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Abstract 
Filarial infections (lymphatic filariasis and onchocerciasis) are amongst the major 

neglected tropical diseases, and together account for more than 120 million 

infections in tropical and subtropical regions. The gold-standard technique for the 

diagnosis of filariases relies on the detection of microfilariae (mf) either in blood 

smears (lymphatic filariasis) or in skin biopsies (onchocerciasis). The secretion of 

extracellular RNAs (exRNAs) by parasitic nematodes has opened new avenues for 

the development of novel biomarkers for helminthiases, including filariasis. However, 

rather little is known about the origin and regulation of these RNAs inside the 

nematodes. One outstanding question is whether the secretion of small RNAs is 

distinct across the developmental stages of parasitic nematodes. Similarly, it is not 

clear whether the secretion of miRNAs is affected by treatment with anthelminthic 

chemotherapy or their potential as biomarkers for infection.  

Litomosoides sigmodontis is a murine filarial nematode closely related to filarial 

nematodes of medical and veterinary importance, including Onchocerca spp. and 

Brugia spp. L. sigmodontis has been extensively used to decipher multiple aspects of 

filarial biology, including parasite development, vaccine, and host-pathogen 

interactions. Therefore, we decided to use this model to address fundamental 

questions regarding the secretion of small RNAs and their biomarker potential. Our 

in vitro studies demonstrate that some extracellular miRNAs are enriched in a sex- 

and stage-specific manner in the Excretion/Secretion (ES) products from early larval 

and adult stages from the rodent filarial nematode Litomosoides sigmodontis. 

Moreover, our data demonstrates that the gravid adult female worms secrete a 

plethora of miRNAs enriched in the secretome of this developmental stage when 

compared to adult males or mf. Further characterization studies show that the 

miRNAs are likely to be secreted in association with extracellular vesicles (EVs), as 

previously reported for other parasitic nematodes, including the human pathogen 

Brugia malayi. Interestingly, Ivermectin, which is typically used to treat filarial 

infections, does not have consistent effects on the secretion of miRNAs by gravid 

adult female worms in vitro, requiring further in vivo experiments to determine the 

effect of IVM on detection of extracellular parasite-derived miRNAs. In vivo 

experiments, using murine models of infection with L. sigmodontis (gerbils and 
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BALB/c mice), as well as human samples from patients infected with Onchocerca 

volvulus and cattle infected with Onchocerca ochengi, demonstrated the presence of 

filarial-derived miRNAs, including female-specific miRNA markers, in biofluids 

from infected hosts. Further statistical analysis showed that two parasite-derived 

miRNAs, miR-71 and miR-100d, can significantly discriminate infected animals 

from naïve controls with high sensitivity/specificity (>80%/100%). The results 

presented in this PhD thesis provide an initial framework to understand the secretion 

of small RNAs throughout nematode development, the potential interactions between 

anthelminthic chemotherapy and small RNA trafficking and secretion, as well as the 

use of parasite-derived miRNAs for the development of a new generation of 

biomarkers for filarial infections.  
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Lay Abstract 
Filarial infections are chronic diseases caused by several parasitic worms, and infect 

more than 150 million people in tropical and sub-tropical regions of the globe. The 

highest incidence occurs in sub-Saharan Africa, where these diseases have a massive 

economic impact and are often associated with social stigma. Infection with different 

species of these worms produce lymphatic filariasis, or “elephantiasis”, due to the 

enlargement of the lower limbs found in chronically infected patients. Similarly, 

infection with another parasitic worm, called Onchocerca volvulus, produces a 

disease known as onchocerciasis or “River blindness”, which severely reduces 

pigmentation in the skin and, in the worst cases, causes visual impairment and 

blindness. 

In this PhD thesis, we studied a class of very short RNAs, called microRNAs, which 

control gene expression inside cells in many organisms, including parasitic worms. 

We have found that these molecules not only act within the cell, but are also released 

by these parasites both in vitro and in vivo. Furthermore, we investigated the 

potential use of these parasite microRNAs for diagnostics of filarial infections.   

We demonstrated that adult female worms secrete several microRNAs which can be 

viewed as sex- and/or stage-specific signature for this lifecycle stage. Excitingly, we 

found several of these female-derived microRNAs in multiple biofluids, including 

serum and plasma from infected African patients. To further investigate this, we used 

a mouse model of infection, and determined that at least two of these parasite-

derived microRNAs can robustly discriminate between uninfected and infected 

animals. This thesis provides an important framework to further understand the role 

of female-derived microRNAs as diagnostic tools for filarial infections, and provides 

a strong rational for further technological developments of a microRNA-based 

diagnostic platform for filarial infections.  
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Caminante, son tus huellas el camino y nada mas; 
Caminante, no hay camino se hace camino al andar. 

Al andar se hace camino, y al volver la vista atras 
 se ve la senda que nunca se ha de volver a pisar. 
Caminante no hay camino sino estelas en el mar. 

 
 

 
Wanderer, your footsteps are the path, and nothing else; 
Wanderer, there is no path, the path is made by walking. 

Walking makes the path, and on glancing back 
one sees the path that will never trod again. 

Wanderer, there is no path, just waves in the sea. 
 
 
 

 
 

Antonio Machado, “Campos de Castilla” (1912) 
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 Introduction 

1.1 Filarial Nematodes 
1.1.1 Classification and lifecycle 
The phylum Nematoda includes several species of medical and veterinary importance 

(De Ley, 2006). Perhaps one of the most fascinating traits of the members of this 

phylum is their highly heterogeneous lifestyles, including free-living and parasitic 

species. In this regard, the transition from a free-living to a parasitic lifestyle in 

nematodes is not fully understood but has been shown to arise multiple times 

independently during their evolution (Blaxter, & Koutsovoulos, 2014). The members 

of this phylum are classified according to a clade system, based on ribosomal small 

subunit genes (Blaxter, De Ley, et al., 1998).  Filarial nematodes belong to the clade 

III nematodes (Superfamily Filarioidea), together with other parasitic species with 

different lifestyles, such as the gastrointestinal parasites of the Ascaris genus (Blaxter, 

De Ley, et al., 1998; Bouchery, Lefoulon, et al., 2013; Lefoulon, Bain, et al., 2015).  

The members of the Filarioidea superfamily parasitize a great variety of animals, 

ranging from amphibians to mammals (Lefoulon, Bain, et al., 2015;2016). Insect 

vectors are required for development of the immature larvae (L1, also called 

microfilariae) into the infective third stage larvae (iL3) and for transmission into the 

final vertebrate hosts (Bain, & Babayan, 2013; Hoffmann, Petit, et al., 2000). 

Importantly, at least eight filarial species infect humans, and of these, at least three are 

responsible for most of the morbidity due to filariasis: Wuchereria bancrofti and 

Brugia malayi cause lymphatic filariasis (also known as elephantiasis), and 

Onchocerca volvulus causes onchocerciasis (also known as river blindness). The other 

five species are Loa loa, Mansonella perstans, Mansonella streptocerca, Mansonella 

ozzardi and Brugia timori (Hise, & Pearlman, 2004; Lefoulon, Bain, et al., 2015; 

Taylor, Hoerauf, et al., 2010).  

Morphologically, filarial nematodes are unsegmented, cylindrical roundworms (Bain, 

& Babayan, 2013). They have four main longitudinal chords, a tri-radiated 

oesophagus and an oesophageal nerve ring (Bain, & Babayan, 2013). These 

organisms display sexual dimorphism, and in general the adult males are much 

smaller than adult females (Bain, & Babayan, 2013). The adult nematodes are long 

and slender, and reside in the lymphatic tissue (W. bancrofti, B. malayi), subcutaneous 
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nodules (O. volvulus) or connective tissue (M. ozzardi, M. perstans) (Utzinger, 

Becker, et al., 2012). Their cuticle is complex and composed of multiple layers of 

collagen which is covered by a lipid epicuticle, as well as a negatively charged 

glycocalyx (Page, Hamilton, et al., 1992). Other structures, such as digestive tubes, 

the nervous system and reproductive organs are easily identified in these worms, 

particularly in the adult stages (Morris, Bennuru, et al., 2015). 

A simplified overview of the lifecycles of filarial nematodes of medical and 

veterinary importance is depicted in Figure 1.1. The cycle begins when the insect 

vector takes up the microfilariae (L1 stage) during a blood meal from an infected 

individual. Within the insect, the larvae migrate through the gut wall to the thoracic 

muscles, and undergo two moulting steps (L1 to L2, and L2 to L3) into the infective 

L3 usually within 7 to 21 days (Bouchery, Lefoulon, et al., 2013; Tamarozzi, Halliday, 

et al., 2011). Then, these developmentally-arrested L3 larvae migrate to the 

mouthparts of the insect, and are deposited with the saliva on the skin of the host 

during subsequent blood meals (Bouchery, Lefoulon, et al., 2013). During this 

process, the larvae enter through the lesion made by the insect into the vertebrate host. 

