parasites were manually

sorted into 24-well plates filled with 750 µL of complete media (RPMI 1640 + FBS + pen/strep)

per well. Parasites were incubated overnight, after which individual parasites transferred to new

plates with 675 µL incomplete media (RPMI 1640 + pen/strep). Plates were recorded for 15 sec,

75 µL of compound was added for final concentrations of 10 µM or 100 µM, and plates were

immediately recorded again. Recordings were taken 1 hr post-treatment, 24 hr post-treatment,

and 48 hr post-treatment. Three biological replicates from separate batches of parasite infection

cohorts were assayed with four worms per treatment. Conditioned media from adult female from

https://paperpile.com/c/SZLwYo/HPc3
https://paperpile.com/c/SZLwYo/tJjz+Jzjj
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the initial overnight incubation in complete media and the combined 24+48 hr treatment plate

were transferred to 1.5 mL tubes and centrifuged for 5 min at 10,000 x g to pellet progeny. 500

µL of the supernatant was removed and the remainder was stored at 4°C for >48 hr. To quantify

progeny, 50 µL aliquots were transferred to wells of a 96-well plate (Greiner), and each well was

imaged with transmitted light at 2X with an ImageXpress Nano (Molecular Devices). Images of

progeny were segmented as previously described [37], and segmented pixels were counted to

infer output of progeny using a previously generated model [37]. Videos were analyzed with the

optical flow (motility) module of wrmXpress [54] and output data was analyzed using the R

statistical software.

For the 1 µM Screenwell compound library assays, worms from the same batch of

parasite infection cohort were assayed with four worms per treatment. Methods and timepoints

were the same as for the primary screen with a few alterations. Worms were cultured in

incomplete media for the entirety of the assays. Conditioned media from the initial overnight

incubation in incomplete media and the combined 24+48 hr treatment plate were transferred to

1.5 mL tubes and centrifuged for 5 min at 10,000 x g for both male and female worms. 500 µL of

the supernatant was removed and filtered (0.45 µm) for protein excretion analysis, and the

remainder of the female media was stored at 4°C for >48 hr for fecundity analysis. All

downstream processing and analyses were performed the same as the primary screen.

C. elegans development and motility

Bleach synchronized larval stage worms (L1) were aliquoted into 96-well drug plates (primary

screens and motility library screen) or ARPs for Screenwell compound library development

assays (10 µM final concentration) at a titer of 50 L1 per well along with E. coli HB101 bacterial

food (2.5 mg/mL final concentration). Worms were incubated for 48 hr at 20°C, shaking at 180

RPM until reaching adult stage [35]. Plates were washed with M9 and paralyzed with 50 mM

sodium azide. Four technical replicates were assayed with 50 worms per replicate per condition.

https://paperpile.com/c/SZLwYo/Jzjj
https://paperpile.com/c/SZLwYo/Jzjj
https://paperpile.com/c/SZLwYo/HPc3
https://paperpile.com/c/SZLwYo/svbM
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For adult motility Screenwell compound library screens, adult worms were transferred from

original 96-well plates to ARPs. Images of worms in transmitted light and GFP were taken on an

ImageXpress Nano (Molecular Devices) at 2x. Images were analyzed with the worm size

module of wrmXpress [54], which incorporates a custom CellProfiler model using the Worm

Toolbox plugin [56,57]. Segmented worms were computationally straightened and output data

was analyzed using the R statistical software.

Phylogenetics

Putative parasite biogenic amine GPCRs and LGIC were identified using a reciprocal BLASTp

[58] approach using known C. elegans receptors. This initial list of receptors was expanded with

homology-based searches against the C. elegans predicted proteome and a broader list of C.

elegans [59] biogenic amine receptors was used to carry out blastp searches against the

predicted proteomes of B. malayi [60], Ancylostoma caninum [61], Ascaris suum [62],

Haemonchus contortus [63], Strongyloides ratti [64], and Trichuris muris [65] (WormBase

ParaSite v18 [66] Filtered hits (percent identity > 30%, E-value < 10-4, and percent coverage >

40%) that survived a reciprocal blastp search against C. elegans were retained. This GPCR list

was combined with human biogenic amine receptors for phylogenetic inference and annotation.

Receptors were aligned with MAFFT [67], trimmed with trimAl [68], and phylogenetic trees were

inferred with IQ-TREE [69]. Bootstrap values from 1,000 replicates were drawn as nodal support

onto the maximum-likelihood tree. Trees were visualized and annotated with ggtree [70].