The infective larvae then migrate through the tissues and undergoes two moulting 

steps into sexually mature adult worms in the final tissue of residence (e.g. 

subcutaneous tissue or lymphatics), in a process that normally requires several months, 

depending on the species (Bain, & Babayan, 2013; Brattig, 2004; Hoffmann, Petit, et 

al., 2000; Taylor, Hoerauf, et al., 2010). Upon completion of the developmental 

schedule, the adult filarial nematodes can survive for more than a decade within the 

vertebrate host and can produce thousands of microfilariae per day (Brattig, 2004; 

Tamarozzi, Halliday, et al., 2011)  
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Figure 1.1 Lifecycle of the human pathogen Onchocerca volvulus.  Two stages are 
depicted in the figure, an insect (black fly) stage and a human stage. The maturation 
of the infective L3 stages takes place in the insect vector, which inoculates the human 
host during a blood meal. Adulthood (males and female worms) is reached after two 
moulting steps. The adult worms then mate and the adult female worms release 
microfilariae (mf) that are normally found in the skin, producing the typical skin rash 
and depigmentation observed during chronic onchocerciasis. Similarly, a population 
of mf can also travel to the eye, where an exacerbated immune reaction against them 
eventually leads to damage of the ocular tissue, inducing visual impairment and 
blindness (Taken from 
https://www.cartercenter.org/news/publications/health/river_blindness_multimedia.ht
ml) 
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Filarial nematodes are normally found in tropical and sub-tropical regions of the 

planet, including Africa, South America and Asia, and are endemic in more than 80 

countries located these regions (Figure 1.2) (Rebollo, & Bockarie, 2017). The 

geographic distribution of filarial nematodes is closely linked to the availability of the 

specific insect vectors (Taylor, Hoerauf, et al., 2010), and latest estimations showed 

that in these regions more than 100 million individuals are thought to be infected and 

more than a billion to be at risk of infection (Ballesteros, Tritten, ONeill, et al., 2016; 

Taylor, Hoerauf, et al., 2010). Almost 90% of the reported cases of lymphatic 

filariasis are caused by W. bancrofti, with the remaining 10% being attributed to B. 

malayi, whereas all the reported cases of onchocerciasis are exclusively attributed to 

O. volvulus (Taylor, Hoerauf, et al., 2010). Other filarial species such as L. loa 

(African eye worm) and Mansonella spp. are found in the rain forests of West and 

Central Africa, as well as in the Amazonas  (Debrah, Nausch, et al., 2017; Fischer, 

Bamuhiiga, et al., 1997; Nutman, Miller, et al., 1986; Simonsen, Onapa, et al., 2011; 

Wanji, Amazigo, et al., 2011) 
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Figure 1.2 Geographical distribution of onchocerciasis. Onchocerciasis is normally 
found in tropical and subtropical regions, and it is widely distributed in the sub-
Saharan Africa, as well as in several foci in central and south America (Taken from 
http://www.who.int/blindness/partnerships/onchocerciasis_disease_information/en/) 
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1.1.2 Wolbachia endosymbiont 
One interesting aspect of the biology of filarial nematodes is the presence of the 

endosymbiont Wolbachia pipiens (Taylor, Voronin, et al., 2012). This bacterium  is 

an obligate endosymbiotic, gram-negative a-proteobacteria, commonly found not 

only in nematodes but also in insects (Fenn, Conlon, et al., 2006). Wolbachia is 

broadly classified into several supergroups; supergroups A, B, E, H, I and K are found 

in insects and arthropods, whereas supergroups C, D and J are limited to filarial 

nematodes (Fenn, Conlon, et al., 2006; Lefoulon, Bain, et al., 2015;2016). 

Interestingly, the supergroup F is found in both arthropods and filarial hosts 

(Bouchery, Lefoulon, et al., 2013; Lefoulon, Bain, et al., 2016). Indeed, most of the 

filarial nematodes of medical and veterinary importance harbour Wolbachia, except 

for L. loa, Achanthocheilonema vitae and O. flexuosa (Taylor, Voronin, et al., 2012). 

In this regard, recent evidence has demonstrated the presence of ancestral Wolbachia 

DNA in the nuclear genome of A. vitae, L. loa and O. flexuosa, thus arguing in favour 

of a hypothesis that proposes that an ancestral Wolbachia infection was followed by a 

secondary loss of the endosymbiont, and providing evidence for multiple infections 

during the evolution of the filarial nematodes (Scot, Gheding, et al., 2012). Wolbachia 

is found in all the lifecycle stages of filarial nematodes, although the magnitude of the 

infection varies considerably during the development of the nematode host (Fischer, 

Beatty, et al., 2011; Taylor, Voronin, et al., 2012). At a tissue level, this bacterium is 

commonly detected in the cells of the lateral chord, although it is strongly detected in 

the reproductive tissue of female worms, such as  the ovarian tissue, morulae, oocytes 

and developing embryos (Landmann, Foster, et al., 2010). Therefore, it has been 

demonstrated Wolbachia is maternally inherited and  asymmetrically distributed in 

developing embryos following on egg fertilization (Fischer, Beatty, et al., 2011; 

Landmann, Bain, et al., 2012; Landmann, Foster, et al., 2010).  

The basis of the mutualistic relationship between the Wolbachia endosymbiont and 

the filarial nematode hosts are extremely complex and are not fully elucidated. 

Perhaps the most notorious evidence of this rich and complex interaction is derived 

from observation where depletion of Wolbachia by antibiotic treatment leads to 

stunning, sterilisation and death of adult parasitic nematodes (Allen, Adjei, et al., 

2008; Kon, Pattison, et al., 1998). At the genomic level, the sequencing of both 

filarial and Wolbachia genomes have provided solid arguments for the existence of a 
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mutualistic relationship between these two organisms (Choi, Tyagi, et al., 2016; 

Fonslow, Stein, et al., 2013; Lefoulon, Bain, et al., 2016). Wolbachia possess a 

1.08Mb circular genome predicted to encode for 806 protein-coding genes, including 

important metabolic genes (e.g. biosynthesis of riboflavin, Flavin adenine 

dinucleotide (FAD), and Haem group) which are not encoded in the Brugia malayi 

genome, characterised for being ~95 Mb in size and expected to express >11,000 

protein coding genes (Fenn & Blaxter, 2006;Scot et al., 2012). Similarly, Wolbachia 

seems to rely on the nematode amino acid synthesis pathways for its  growth within 

its host (Darby, Armstrong, et al., 2012; Scot, Ghending, et al., 2012). At a 

transcriptional level, Wolbachia expresses a great proportion of genes involved in 

protein metabolism, RNA metabolism and stress responses, as well as ligands of the 

mammalian Toll-like receptors (TLRs) (Darby, Armstrong, et al., 2012; Luck, 

Anderson, et al., 2015), and thus it is thought to play a metabolic role that is 

advantageous for the nematode host (Darby, Armstrong, et al., 2012; Fenn, & Blaxter, 

2006). Moreover, the transcriptional profile of Wolbachia seems to vary extensively 

across the lifecycle of the parasite, displaying a strong bias for transcripts critical for 

Haem, nucleotide, riboflavin, folate metabolism in mf compared to other 

developmental stages (Luck, Evans, et al., 2014).  It is important to note that 

Wolbachia has lost most of the cell wall structures commonly associated with Gram-

negative bacteria (Taylor, Voronin, et al., 2012), with no clear evidence of a canonical 

extracellular peptidoglycan structure, and is unable to grow outside the nematode host 

(Taylor, Voronin, et al., 2012). Therefore, it is thought that the nematode also confers 

with protection and provides nutrients essential for its growth (Taylor, Voronin, et al., 

2012).  

 
1.1.3 Litomosoides sigmodontis as a model organism to 

study filarial biology  
A challenge in the study of fundamental aspects of filarial biology is the difficulty of 

maintaining the lifecycle of human pathogens in genetically tractable hosts, such as 

rodents (Attout, Martin, et al., 2000). This has, in turn, limited both access to some 

lifecycle stages and the ability to address fundamental questions under relevant 

physiological conditions. Nonetheless, these issues have been traditionally 

circumvented by the study of alternative parasite species that are closely related to 

filariae of medical and veterinary importance. One of such organisms is Litomosoides 
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sigmodontis, whose lifecycle can be maintained in fully permissive rodents 

(Hoffmann, Petit, et al., 2000) (Figure 1.3). Phylogenetic analysis based on 5S 

ribosomal DNA spacers profiling have placed L. sigmodontis as part of the family 

Onchocercideae (Lefoulon, Bain, et al., 2015).  L. sigmodontis completes its lifecycle 

from the infective L3 to the release of microfilariae by adult females in gerbils 

(Meriones unguiculatus) and BALB/c mice, and therefore allows the study and 

modulation of distinct states of infection (Attout, Martin, et al., 2000). This rodent 

parasite can be found naturally in the cotton rat (Sigmodon hispidus), which can 

survive rather high blood microfilariae levels (up to 10.000Mf/µL blood). As 

described earlier, during the blood meal from an infected rat, the arthropod 

intermediate host (Ornithonyssus bacoti mite) ingests the microfilariae, which then 

migrate to the thorax and reach the infective L3 stage within 10-14 days. The L3 then 

migrate from the thorax to the mouthparts of the insect, and are transmitted to the 

vertebrate host during the next blood meal. Once in the vertebrate host, the L3s make 

their way through the skin via the lymphatic vessels to the heart, the blood circulation 

and finally the lungs, from which they penetrate into the thoracic cavity (Babayan, 

Read, et al., 2010; Hoffmann, Petit, et al., 2000). Ten to twenty days post-infection, 

up to 90% of the L3s have moulted to L4 stage and are often detected in the thoracic 

and peritoneal cavities, and >99% of these reach the thoracic cavity 28 days post 

infection (Babayan, Read, et al., 2010; Hoffmann, Petit, et al., 2000) (Figure 1.3). 

The male and female adult worms then mature within 25-33 days post-infection when 

they become sexually active. At this point, the viviparous females release 

microfilariae into the thoracic cavity (Figure 1.3). These microfilariae penetrate the 

heart and eventually reach the blood circulation. Microfilariae are detectable in the 

blood between 60-130 days post infection (Figure 1.3). The infection of BALB/c 

mice ends with the encapsulation of adult worms by host inflammatory cells and the 

eventual absorption of dead parasites by the host, normally observed at 180 days post-

infection (Babayan, Read, et al., 2010; Babayan, Ungeheuer, et al., 2003; Bain, & 

Babayan, 2013; Hoffmann, Petit, et al., 2000).  

 

1.1.3.1 Immunity against L. sigmodontis 
Early studies of the immune response against L. sigmodontis infection demonstrated 

that the depletion of CD4+ T cells results in a higher L. sigmodontis worm burden and 

an increased and prolonged microfilaremia, thus indicating the important role of 
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adaptive immunity to control the infection caused by L. sigmodontis (Al-Qaoud, 

Taubert, et al., 1997). Further studies indicated that IL-5 deficient mice can have up to 

a 200-fold higher parasitic load and prolonged patency when compared to wild type 

mice. This suggests that IL-5, or IL-5-producing cells, are involved in the control of 

adult worm development and microfilaremia during primary infections  (Al-Qaoud, 

Pearlman, et al., 2000; Babayan, Read, et al., 2010; Volkmann, Bain, et al., 2003; 

Volkmann, Saeftel, et al., 2001). These studies demonstrate the involvement of 

humoral factors (such as IL-5), as well as innate and adaptive immunity for the 

control and clearance of filarial nematodes. Interestingly, BALB/c mice have been 

demonstrated to be susceptible to the infection by L. sigmodontis, whereas C57BL/6 

mice are naturally resistant to the infection caused by L. sigmodontis (Babayan, 

Ungeheuer, et al., 2003), providing a framework to understand, at a cellular and 

molecular level, the susceptibility to filarial infections observed in human populations 

(described in next sections) (Le Goff, Lamb, et al., 2002). Using these two mouse 

strains, it has been demonstrated that the infective larvae migrate and settle in the 

pleural spaces at the same rate regardless of the host genetic background (Babayan, 

Ungeheuer, et al., 2003). However, both Th1 (pro-inflammatory) and Th2 (anti-

inflammatory) immune responses were observed in C57BL/6 mice, and were 

accompanied by an expansion of infiltrating leukocytes to the pleural cavity, which 

resulted in retardation of worm growth, moulting and killing (Babayan, Ungeheuer, et 

al., 2003). Intriguingly, both IL-6 and IL-5 were strongly produced only when 

stimulating cells from the lymph nodes draining the site of infection with infective 

larvae antigen preparations, thus indicating that host-derived factors might constitute 

potent environmental cues that filarial parasites use to coordinate their development 

and reproduction (Babayan, Ungeheuer, et al., 2003). This was further demonstrated 

in IL-5 knockout mice on a  C57BL/6 background, where it was concluded that 

filarial parasites accelerate their development and reproductive schedule in response 

to IL-5 driven eosinophilia, which is “sensed” by the parasite as a predicting factor 

future life expectancy (Babayan, Read, et al., 2010). These studies in L. sigmodontis 

have provided important insights into the way in which the immune system 

counteracts filarial infections, but has also provided strong evidence to understand 

how filarial nematodes actively respond to the immune response mounted against 

them, with important implications for vaccination strategies (Babayan, Allen, et al., 

2012).  
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Figure 1.3 Litomosoides sigmodontis lifecycle. As shown for the lifecycle of O. 
volvulus and other filarial nematodes, the lifecycle involves a vector stage (O. bacoti) 
and a host stage (M. unguiculatus). When the vector takes a blood meal from an 
infected rodent, it ingests microfilariae (transmission stage), which then undergoes 
two moulting steps within 14 days post-infection to reach the L3 (infective) stage. 
This larval stage is quiescent and only resumes development when the mite inoculates 
the vertebrate host during a blood meal. Within the vertebrate host, the infective stage 
moults to L4s (not depicted here) within 20 days post-infection, and to adult males 
and females within ~30 days post-infection. These two stages normally reside in the 
pleural space, where they mate, releasing tens of microfilariae per day. The 
microfilariae can be detected in circulation between day 60-90 post-infection.   
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1.2 Regulation of the immune system by filarial 
nematodes 

Parasitic nematodes have evolved sophisticated mechanisms to withstand the host 

immune response, rendering them able to reside and reproduce within the vertebrate 

host for prolonged periods of time, without causing severe pathology (Taylor, 

Hoerauf, et al., 2010). One of such mechanisms involve adjusting the parasite’s 

developmental schedule and the brood size in response to immune factors that are 

predictors of the life expectancy of the parasite of the host (e.g. IL-5-driven 

eosinophilia) (Babayan, Read, et al., 2010; Kochin, Bull, et al., 2010). Similarly, other 

mechanisms involve the release of factors, broadly termed Excretory/Secretory (ES) 

products, which have immunomodulatory properties (Maizels, & Yazdanbakhsh, 

2003).   

 

1.2.1 Parasite Excretion/Secretion (ES) products in the host-
parasite interface 

Several functions have been associated with the release of extracellular factors, 

including modulation of the host immune response, and therefore constitutes an active 

and intricate form of communication with the vector and/or vertebrate host (Hewitson, 

Grainger, et al., 2009). The ES products have been characterised using both functional 

analyses (e.g. enzymatic activity) and proteomic approaches (Hewitson, Grainger, et 

al., 2009), and are often composed of proteinases, inhibitors of proteases, antioxidant 

enzymes, and immunomodulatory components (Hewitson, Grainger, et al., 2009; 

Maizels, & McSorley, 2016; Maizels, & Yazdanbakhsh, 2003). However, the 

complexity of ES products seems ever growing, and it is now accepted that they also 

contain parasite-derived nucleic acids (Buck, Coakley, Simbari, Mcsorley, et al., 2014; 

Coakley, Maizels, et al., 2015; Marcilla, Trelis, et al., 2012; Tritten, Clarke, et al., 

2016; Tritten, & Geary, 2016). This will be discussed in more detail in section 1.6. 

 

1.2.1.1 Origin of nematode ES products 

In nematodes, the sources of ES products include specialised excretory and secretory 

tissues and organs such as the gut, the excretory-secretory system, the reproductive 

tissue and uterine fluids, the cuticle, amongst others (Figure 1.4) (Morris, Bennuru, et 

al., 2015). In C. elegans, the excretory-secretory system is composed of 4 cells: the 
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pore cell, duct cell, excretory canal cell (H cell) and the excretory gland cell 

(Buechner, 2002). The excretory canal is filled with fluids, has the appearance of a 

letter “H” and is the largest cell in C. elegans as it extends almost the entire length of 

the worm (Buechner, 2002). The excretory gland cell presumably collects fluids and 

then empties them outside via the excretory duct and the pore cells to which it is 

connected by gap junctions, thus acting as a form of renal system (Buechner, 2002). 

Similarly, the gut in nematodes has specialised secretory functions, with the release of 

molecules involved in enzymatic digestion of food, or protection of the parasites’ gut 

epithelium from attack by its intestinal digestive enzymes, and material resulting from 

turnover would be shed from the gut of actively feeding adult nematodes (McGhee, 

2007). Another likely source of ES product is constituted by the uterine fluids 

released during egg shedding and/or release of larvae from gravid female worms 

(Chehayeb, Robertson, et al., 2014; Moreno, & Geary, 2008). In fact, comparison of 

the uterine fluids with other tissues from A. suum revealed the high complexity of this 

fraction, with some of its components being recognized by sera from naturally 

infected pigs (Chehayeb, Robertson, et al., 2014). Similarly, molecules derived from 

the cuticle of nematodes make a substantial contribution of the contents of ES 

products of parasites maintained in vitro and are probably also shed in vivo (Morris, 

Bennuru, et al., 2015). The active shedding of such surface molecules may have 

profound implications for the development of host-protective immune responses to 

parasitic nematodes since they may provide antigen suitable for stimulation of anti-

surface immune responses (Gregory, & Selkirk, 1989; Guiliano, Hong, et al., 2004; 

Kwan-Lim, Gregory, et al., 1989), as demonstrated in Trichinella spiralis (Hewitson, 

Harcus, et al., 2008), Toxocara canis (Grieve, 1990), Dirofilaria immitis (Grieve, 

1990), and B. malayi (Bennuru, Semnani, et al., 2009). 
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Figure 1.4 Anatomical structure of the gravid adult female of B. malayi. The 
cartoon depicts the major structures and organs identified in adult filarial female 
worms, such as the cuticle, the secretory canals, the reproductive organs and the 
digestive tube (Taken from Morris, Bennuru, et al., 2015).  
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1.2.1.2 Effector function of ES products 
A wide variety of direct immunomodulatory effects of ES products from different 

parasitic nematodes have been extensively reported and may at least partially explain 

how their mechanisms of immune evasion are orchestrated (Hewitson, Grainger, et al., 

2009). The effector functions of the ES products are involved in establishing a 

permissive, hypo-responsive status in the host that allow for the parasite to 

successfully establish an infection (Maizels, & Yazdanbakhsh, 2003). Broadly, the 

immunological properties of the helminth ES products involve the induction of 

suppressive alternatively-activated macrophages (AAMf) (Kreider, Anthony, et al., 