C. elegans Co-CRISPR

Detailed methods for crRNA and ssODNs design [71–75] and working protocol are included in

the supplementary materials (Supplementary file 1). Cas9 protein was obtained from IDT

(Alt-R S.p. Cas9 Nuclease V3, 100 µg) and stored at -80°C until use.
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Figures
Figure 1. Whole organism phenotypic effects of biogenic amines on free-living and
parasitic nematodes A) Dose-responses of aminergic compounds on microfilariae motility over
48 hours. Each point represents the mean of two technical replicates within a plate for a total of
6 plates. Log2 fold change in movement compared to untreated controls, t-test (*p ≤ 0.05; **p ≤
0.01, ***p ≤ 0.001). B) Effects of aminergic compounds on microfilariae cell viability over 48
hours as measured by cell toxicity stain (CellTox fluorescence). Percent change in fluorescence
from untreated controls with each point representing a technical replicate, t-test (*p ≤ 0.05; **p ≤
0.01, ***p ≤ 0.001). C) Effects of aminergic compounds on adult Brugia spp. movement over 48
hours as measured by optical flow. Each point represents an individual worm. Log2 normalized
movement compared to 0 hour motility within treatment groups, Wilcoxon-test (*p ≤ 0.05; **p ≤
0.01, ***p ≤ 0.001). D) Effects of aminergic compounds on adult female Brugia spp. fecundity as
measured by microfilariae output with each point representing an individual worm's mf output.
Percent change of mf output from 0 hour fecundity within treatment groups and compared to
untreated controls, t-tests (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001). E) Dose-response of aminergic
compounds on C. elegans development over 48 hours. Each point represents an individual
worm size. Worm size is compared to untreated controls, Wilcoxon-test (*p ≤ 0.05; **p ≤ 0.01,
***p ≤ 0.001).
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Figure 2. High throughput screen of A) 48 hr timepoint results for the 10 µM Screen-Well
Neurotransmitter library screen against mf measuring motility and viability. Dashed lines mark
the cutoff (z-score >1) for motility and viability hits. B) Clustering of hits by a z-score measure
across viability at 48 hr and motility at three timepoints. C) 48 hr timepoint results for two 10 µM
Screen-Well Neurotransmitter library screen against C. elegans measuring adult motility and,
separately, larval development. Dashed lines mark the cutoff (z-score >1) for motility and
development hits. Positive controls for motility were assigned z-score of 0 for development for
plotting purposes. D) Clustering of hits by z-score measure across development at 48 hr and
motility at three timepoints. E) The number of hits for each class of neurotransmitter in the
library screen. Blue = Brugia malayi mf, green = C. elegans , both = brown , neither = cream. (
ADR = adrenergic, DOP = dopaminergic, SER = serotonergic, OPI = opioids, ACH =
cholinergic, HIS = histaminergic, iGLU = ionotropic glutamatergic, mGLU = metabotropic
glutamatergic, GABA = GABAergic, ADN = purinergic and adenosine ligands). F)
Dopaminergic hit profiles depicting which species was affected by the compound and the
predicted compounds activity (based on mammalian data).
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Figure 3. Homology-based searches identify 11 BA-GPCR and 5 BA-LGIC A) Phylogeny
based on protein sequence alignment of characterized and putative nematode and human
BA-GPCRs. B. malayi possesses three dopaminergic GPCRs ( dop-1, dop-2, and dop-5). B)
Phylogeny based on protein sequence alignment of characterized and putative nematode
BA-LGICs. B. malayi likely possesses two dopaminergic LGICs ( lgc-53 and Bm12502).
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Figure 4. Dose-responses of dopaminergic compounds in B. malayi microfilariae and
effects of 1 µM application on adults A) Five point dose-response (250 nM - 10 µM) of
dopaminergic compounds measuring B. malayi mf motility at three timepoints ( 0 hr, 24 hr, 48
hr). Dashed vertical lines indicate ED50. (0 hr = blue, 24 hr = yellow , 48 hr = brown). B) Effects
of 1 µM dopaminergic compounds on adult B. malayi motility, self-normalized to 0 hr motility
over 48 hr. Each grey point represents an individual worm, black points represent the mean of
worms in the treatment group. Log2 normalized movement compared to 0 hour motility within
treatment groups, Wilcoxon-test (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001). C) Effects of prioritized
dopaminergic compounds on adult female Brugia spp. fecundity as measured by microfilariae
output with each point representing an individual worm's mf output. Percent change of mf output
from 0 hour fecundity within treatment groups and compared to untreated controls, t-tests (*p ≤
0.05; **p ≤ 0.01, ***p ≤ 0.001).
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Supplemental Material