2007), induction and regulation of regulatory T (Treg) cell activity (Allen, & 

Macdonald, 1998; Grainger, Smith, et al., 2010), as well as the impairment of antigen 

presentation by antigen presenting cells (APCs) such as dendritic cells (DCs) (Segura, 

Su, et al., 2007; White, & Artavanis-Tsakonas, 2012) (Figure 1.5). Interestingly, 

many ES products from nematodes are modified post-translationally forming 

antigenic glycoconjugates, thought to confer them with stability in the extracellular 

milieu (Ditgen, Anandarajah, et al., 2014; Hewitson, Grainger, et al., 2009). An 

example of these post-translationally modified secreted protein is the ES-62, which 

has been demonstrated to be modified with an N-type glycan containing phosphoryl-

choline (PC-glycan) (Houston, & Harnett, 2004). ES-62 exerts an immunomodulatory 

effect on a variety of mechanisms that involve impairment of lymphocyte function  

including T and B lymphocytes (Marshall, Grierson, et al., 2005; Wilson, Deehan, et 

al., 2003), as well as APCs such as DCs and macrophages (Eason, Bell, et al., 2016; 

Goodridge, Wilson, et al., 2001). Rather than acting in an immunosuppressive manner, 

ES-62 induces a Th2 anti-inflammatory phenotype, characterised by the production of 

IL-10, reduced levels of IL-12, IFN-g and pro-inflammatory cytokines, and IgG1 

rather IgG2 antibodies (Harnett, & Harnett, 2006; Harnett, McInnes, et al., 2004). The 

immunomodulatory properties of the helminth ES products has begun to be explored 

for its potential in the therapeutic treatment during inflammatory and allergic diseases 

(Harnett, Melendez, et al., 2010; Harnett, McInnes, et al., 2004; Maizels, & McSorley, 

2016; McInnes, Leung, et al., 2003) 
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Figure 1.5 Mechanisms of immune evasion mediated by helminth 
Excretory/Secretory (ES) products. The image summarises some of the described 
immunomodulatory properties of ES products from multiple helminth pathogens of 
medical and veterinary importance, including B. malayi, T. canis, and the trematode 
S. mansoni. Abbreviations: APC; Antigen presenting cells; ASP, Ancylostoma 
secreted protein; BES, B. malayi ES; CPI, cysteine proteinase inhibitor (cystatin); 
HES, H. polygyrus ES; IPSE, IL-4 inducing principle of schistosome eggs; L-NES, 
Larval N. brasiliensis ES; MIF, Macrophage migration inhibitory factor; NES, Adult 
N. brasiliensis; NIF, Neutrophil inhibitory factor; Sm, Schistosoma mansoni; SPN, 
Serine Proteinase Inhibitor (serpin); TLR, Toll-like receptor; TGF-b, transforming 
growth factor beta; TES, T. canis ES  (Taken from Hewitson, Grainger, et al., 2009) 
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1.3 Immunopathology of filarial infections 
1.3.1 Lymphatic filariasis 
In the majority of the clinical cases of onchocerciasis and lymphatic filariasis, an 

immunological hallmark of infection is a heavy parasite burden and a reduced 

antigen-specific T cell response (hypo-responsive status), characterised by low 

productions of IFN-g and IL-5 (Hoerauf, Satoguina, et al., 2005). These puzzling 

observations (high infection load vs. low immune response), together with the 

spectrum of clinical symptoms observed in these patients, were soon demonstrated to 

be intricately orchestrated by a multitude of immunological signals leading to a 

“permissive” response to the infection in the host, which serves to limit severe 

pathology (Maizels, & Yazdanbakhsh, 2003; Taylor, Hoerauf, et al., 2010). It is 

important to note that the host immune responses initiated upon filarial infection 

involve two different pathogens, the filarial nematode and the Wolbachia 

endosymbiont (Hise, & Pearlman, 2004; Tamarozzi, Halliday, et al., 2011). In general, 

patients suffering from lymphatic filariasis exhibit a wide range of clinical 

manifestations, which are often associated with the frequency and intensity of the host 

inflammatory response to dying or dead worms (Taylor, 2003; Taylor, Hoerauf, et al., 

2010; Taylor, Voronin, et al., 2012). Dead worms are normally encapsulated within 

granulomas in the lymphatic system, and it is thought that the Wolbachia released 

upon worm death induce the activation of immune effectors and evoke a cellular and 

humoral response associated with T-cell helper (Th)-1 and Th17 phenotypes (Taylor, 

Hoerauf, et al., 2010). The release of Wolbachia components are concomitantly 

recognised by Toll-like Receptor (TLR) 2 and TLR6 expressed in several cell types, 

including DCs, resting macrophages, neutrophils and stromal cells (Bouchery, 

Lefoulon, et al., 2013; Brattig, Bazzocchi, et al., 2016). The engagement of 

Wolbachia antigens to the TLR receptor activates both innate and adaptive immune 

responses (Taylor, Hoerauf, et al., 2010), leading to  a multitude of effects, including 

neutrophil degranulation, macrophage polarisation, induction of Th1-mediated pro-

inflammatory responses, among others (Babu, Anuradha, et al., 2011; Bouchery, 

Lefoulon, et al., 2013; Taylor, 2003; Taylor, Voronin, et al., 2012). In lymphatic 

filariasis, an exacerbated production of vascular endothelial growth factor (VEGF)-A 

and VEGF-C promotes lymphangiogenesis, lymphatic endothelial proliferation and 

dilation of the lymphatic vessels, eventually inducing the formation of hydrocele and 
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lymphedema in lower limbs (Pfarr, Debrah, et al., 2009) (Figure 1.6). Interestingly, it 

has been demonstrated that treatment of infected patients with Doxycycline (DOX) 

not only reduces the levels of Wolbachia in the filarial parasite, but also induces a 

reduction on the plasma levels of VEGF-C/VEGF-3, thus ameliorating the dilation of 

lymphatic vessels and improving the pathology of lymphedema patients (Panic, 

Duthaler, et al., 2014; Pfarr, Debrah, et al., 2009).   
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Figure 1.6 Typical limb malformation associated with lymphatic filariasis. 
During the chronic stage of the infection, lymphatic filariasis is characterised by 
malformation of the lower limbs, often accompanied by limited mobility (Taken from 
http://globalhealth.org/the-morbidity-management-and-disability-prevention-for-
blinding-trachoma-and-lymphatic-filariasis-mmdp-project/) 
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1.3.2 Onchocerciasis 
In onchocerciasis, the prevalence of the infection and disease in a community is 

related to the proximity to rivers, normally inhabited by the black fly vector (Taylor, 

Hoerauf, et al., 2010). Due to social and economic activities around the rivers in these 

regions, the disease is most frequently diagnosed in male patients around 20-30 years 

of age with infection intensity varying geographically (Taylor, Hoerauf, et al., 2010). 

In hyper-endemic regions, about 60% of the population present mf in skin snips, often 

with > 50 worms per mg of skin. The pathology induced by onchocerciasis is 

associated with mf death, which results in itching, acute and chronic papular 

dermatitis and lichenified onchodermatitis (Taylor, Hoerauf, et al., 2010). Ocular 

lesions, leading to severe visual impairment and blindness, result from the migration 

of mf to the eye tissue and the subsequent inflammatory response induced by their 

death (Allen, Adjei, et al., 2008; Babalola, 2011; Taylor, 2003; Utzinger, Becker, et 

al., 2012) (Figure 1.1). In these cases, the mf-associated inflammation causes 

punctate keratitis, sclerosing keratitis, iridocylitis, permanent visual impairment and 

complete blindness (Figure 1.1 and 1.7) (Allen, Adjei, et al., 2008; Babalola, 2011; 

Taylor, 2003; Utzinger, Becker, et al., 2012). Further studies in a mouse model of 

corneal keratitis have shown that Wolbachia induces a TLR2- and TLR6-dependent 

production of the Th1 cytokines IFN-g and IL-1b, as well as chemokine production, 

leading to the recruitment and activation of neutrophils and eosinophils (Brattig, 2004; 

Hoerauf, Satoguina, et al., 2005; Tamarozzi, Halliday, et al., 2011). These innate 

immune cells release pro-inflammatory mediators that ultimately induce tissue 

damage to form corneal haze and opacity (Babalola, 2011).  
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Figure 1.7 Infection caused by O. volvulus. A) picture of a subcutaneous nodule 
(onchocercoma) at the level of the hip, B) Skin depigmentation (also known as 
“leopard skin”), C) Picture of an adult female (left) and an adult male (right) O. 
volvulus worm (Taken from Taylor, Hoerauf, et al., 2010).  
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Analysis of human populations infected with O. volvulus have revealed that the 

clinical spectrum is broad, and the onchocerciasis patients are traditionally classified 

into three main groups:  

1.  Patients with generalised onchocerciasis (GEO), characterised by a generalised 

hypo-responsiveness to filarial antigens with an overall suppression of both Th1 and 

Th2 responses, which permits high parasite loads and reduced immune-related damage 

to the host (Arndts, Specht, et al., 2014; Katawa, Layland, et al., 2015; Kurniawan, 

Yazdanbakhsh, et al., 1993; Sartono, Kruize, et al., 1995; Utzinger, Becker, et al., 

2012). This group encompasses the majority of the clinical cases of onchocerciasis 

and is characterised by a weak proliferative response to filarial antigens by T cells 

(Kurniawan, Yazdanbakhsh, et al., 1993; Sartono, Kruize, et al., 1995).  Also, these 

patients normally exhibit high serum levels of parasite-specific IgG4 and IgE 

(Kurniawan, Yazdanbakhsh, et al., 1993; Sartono, Kruize, et al., 1995). This 

generalised immune hypo-reactivity is associated with the production of the anti-

inflammatory cytokines TGF-b and IL-10 by Treg cells (Arndts, Specht, et al., 2014; 

Maizels, & Yazdanbakhsh, 2003; Metenou, & Nutman, 2013; Taylor, van der Werf, 

et al., 2009). Tregs, together with the expansion of AAMf, exert a strong suppression 

of inflammatory responses, leading to high parasitic burdens without an exacerbated 

and detrimental immune response against the parasites (Metenou, & Nutman, 2013) 

(Figure 1.8). 

2. Hyper-reactive onchocerciasis or “Sowda”, characterised by a strong Th2 cytokine 

response, together with high levels of anti-O. volvulus IgG1 and IgG3, as well as 

pronounced eosinophilia, and hypersensitivity (Katawa, Layland, et al., 2015; Korten, 

Hoerauf, et al., 2011; Kurniawan, Yazdanbakhsh, et al., 1993). These patients exhibit 

very low parasitic burden, reflected by low number of cutaneous onchocercoma, adult 

filariae worms and mf (Arndts, Specht, et al., 2014). Additionally, these patients show 

higher levels of IFN-g and equivalent levels of filarial-specific IL-4 secreting 

lymphocytes when compared to GEO patients, indicative of bias towards a Th1-type 

of response (Katawa, Layland, et al., 2015) (Figure 1.8). Other histopathological 

features of Sowda include extensive follicular hyperplasia and activation of the lymph 

germ centres, an increase in the number of plasma cells producing IgE and IgG class 

antibodies, and high number of eosinophils surrounding degenerated mf (Kurniawan, 

Yazdanbakhsh, et al., 1993) (Figure 1.8). In this regard, eosinophils are thought to 
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damage filarial worms by releasing cytotoxic cationic proteins as well as newly 

formed mediators such as oxygen radicals, and are the most like effector cells 

inducing mf killing in Sowda (Arndts, Specht, et al., 2014; Hoerauf, Satoguina, et al., 

2005; Nfon, Makepeace, et al., 2006) 

3. Endemic normal (EN) or “Putatively immune” (PI) patients, represented by a small 

population, these are individuals living in close contact to the vector and residing in 

endemic areas, and yet do not acquire detectable patent infection despite exposure 

(Elson, Guderian, et al., 1994; Tamarozzi, Halliday, et al., 2011; Turaga, Tierney, et 

al., 2000; Ward, Nutman, et al., 1988). The immune response in these patients is 

characterised by mixed Th1/Th2 response, likely to be triggered by both nematode and 

Wolbachia components (Turaga, Tierney, et al., 2000), although other factors, such as 

the presence of IgG3, are also associated with the resistance to infection observed in 

patients within this category (Tamarozzi, Halliday, et al., 2011).  
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Figure 1.8 Polarised host reactivity and immunomodulation in human 
onchocerciasis, exemplified by generalised onchocerciasis (GEO) vs Hyper-
reactive onchocerciasis or "Sowda" The clinical spectrum of onchocerciasis is 
depicted. In one extreme, pro-inflammatory immune responses (red network) are 
mediated by Th1 and Th2 reactions, with a concomitant production of IFN-g, IL-5, 
respectively, as well as IgG1-3 and IgE by B cells. If these reactions are not down-
regulated, further effector cells such as eosinophils, neutrophils and pro-inflammatory 
macrophages are recruited and attack the adult worms and microfilariae, resulting in a 
low parasitic burden but a high amount of tissue damage and cell infiltration (as 
shown in the tissue section), which are typically found in Sowda patients. On the 
other extreme, most the clinical cases are characterised by an overall down-regulatory 
mechanism mediated by regulatory T cells (Tregs) and alternatively activated 
macrophages (AAM), aided by dendritic cells. Upon encountering filarial antigens, 
these cells secrete IL-10 and TGF-b, which together hamper the activation of both Th1 
and Th2 T cell subsets, but also stimulates the secretion of IgG4 by B cells. This 
results in a high parasite burden and low cell infiltrations, inflammation and tissue 
damage. These are all events found in GEO patients (Taken from Hoerauf, Satoguina, 
et al., 2005)  
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1.4 Treatment and prevention 
Filarial infections are challenging to control as their lifecycles are complex, involving 

a stage in the vector and a stage in the vertebrate host. Therefore, several efforts aim 

to understand and control the vector population but perhaps not surprisingly, one of 

the most successful strategy thus far rely on administration of anthelminthic 

chemotherapy, mostly through community-based mass drug administration (MDA) 

(Arndts, Specht, et al., 2014). The overall goal of the MDA is to reduce the likelihood 

of transmission and/or the transmission rate in endemic regions, while also providing 

relief to infected patients (Arndts, Specht, et al., 2014).  Current control and 

elimination programmes launched by the World Health Organisation (WHO), such as 

the Global Programme to Eliminate Lymphatic Filariasis (GPELF), the African 

Programme for Onchocerciasis Control (APOC), and the Onchocerciasis Elimination 

Programme of the Americas (OEPA) have ambitiously established an international 

agenda which seeks to control and eliminate transmission in multiple foci in sub-

Saharan countries as well as in Latin America (Boatin, Basáñez, et al., 2012; Crump, 

Morel, et al., 2012). These programmes coordinate and provide MDA to several 

communities in endemic regions in the Sub-Saharan Africa as well as in Latin 

America (Panic, Duthaler, et al., 2014; Taylor, Hoerauf, et al., 2010). Since 1989, 

Ivermectin (IVM) has been the main anthelminthic chemotherapy provided as part of 

MDA programmes to control onchocerciasis in Africa and Latin America (Panic, 

Duthaler, et al., 2014; Wolstenholme, Maclean, et al., 2016). Traditionally, IVM has 

been has been administered alone in MDA programmes, although a combination with 

other anthelminthic compounds, such as Albendazole (ABZ) and/or the anti-

Wolbachia Doxycycline (DOX), has been shown to be far more effective at 

suppressing circulating mf than DOX, IVM or ABZ alone, achieving complete mf 

clearance in ~40% of the treated patients (Fischer, King, et al., 2017; Panic, Duthaler, 

et al., 2014). Following the success of the OEPA programme, which has used MDA 

of IVM alone to abrogate transmission in most endemic foci (Hotez, Bottazzi, et al., 

2008), the goal of the African Programme for Onchocerciasis Control (which covers a 

vastly greater area) has shifted from control to eradication (Crump, Morel, et al., 

2012). However, major challenges to this endeavour remain, such as the potential 

emergence of resistance to IVM (Osei-Atweneboana, Eng, et al., 2007), the risk of 

severe adverse reactions to IVM in loiasis-endemic areas (Gardon, Gardon-Wendel, et 
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al., 1997), and significant limitations in the accurate and rapid diagnosis of infection 

(Boatin, Toé, et al., 2002; Eberhard, Cupp, et al., 2017).  

 

1.5 Diagnosis of filarial infections  
As discussed previously, the major focus of the anti-filarial agenda, currently 

managed by the WHO, aims to control and eliminate filarial infections in several 

endemic foci. To achieve these challenging goals, the control and elimination 

programmes require the demarcation and prioritisation of endemic areas for 

intervention via community-directed MDA, as well as the establishment of ways in 

which the success of the MDA can be monitored, when to halt the intervention, and 

how to maintain a successful surveillance on these foci during post-MDA (Boatin, 

Basáñez, et al., 2012; Crump, Morel, et al., 2012). Therefore, these programmes are 

broadly classified into four main phases, as proposed by Weil & Ramzy (Weil, & 

Ramzy, 2007). The first two phases involve mapping endemic areas, planning the 

MDA strategies, and monitoring the MDA, whereas the last two phases aim to decide 

when to stop MDA and how to maintain an effective surveillance post-MDA to 

control for an increase in the  transmission rates  (Weil, & Ramzy, 2007).  

 

1.5.1 Parasitological and antigenic diagnostics  

Despite the enormous effort towards the implementation of these programmes and the 

specific requirements that need to be met in each phase of the control and elimination 

programmes, the gold standard diagnostic technique for filariasis involves the 

detection of circulating mf in blood smears (LF) or skin biopsies (onchocerciasis) 

(Rebollo, & Bockarie, 2017; Weil, & Ramzy, 2007). Some of the limitations of this 

diagnostic method are associated with the discomfort they often cause, it is labour-

intensive, and its efficacy has recently been revisited as it might not be a reliable 

diagnostic method in post-MDA surveillance (Eberhard, Cupp, et al., 2017; Guzmán, 

Awadzi, et al., 2002). An alternative diagnostic method, rarely used in the field 

nowadays, involves the application of diethylcarbamazine (DEC) patches directly to 

the skin (Boatin, Toé, et al., 2002). DEC induces extensive mf death in the site of 

application, leading to the appearance of pruritus and rash in infected patients but not 

in uninfected patients, and is indicative of a positive results (also known as the 

Mazzotti test) (Taylor, Hoerauf, et al., 2010). Nevertheless, this method has shown to 
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be less sensitive than skin biopsies, and its use has decreased over time (Alhassan, Li, 

et al., 2015; Boatin, Toé, et al., 2002).  