Supplemental file 1. Detailed reverse genetic approach methods and materials

Designing C. elegans LGC-specific CRISPR crRNAs

Guide RNAs were designed against C. elegans LGC receptors using the Benchling guide RNA

design tool(Benchling reference) and design guidelines from previous C. elegans CRISPR gene

editing approaches(Dickinson and Goldstein 2016; Schwartz et al. 2021; Ghanta and Mello

2020; Eroglu, Yu, and Derry 2022; Au et al. 2019). Potential crRNAs near the 5’ end of each

LGC receptor protein encoding sequence were identified using Benchling based on high

On-Target and Off-Target Scores (>= 50.0). Guide RNAs with high scores for both were also

assessed for total GC content (50-70%), avoidance of four or more consecutive T nucleotides, a

G or GG immediately preceding the NGG PAM site, and unique 12bp sequence 3’ to the PAM

sequence for repair template purposes. Single-stranded oligodeoxynucleotide (ssODN) repair

templates were designed for each Cas9 target site with 35 bp of homology flanking the double

stranded break site and opposite strandedness of the guide RNA. Stop codons in each reading

frame, including an NheI restriction site for screening purposes, were added between the

homology arms to cause premature truncation of the receptors. Synonymous point mutations

were introduced in the crRNA and PAM site to prohibit any potential additional cutting by Cas9.

All CRISPR-Cas9 reagents were ordered from Integrated DNA Technologies (IDT) (Coralville,

IA, USA) with the recommended end modifications to enhance homology-directed repair. Table

1 contains the custom cdRNA and repair ssODN sequences chosen for each targeted LGC

receptor.

Injection of co-CRISPR mix

The injection mix for microinjection into each gonad arm of C. elegans strain N2 was prepared

by first combining the tracrRNA (0.9 µl at 100 µM) and crRNA targeting the LGC receptor ( X µl
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at 0.4 µg/µl) into a PCR tube and incubated for 5 min at 95°C followed by 5 min at room

temperature. A crRNA targeting dpy-10 (0.37 µl at 0.4 µg/µl) was also added to implement a

co-CRISPR strategy for detecting gene-editing events(Arribere et al. 2014). Cas-9 nuclease

(IDT, #1081058) was added to the tracrRNA:crRNA and incubated at 37°C for 10 min. ssODNs

were then added to the mixture and gently mixed by pipetting taking care not to introduce air

bubbles. The injection mix was transferred to a 1.5 mL microcentrifuge tube and spun at 14,000

rcf for 2 min and then stored at 4°C until injection. The injection mix was made same day as

microinjection into C. elegans.

Microinjection into C. elegans

Microinjections into C. elegans were completed using a FemtoJex 4x (Eppendorf, Hamburg,

Germany) using glass filaments (#1B100F-4, World Precision Instruments, Sarasota, FL, USA)

pulled on a Micropipette puller from Sutter Instruments (model P-87) (Novato, CA, USA). Pulled

needles were filled with the co-CRISPR injection mix and affixed to a Zeiss AX10 microscope

equipped with 10X and 40X objectives (Zeiss, Oberkochen, Germany). Young adult C. elegans

L4 stage worms were mounted onto agarose pads with light halocarbon oil and each arm of the

gonad was microinjected until the gonad was flooded with microinjection mix. Worms were

recovered on NGM plates and incubated at 20°C.

Screening CRISPR-edited C. elegans

F1 progeny of microinjected worms were screened for the dpy-10 roller phenotype were

transferred to new, individual NGM plates (1 worm/plate) and allowed to lay the F2 progeny.

After all progeny had been laid, single worm genotyping was completed on the F1

hermaphrodite to identify editing within the desired LGC receptor using PCR amplification

followed by NheI restriction digest. Worm lysate was created by adding the F1 parental worm to

a PCR tube containing 6 µl of lysis buffer (98 µl 2X lysis buffer and 2 µl 20 mg/ml proteinase K),
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snap freezing at -80°C, and incubation at 60°C for 1 hr followed by head inactivation of the

proteinase K at 95°C for 15 min. PCR amplification of the targeted LGC receptor region was

completed by adding 2 µl of worm lysate to a PCR tube with 18 µl of master mix containing

region specific primers (Table 2), 5X GoTaq Buffer (Promega, Madison, WI, USA) (1X), dNTPs

(Promega, Madison, WI, USA) (0.2mM), forward and reverse primers (0.1 uM) and GoTaq

Polymerase (Promega, Madison, WI, USA). Thermal cycling parameters were followed

according to the GoTaq polymerase manufacturer specifications with an annealing temperature

of 53°C and an extension time of 1 min for 35 cycles. The PCR products were incubated with

NheI (New England Biolabs, Ipswich, MA, USA) for 15 min prior to analyzing the resulting

fragments through gel electrophoresis. Progeny from gene edited parental F1s were screened

for homozygosity at the desired locus and backcrossed 5 times with C. elegans N2 to remove

dpy-10 edits and maintain the desired edit in the LGC receptor.