Antigen testing is comparatively more sensitive than mf detection in biopsies, it is 

quick, inexpensive and easy to perform (Rebollo, & Bockarie, 2017; Weil, & Ramzy, 

2007).  The availability of immunoassays such as the Ov16 serological test for 

onchocerciasis (Park, Dickerson, et al., 2008), has greatly enhanced the ability to 

detect residual transmission or the re-emergence of infection by using young children 

as “sentinels”, or via spot checks (Weil, Steel, et al., 2000). Other antigen testing 

methods, such as the commercially-available test kits to detect the Brugia antigen 

BmR1 or Bm14 (Rahmah, Taniawati, et al., 2001), are currently being deployed in 

Brugia-endemic countries where both B. malayi and B. timori are normally found 

(Weil, & Ramzy, 2007). The potential of other antigens as biomarkers to define and 

prioritise areas for intervention, such as the detection of the N-acetyltyramine-O,b-

glucuronide (NATOG) in urine, is attractive but has not been fully addressed yet 

(Lagatie, Ediage, et al., 2016). In this regard, preliminary studies have shown that 

NATOG has limited potential for diagnosis of O. volvulus-infected, amicrofilaremic 

patients (Lagatie, Ediage, et al., 2016). However, one of the main hurdles of 

diagnostic tools based on the detection of parasite antigens is that too often these 

methods cannot discriminate between past and ongoing infections, thus limiting its 

diagnostic potential for monitoring MDA success (Weil, & Ramzy, 2007). Similarly, 

some of these parasite antigens exhibit long half-lives in biofluids, which makes it 

difficult to be used for post-MDA surveillance purposes (Weil, & Ramzy, 2007).  

 

1.5.2 Molecular diagnostics 

Alternatively, molecular diagnostics tools have been demonstrated to provide 

sensitive methods to diagnose helminthic infections (Alhassan, Li, et al., 2015; Fink, 

Fahle, et al., 2011). One of such methods involves the detection of parasite DNA in a 

wide variety of bodily fluids by either polymerase chain reaction (PCR) or high-

throughput deep sequencing, which has proven to be successful in the diagnosis of 

infections caused by S. mansoni (Srivastava, Mehrotra, et al., 2011), gastrointestinal 

parasitic nematodes (Taniuchi, Verweij, et al., 2011) and Leishmania (Srivastava, 

Mehrotra, et al., 2011), and filarial nematodes (Boatin, Toé, et al., 2002; Favia, 

Cancrini, et al., 2000; Poole, Tanner, et al., 2012). Similarly, molecular 
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xenomonitoring techniques, which involve the detection of parasite nucleic acids in 

insect vectors collected in endemic regions, are also important for monitoring the 

progress of the implemented control programmes, as well as for the estimation of the 

likelihood of transmission in populations subjected to MDA (Weil, & Ramzy, 2007). 

In this regard, the detection of the DNA biomarker O. volvulus glutathione S-

transferase 1a (OvGST1a) in black flies by loop-mediated isothermal amplification 

(LAMP) has proven to be a sensitive and rapid method that can be directly applied to 

monitor populations of vectors in the field (Alhassan, Makepeace, Lacourse, et al., 

2014). Another DNA-based method involves the detection of the Brugia repetitive 

element HhaI by LAMP in blood, and has been demonstrated to be a rapid method 

that is highly sensitive and specific to B. malayi and B. timori, but not to other filarial 

nematodes, including W. bancrofti, O. volvulus, or D. immitis (Poole, Tanner, et al., 

2012). This Brugia DNA-based method could potentially be adopted in places where 

it is urgent to develop new ways of mapping areas with Brugian filariasis (Weil, & 

Ramzy, 2007). Some of the diagnostic methods discussed thus far are summarised in 

Table 1.1. Apart from DNA-based tests, the detection of other nucleic acids, such as 

small non-coding RNAs have also become popular as attractive biomarkers for filarial 

infections (Quintana, Babayan, et al., 2016; Tritten, Burkman, et al., 2014; Tritten, & 

Geary, 2016; Tritten, Neill, et al., 2014). This will be discussed in more detail in the 

next section.  
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Table 1.1 Summary of parasitological and molecular diagnostic methods for 

filariasis 

 
Diagnostic test Filarial parasite Method Reference 
Parasitological & Antigen diagnostics 

Skin biopsies (“Skin 
snips”)1,4 

O. volvulus Skin biopsy 
followed by 
microscopic 
examination 

(Boatin, Toé, et al., 2002; 
Eberhard, Cupp, et al., 20174; 
Taylor, Keyvan-Larijani, et al., 
1987) 

Blood smears1 Brugia spp., W. 
bancrofti, L. loa, 
D. immitis 

Blood sampling 
and microscopic 
examination 

(Gardon, Gardon-Wendel, et al., 
1997; Weil, & Ramzy, 2007) 

DEC patch test1 O. volvulus Direct application 
on the skin 

(Boatin, Toé, et al., 2002) 

Palpation of nodules1 O. volvulus Direct clinical 
examination 

(Arndts, Specht, et al., 2014; 
Zouré, Noma, et al., 2014) 

IgG4 against Ov162 O. volvulus ELISA, antibody 
card test 

(Oguttu, Byamukama, et al., 2014; 
Weil, Steel, et al., 2000) 

IgG4 against BmR1 & 
BmR141 

B. malayi, B. 
timori 

Dipstick (Fischer, Bonow, et al., 2005) 

Molecular diagnostics 
1. Repetitive elements 

O-150 repeat1,3 O. volvulus PCR (Alhassan, Li, et al., 2015; Boatin, 
Toé, et al., 2002; Fink, Fahle, et 
al., 2011) 

HhaI repeat1 B. malayi PCR, LAMP, 
HAD 

(Alhassan, Li, et al., 2015; Fink, 
Fahle, et al., 2011)  

SspI repeat1,3 W. bancrofti PCR and PCR-
based protocols 

(Alhassan, Li, et al., 2015; Fink, 
Fahle, et al., 2011) 

2. Other genes/sequences 
 Glutathione S-transferase 

1a (OvGST1a)3  
O. volvulus PCR, LAMP (Alhassan, Li, et al., 2015; 

Alhassan, Makepeace, LaCourse, 
et al., 2014) 

Collagen (TC8100)3  B. malayi L3s RT-PCR (Alhassan, Li, et al., 2015; Laney, 
Buttaro, et al., 2008) 

 
These methods have been reported in 1Clinical diagnostics, 2Surveillance of 
communities, or 3Xenomonitoring (detection of filarial load in insects). 
4Although traditionally used for the diagnosis of onchocerciasis, it is still 
controversial whether skin snip test is a suitable tool for programmatic evaluation, 
monitoring of onchocerciasis elimination, and surveillance post-MDA (Eberhard, 
Cupp, et al., 2017). 
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1.6 Extracellular small RNAs in filarial nematodes 
It is now recognized that small RNA molecules not only exert their function within, 

but can also operate beyond the limits of the cell. One key feature of these 

extracellular RNAs (exRNAs) is their remarkable stability in hostile environments 

such as human biofluids (Hoy, & Buck, 2012). Several studies have demonstrated that 

the stabilization of exRNA can occur through direct association with lipid and RNA-

binding proteins, such as low-density lipoprotein (LDL) particles or Argonautes 

(AGO) complexes, or encapsulation within extracellular vesicles (EVs) (reviewed by 

Hoy, & Buck, 2012; Mittelbrunn, & Sánchez-Madrid, 2012; Turchinovich, Samatov, 

et al., 2013). Interestingly, EVs and exRNAs have also been found in ES products 

from a diverse range of parasites, from microbes to nematodes (reviewed by Coakley, 

Maizels, et al., 2015).  

Most of the literature detailing exRNA in helminths focuses on their encapsulation 

within EVs although the origins of these are not all well documented. EVs that pellet 

upon ultracentrifugation could derive from the endocytic pathway (termed exosomes) 

or from budding of the plasma membrane (often termed microvesicles) and these can 

be difficult to distinguish by their sizes: exosomes are generally 40-100 nm and 

microvesicles can range from 100-1000nm (Quintana, Babayan, et al., 2016). It seems 

likely that such heterogeneity exists in parasite EVs, an area that remains largely 

unexplored, which could be key to understanding the diversity of their functions 

(Coakley, Maizels, et al., 2015). Initial reports in the trematodes Echinostoma caproni 

and Fasciola hepatica suggested that EVs (30-100 nm) could derive from tegumental 

structures and could be a mechanism for transferring material to host cells 

(Cwiklinski, de la Torre-Escudero, et al., 2015; Marcilla, Trelis, et al., 2012). EVs 

with similar sizes have also been characterized in the human pathogenic trematodes 

Schistosoma mansoni (Nowacki, Martin T. Swain, et al., 2015) and Schistosoma 

japonicum (Wang, Li, et al., 2015), the carcinogenic liver fluke Opisthorchis viverrini 

(Chaiyadet, Sotillo, et al., 2015), the clade V gastrointestinal nematode Teladorsagia 

circumcincta (Tzelos, Matthews, et al., 2016), and the clade I whipworm Trichuris 

suis (Hansen, Kringel, et al., 2015). In our own work, we showed that the clade V 

gastrointestinal parasitic nematode H. polygyrus secretes EVs that are enriched in 

proteins known to be abundant in the intestinal tissue of the parasite as well proteins 

associated with exosome biogenesis (e.g. ALIX) (Buck, Coakley, Simbari, Mcsorley, 
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et al., 2014). In the context of filarial infections, a recent report focusing on B. malayi 

showed that both iL3s and gravid adult females secreted EVs in vitro (Zamanian, 

Fraser, Agbedanu, Harischandra, et al., 2015). The EVs detected in the in vitro ES 

products from iL3s were described as homogeneous, based on size, ranging between 

50 -120 nm. Proteomic analysis of the iL3s revealed an enrichment for several 

proteins previously termed exosome markers, including HSP70 and Rab-1 (Zamanian, 

Fraser, Agbedanu, Harischandra, et al., 2015).  

 

1.6.1 Biogenesis of microRNAs 

Three primary RNAi pathways have been characterized in animals: the microRNA 

(miRNA) pathway, the endo/exo-small interfering RNA (endo/exo-siRNA) pathway 

and the P-element Induced Wimpy testis (PIWI)-interacting RNA (piRNA) pathway 

(Hoogstrate, Volkers, et al., 2014; Weick, & Miska, 2014). These pathways are 

distinguished by the origin and identity of the small RNA guide and target, as well as 

the properties of the AGO protein to which they bind. In general AGOs have two 

main functions: 1) recognizing and binding small RNA and 2) mediating the 

interaction with other proteins required for small RNA loading, association with 

targeted RNAs, gene silencing activity, and/or subcellular localization (Buck, & 

Blaxter, 2013; Youngman, & Claycomb, 2014). From a structural standpoint, they are 

generally ~90-100 kDa monomeric proteins containing at least two domains: a PAZ 

domain (involved in 3’-end recognition and binding of the small RNA) and a PIWI 

domain, which binds to the 5’ end of the small RNA and in some cases includes an 

RNaseH-like activity that can carry out endonucleolytic cleavage (“slicing”) of the 

targets (Buck, & Blaxter, 2013; Hutvagner, & Simard, 2008). 

The microRNA pathway is one of the best characterized RNAi pathways in 

nematodes (Bartel, 2009). These molecules, first described in C. elegans over two 

decades ago, are encoded within the genome as stem-loop structures that undergo a 

series of maturation events to produce the short RNA guide. In nematodes, as in other 

animals, miRNAs can either derive from within intragenic sequences (generally 

within the introns) or from independent, intergenic transcriptional units (Grishok, 

2005). These transcripts, termed the primary miRNAs (pri-miRNAs), are mostly 

derived from the activity of RNA polymerase II (Figure 1.9). Some miRNAs are 

clustered together in discrete genomic regions suggesting coordinated expression 
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(Kim, Han, et al., 2009). Once transcribed, miRNA biogenesis involves a series of 

maturation events starting with cleavage by the microprocessor complex in the 

nucleus (Kim, Han, et al., 2009; Winter, Jung, et al., 2009). The microprocessor is 

composed of the RNase III endonuclease DROSHA, and DCRG8, among other 

scaffold proteins, and cleaves the pri-miRNA to produce a shorter hairpin (pre-

miRNA) with a 5’ monophosphate and a ~2 nt overhang at the 3’ end (Figure 1.9). 

The pre-miRNA is then actively transported to the cytoplasm by Ran-GTP protein 

and members of the Exportin family (predominantly EXP-5). Once in the cytoplasm, 

the pre-miRNA is recognized by a second RNase III endonuclease called DICER that 

catalyses cleavage of the hairpin to produce a double stranded duplex approximately 

22 nt in length, where both 3’ends display a ~2 nt overhang (Kim, Han, et al., 2009; 

Winter, Jung, et al., 2009).  One strand of this miRNA duplex is then incorporated 

into RISC through association with the AGO protein (Figure 1.9). The miRNA then 

guides RISC to target messenger RNAs to elicit inhibition of translation, accelerated 

mRNA de-adenylation and/or endonucleolytic cleavage of the mRNA, depending on 

the degree of complementarity between the miRNA and its target (Kim, Han, et al., 

2009; Winter, Jung, et al., 2009) (Figure 1.10). In animals, miRNAs are generally not 

perfectly complementary to their targets and recognition is dominated by the “seed” 

site defined as nucleotides 2-7 in the 5’ end of the miRNA (Figure 1.10) (Kim, Han, 

et al., 2009). 
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Figure 1.9 miRNA biogenesis pathways. A) Canonical miRNA genes are transcribed by 
RNA polymerase II (Pol II) to generate the primary transcripts (pri-miRNAs), which are 
often capped with m7G at the 5’ end and polyadenylated at the 3’ end. The initiation step 
(“cropping”) is mediated by the microprocessor complex, formed by Drosha and 
DiGeorge syndrome critical region gene 8 (DGCR8). The enzymatic processing of the 
pri-mRNA leads to the formation of a ~65 nucleotide hairpin called pre-miRNA. Pre-
miRNAs have a short stem plus ~2 nt 3’ overhang, which facilitates its transport to the 
cytoplasm mediated by Exportin 5 (EXP5). Once in the cytoplasm, the RNase III Dicer 
catalyses the second processing (”dicing”) step to produce miRNA duplexes. Dicer, 
together with other binding partners such as TBRP, PACT and Argonaute (AGO)1-4 
mediate the processing of pre-miRNAs as well as the assembly of the RNA-Induced 
Silencing Complex or “RISC”. One strand of the mature duplex remains on the AGO 
protein as the mature miRNA, whereas the other strand is degraded. AGO is thought to be 
associated with Dicer in the dicing step as well as in the RISC assembly step. B) 
Canonical intronic miRNAs are processed co-transcriptionally before mRNA splicing. 
The splicing commitment complex is thought to tether the introns while Drosha cleaves 
the miRNA hairpin. The pre-miRNA enters the miRNA pathway, whereas the rest of the 
transcript undergoes pre-mRNA splicing and produces mature mRNA for protein 
synthesis. C) Non-canonical intronic small RNAs are produced from spliced introns and 
debranching. Because such small RNAs (called “mirtrons”) can derived from small 
introns that resemble pre-miRNAs, they bypass the Drosha processing step. Some introns 
have tails at either the 5’ end or 3’ end, so they need to be trimmed before pre-miRNA 
export. (Taken from Kim, Han, et al., 2009) 
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Figure 1.10 miRNA function. A) Some miRNAs direct endonucleolytic cleavage 
(slicing) of their mRNA targets. The 5ʹ-to-3ʹ exoribonuclease XRN1 in animals, 
together with the major cellular 3ʹ-to-5ʹ exonucleolytic complex, the exosome, 
subsequently degrade the sliced mRNA fragments. The 3ʹ end of the 5ʹ cleavage 
product is frequently uridylated, perhaps to mark these fragments for decay. B) 
Biochemical studies have suggested that miRNAs have a role in blocking translational 
initiation, in poly(A) tail shortening or in the recruitment of protein cofactors that can 
interfere with translation. C) In many cells and tissues, miRNA-directed translational 
repression is indistinguishable from mRNA destruction via decapping and 5ʹ-to-3ʹ 
decay. This has led to the suggestion that miRNAs directly target mRNAs for decay. 
Another possibility is that the inhibition of translation by miRNAs (as shown in B) 
triggers subsequent mRNA decay, and the temporal delay between these two effects 
can vary depending on the surveillance mechanisms in place in cellular contexts. 
(Taken from Ameres, & Zamore, 2013)  
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1.6.2 Extracellular miRNAs as diagnostics for helminthiases  
Parasitic nematodes release a myriad of RNAs, including small non-coding RNAs 

such as miRNAs, likely to be released either in association with protein complexes 

and EVs (Buck, Coakley, Simbari, McSorley, et al., 2014; Manzano-Román, & Siles-

Lucas, 2012; Marcilla, Martin-jaular, et al., 2014). In both H. polygyrus and B. malayi, 

it has been demonstrated that EVs contain several miRNA families, including miR-71 

and members of the let-7 and miR-100 families (Buck, Coakley, Simbari, McSorley, 

et al., 2014; Zamanian, Fraser, Agbedanu, & Harischandra, 2015). Moreover, these 

studies in H. polygyrus and B. malayi  showed that the secreted RNA population is 

distinct from the RNA isolated from the total worm (Buck, Coakley, Simbari, 

Mcsorley, et al., 2014; Zamanian, Fraser, Agbedanu, Harischandra, et al., 2015). 

While these observations suggest that a subset of the total miRNA population 

expressed within the worm is secreted, it does not provide information on whether 

this subset is selectively exported from the cell from which it derives. Recent studies 

in mammalian cells suggest that that the selective sorting of miRNAs into EVs 

involves specific RNA binding proteins such as HuR hnRNPA2B1 (Mukherjee, 

Ghoshal, et al., 2016; Villarroya-Beltri, Gutiérrez-Vázquez, et al., 2013). The 

presence of ribosomal proteins in the EVs secreted by B. malayi iL3s was also noted 

(Zamanian, Fraser, Agbedanu, Harischandra, et al., 2015), though it is not known 

whether these proteins were bound to the rRNA fragments also found in such 

products. It is important to mention that it is still unclear whether or how different 

RNA processing pathways converge with EV biogenesis and secretion. In some 

systems, components of the RNA Induced Silencing Complex (RISC) have been 

detected in EVs or shown to co-migrate with endosomal MVB fractions in density 

gradients (Gibbings, Ciaudo, et al., 2009). Interestingly, one AGO protein was also 

identified in both vesicle and vesicle-depleted fractions from H. polygyrus in vitro 

(Buck, Coakley, Simbari, Mcsorley, et al., 2014), although the mechanistic aspects 

associated with secretion of AGO proteins in nematodes or others parasites are still 

unknown.  