129

Supplemental Table 1. Custom cdRNA and repair ssODN sequences chosen for each
targeted LGC receptor

Tar
get

crRNA (5’->3’) Targ
eted
Exo
n

Repair ssODN (5’->3’)

lgc-
51

GCTCAGCAACAGT
TTCACGG

Exon
2 of
8
total
exon
s

ATCGTACCAAATCGAACTGAACCATATGTGCGGCGCTATTCTAGGCTAGCTGAAGCTG
TTGCTGAGCACACTGAGCTCCATCACA

lgc-
52

TAACTACCGTATCC
GATCCG

Exon
4 of
9
total
exon
s

GAAATTTCGAAGATTCATCTGACACGGAGCTTCGGCTATTCTAGGCTAGCAGCGGATG
CGGTAGTTGAGCCATATAGTACCATTTGG

lgc-
53

CATGATCGGCGGA
GGGAAGG

Exon
2 of
13
total
exon
s

GTCGCTCTTTTCGGAACTTTTTACGTTTTCGGCCTCTATTCTAGGCTAGCTCCCTTCGC
CGGTCATGTTGAGAAGATGGGATGTTTGG

lgc-
54

TCACCCTATACGG
TCTGCAG

Exon
4 of
10
total
exon
s

CCTGCCGCATATTCAAAACTATTTTTTGTACACTGCTATTCTAGGCTAGCCAGACCATAT
AGCGTGAAATCCGAAAGTTTCGATTTAGC

lgc-
55

GTTAGCGACTTGG
CTCGCGG

Exon
3 of
12
total
exon
s

CTTCCTCCGAATCCTGTGATAATCCGAGTACACCGCTATTCTAGGCTAGCCTAGCCAG
GTCGCTAACCACTGaaaataaaaattttg

lgc-
56

GCTATGTTAGCGA
ACGATTG

Exon
4 of
10
total
exon
s

GCTTTTGCTATTCACAAAACACACATTCGGTGTACACAACTATTCTAGGCTAGCGCGTT
CGCTGACATAGCTGTCTAATGACAAATTTG

Supplemental Table 2. PCR amplification primers for the targeted LGC receptor region

Target Primers (5’->3’) Tm(°C) Annealing
(°C)

lgc-51 F: AAATGCACAAAACCGAGGCTC

R: GCACATTAGGCTTTGGGGAC

58
58

53

lgc-52 F: AAATGCACTTCCAGAACCGGC

R: GACAGTCGATGCCACATTCC

60
58

53

lgc-53 F: ATCATCATTCCGTCCCTCCG
R: GCAGCACACTCAAGTACGTTG

59
58

53

lgc-54 F: CCGGCGAATGACACAATTTCC

R: TCCATAGGCACGTGAGAAGG

59
58

53

lgc-55 F: GAGATGGTTTTGCGCGGATATC

R: TGCATTGTGGAGCTCGATTGG

58
60

53

lgc-56 F: CTGTGGTAATTTGCACTGCCC
R:CACCAAGAGTGATTCGAGCAGG

59
60

54
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Chapter 5: CONCLUSION
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5.1 Summary of key findings and importance

Vector-borne helminthiases are estimated to afflict hundreds of millions of individuals globally

[1–4] but many of the parasites and their vectors that cause these infections are undermapped

and the lack of crucial knowledge about the basic biology of these parasites have hindered

disease treatment and control. This research continues to address these gaps by implementing

surveillance of Mansonella ozzardi in the Colombian Amazon (chapter 2) and by profiling and

characterizing aminergic (chapter 3) and dopaminergic (chapter 4) G protein-coupled receptors

(GPCRs) in Brugia malayi. Using molecular and computational approaches, my research

progresses the field's understanding of the basic biology and epidemiology of Mansonella and

amasses critical information about Brugia biogenic amine GPCRs with the potential for

anthelmintic discovery.

In chapter two, I implemented loop mediated isothermal amplification (LAMP) assays to

comparatively benchmark diagnostic approaches for M. ozzardi in indigenous individuals in the

Colombian Amazon region and used generalized linear models to begin to disentangle clinical

and sub-clinical impacts of M. ozzardi on infected individuals. Our seroprevalence studies

included 235 individuals and revealed the classical, gold standard diagnostic approach was

severely under estimating Mansonella prevalence compared to LAMP assays using DNA from

whole blood (13% compared to 40%, respectively). Genomic analysis confirmed the species

and sequenced isolates clustered closely with other isolates from South America. Statistical

models for M. ozzardi infection status did not significantly correlate to any reported symptoms or

serology results and more data is needed to continue to explore pathogenicity and risk factors of

infection. We established a cryopreservation technique that allows for lab-based studies of

viable microfilariae and potentially the development of infectious stage larvae which may

provide critical information on Mansonella anthelmintic drug responses. This research

establishes novel information on Mansonella prevalence in Colombia, outlines methods for

https://paperpile.com/c/GElTQU/9dzg+0BL3+dx0f+KZge
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molecular surveillance, and provides a framework to continue the study of this severely

neglected parasite infection.

In chapter three, I show that GAR-3 is a cholinergic GPCR that is highly-expressed

across the Brugia life cycle and I use novel spatial in situ techniques to localize receptor

transcripts to critical parasite tissues which provide insight into receptor function. Using

multivariate parasite assays and utilizing the model organism C. elegans, I profile responses to

muscarinic and nicotinic compounds to deorphanize and pharmacologically profile Bma-GAR-3.

Finally, I established a high-throughput assay (HTA) to screen parasite receptors expressed in

C. elegans pharynx to measure phenotypic modulation under drug perturbation. This research

provides information on the basic biology of Brugia by way of muscarinic neurotransmitter

receptors that likely regulate critical physiological processes and establishes a platform for the

continued studies of parasite and free-living nematode receptors.

In chapter four, I build off of my previous research on the muscarinic receptor,

Bma-GAR-3, and expand my exploration of receptors mediating aminergic neurotransmission. I

leverage a neurotransmitter library of 661 aminergic compounds in multivariate assays across

both Brugia spp. and C. elegans. I prioritize a set of twelve dopaminergic compounds that have

strong antiparasitic effects on B. malayi mf and screen this subset of compounds for adulticidal

effects. This research seeds valuable knowledge on BA-GPCRs as drug targets, expands our

understanding of helminth basic biology, and validates new methods for novel anthelmintic drug

and target discovery.

5.2 Future directions

I have designed a research plan to continue the work in my fourth chapter. This plan includes 1)

genetic screens in C. elegans to gain insight into receptors mediating phenotypic effects

observed in HTA, 2) heterologous expression of receptors of interest in mammalian cell lines to
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further pharmacologically profile and characterize these putative anthelmintic targets, and 3)

spatio-temporal localization of lead receptors using methods defined in chapter 3.

5.3 Continued needs for the field

Helminth infections remain the most common infections worldwide with nearly two billion

individuals infected and over five billion at risk [5,6]. Current treatment and control strategies are

insufficient, relying on suboptimal anthelmintics and low sensitivity surveillance strategies or

poor resolution disease mapping data. Current anthelmintics lack strong efficacy against some

mammalian-dwelling life stages [7,8] and there are differential responses to anthelmintics across

species [9–11]. Continued research on the basic biology of helminths can help break the cycle

of ‘lack of discovery’ for anthelmintics and anthelmintic targets. This fundamental knowledge

about druggable targets in helminths will help seed both whole-organism and target-based

screening approaches and provide insight into interpreting the results of these screens. Higher

sensitivity point-of-care diagnostics are needed for directing and monitoring treatment regimes,

understanding co-endemicity, and accurate mapping of helminth infections. Molecular

diagnostics provide a cost effective path forward for improving sensitivity and species specificity

and can aid in mapping prevalence of both helminths and their vectors (where applicable).

Sanitation and improved water quality can facilitate eradication of these helminth

infections. However, climate change threatens the success of current elimination programs and

may roll back progress made over the last several decades [6,12,13]. Combined approaches of

mass drug administration, climate initiatives, vector and environmental transmission control, and

more sensitive diagnostics combined with advancements in drug target and anthelmintic

discovery will help ensure continued progress toward elimination of helminth infections.

https://paperpile.com/c/GElTQU/Dfk9+KTK3
https://paperpile.com/c/GElTQU/NC5L+TFOJ
https://paperpile.com/c/GElTQU/RFiD+9x1W+qdG4
https://paperpile.com/c/GElTQU/pWiWX+TdZZd+KTK3
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