Beyond their potential roles in parasite-to-host, and in parasite-to-parasite 

communication, one interesting finding is that, similar to host-derived exRNAs, the 

parasite-derived exRNAs are highly stable in circulation (Cai, Gobert, et al., 2016; 

Quintana, Babayan, et al., 2016). As proposed for host-derived exRNAs, their 
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stability is thought to be mediated by their inclusion within EVs (Cai, Gobert, et al., 

2016; Quintana, Babayan, et al., 2016). It is therefore not surprising that these 

molecules can be readily detected in serum from infected hosts, including humans, 

and have been proposed as novel biomarkers for helminthiases (Cai, Gobert, et al., 

2016; Hoy, & Buck, 2012; Hoy, Lundie, et al., 2014; Quintana, Babayan, et al., 2016; 

Tritten, & Geary, 2016). In this regard, three miRNAs derived from the human 

parasitic trematode Schistosoma mansoni can significantly discriminate egg-positive 

patients from egg-negative patients with high sensitivity and specificity, highlighting 

the potential application of circulating, parasite-derived miRNAs as biomarkers for 

infection (Hoy, Lundie, et al., 2014).  

Whilst it might be expected that all nematode parasites can or do release exRNA and 

EVs, there are several factors that will influence the ability to detect these molecules 

in different host fluids. For example, it is logical that the localization of the parasite 

within the host dictates the presence of parasite-derived exRNAs in different biofluids. 

The close contact between some filarial nematodes and the lymphatic system 

(Wuchereria bancrofti, L. loa, Brugia spp.) could account for a widespread 

distribution mechanism of any secreted parasite products into the bloodstream, such 

that they are readily detectable in serum and plasma (and perhaps urine) (Figure 1.11). 

Conversely, the presence of a nodular structure in onchocerciasis may impose a 

physical barrier for the trafficking of locally secreted parasite products to the 

bloodstream. However, the presence of a vascularized system surrounding the 

onchocercomata nodule may be seen as a “window” for dissemination of such 

products (Attout, Hoerauf, et al., 2009) (Figure 1.12). The mechanisms by which 

parasite EVs and exRNAs can bypass physical barriers (for example, those imposed 

by the nodular structure in Onchocerca spp.) and reach the bloodstream are not well 

understood yet but could help inform to what extent these molecules can be 

effectively used as biomarkers for different filarial infections. Lastly, the potential 

species-specificity of some miRNAs (e.g. miRNAs poorly or not conserved between 

parasitic species or even between parasites and hosts) makes them attractive 

candidates as diagnostics. A pan-filarial small RNA-based biomarker, or a female-

specific miRNA biomarker, could be useful as a point-of-care diagnostic test aiming 

to monitor populations subjected to mass drug administration (MDA) or for 

surveillance purposes. Similarly, it is expected that several technological approaches 

must be considered in order to improve not only the platforms currently available for 
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exRNA detection (reviewed in Alhassan, Li, et al., 2015; Pritchard, Cheng, et al., 

2012) but also the way in which these technologies can be transferred in a field-

friendly manner. However, several aspects need to be first addressed for the 

development of a miRNA-based diagnostic application for human filariasis. In this 

regard, it is important to understand whether the secretion of miRNAs by filarial 

nematodes is developmentally regulated, whether the anthelminthic chemotherapy 

used as part of the MDA programmes influence miRNA secretion, and if these 

molecules can be used as biomarkers for filarial infections. 
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Figure 1.11 Proposed routes of EV secretion in vivo in lymphatic filariasis. 
Depiction of filarial nematodes (for example Brugia spp.) residing within a lymph 
node. A hypothesis is that the lack of a nodular structure (as observed in infection 
from Onchocerca spp) might facilitate the accessibility of EVs into the circulation. It 
is also unclear whether the detection of EVs and small RNAs is exclusively associated 
with viable worms or can be also derived from moribund or dead worms (Quintana, 
Babayan, et al., 2016). 
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Figure 1.12 Proposed routes of EV secretion in vivo in onchocerciasis. Depiction 
of a nodule-forming species member of the Onchocerca genus (for example, O. 
volvulus or O. ochengi) residing within a nodular structure termed an onchocercoma. 
It is not yet clear whether or how the nodular structure imposes a physical barrier for 
dissemination of small RNA-loaded EVs into the bloodstream. Similarly, it is unclear 
whether the detection of EVs and small RNAs is exclusively associated with viable 
worms or can be also derived from moribund or dead worms (Quintana, Babayan, et 
al., 2016). 
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1.7 Hypotheses and objectives of this thesis 
Based on the information presented thus far and considering recent studies into the 

role of parasite-derived microRNAs as biomarkers for helminthiases, we hypothesise 

that filarial-derived extracellular miRNAs: 

1. Could exhibit stage- and sex-specific patterns of secretion throughout 

nematode development 

2. May be detectable in biofluids from infected hosts compared to naïve or 

uninfected controls 

3. May be useful as potential biomarkers for filarial infections 

This PhD thesis aims to: 

1. Determine the small RNA profile of the secretome from several lifecycle 

stages of the filarial parasite L. sigmodontis in vitro 

2. Determine the effect of anthelminthic chemotherapy on miRNA secretion  

3. Determine whether filarial-derived miRNAs can be used as biomarkers for 

infection 
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 Material and Methods 

2.1 Ethics statement for human and animal works 

Human samples kindly provided by Dr. K. Pfarr and Prof. A. Hoerauf, from the 

University of Bonn 

Archived human plasma from O. volvulus infected and uninfected volunteers was 

collected as part of a European Union Seventh Framework Programme for Research 

grant, contract 131242 "Enhanced Protective Immunity Against Filariasis (EPIAF)", 

(http://www.filaria.eu/projects/projects/epiaf.html). Infected individuals were those 

with palpable nodules and microfilaridermia by skin snip. Uninfected individuals 

were defined as persons with no palpable nodules and microfilariae negative skin 

snips. Serum or EDTA plasma was collected as previously described (Arndts, Specht, 

et al., 2014). The Committee on Human Research Publication and Ethics at the 

University of Science and Technology in Kumasi, Ghana, and the Ethics Committee 

at the University of Bonn, Germany approved the use of archived plasma samples. 

Collection of sera from onchocerciasis patients in Cameroon was approved by the 

Cameroon Ethics Committee and the Ministry of Public Health as part of the EU FP7 

contract 131242 (EPIAF) and in compliance with the Helsinki declaration on the use 

of humans in biomedical research.  Prior to recruitment, the nature and objectives of 

the study were explained to potential participants and those who agreed to take part in 

the study signed a consent form while an assent was obtained from parents or 

guardians of children who were enrolled in the study. Participation was voluntary. All 

the parasite stages were harvested from animals maintained at the University of 

Edinburgh in compliance with the UK Home Office Animals (Scientific Procedures 

Act) 1986 project license and the recommendations of the local ethical review 

committee.  
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2.2 Animals 

All the animals used in this PhD thesis were maintained under specific pathogen free 

(SPF) conditions at the University of Edinburgh Animal Facilities. Animal 

experiments were conducted under Project Licenses granted by the Home Office 

(United Kingdom), references 70/8548 and 70/8896, in accordance with local 

guidelines and approved by the Ethical Review Committee of the University of 

Edinburgh and described in section 2.1. 

2.3 Buffers and culture media 

2.3.1 Culture media 
2.3.1.1 Cell culture medium 
For ex vivo macrophage culture, we used RPMI-1640 medium (Sigma; R0883-

500ML), supplemented with Heat-inactivated Foetal Bovine Serum (FBS) (Gibco; 

10500), Penicillin-Streptomycin mix (10,000U/mL Stock - ThermoFisher Scientific; 

15140122), D-(+)-glucose (45% Stock - Sigma; G8769-100ML), and Gentamycin 10 

mg/mL (Life Technologies; 15710-049).  

2.3.1.2 Worm culture medium 
For worm culture, the supplemented medium was as described in 2.3.1.1 but did not 

contain FBS. Additionally, the HEPES buffer pH 7.4 - 7.6 (1M stock - Sigma; 

H3537-100ML) was used to control the pH. Details on final concentrations are 

provided in each individual experiment.  

 

2.3.2 Buffers for Flow Cytometry 

2.3.2.1 FACS buffer 

To prepare the FACS buffer, PBS 1X (Sigma; D8537-500ML) was mixed with BSA 

Fisher Scientific; BP9700-100) to a final concentration of 2%, and 0.05% Sodium 

Azide (Sigma; S2002). FACS buffer was kept ice-chilled or at 4oC.  

2.3.2.2 Fixation buffer 

The Flow Cytometry Fixation buffer was made of 2% Paraformaldehyde (PFA – 37% 

Stock. ACROS Organics; 119690025) in PBS 1X (Sigma; D8537-500ML). Fixation 

buffer was kept ice-chilled or at 4oC.  
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2.4 Parasitology 
2.4.1 Litomosoides sigmodontis lifecycle and harvest of larval 

and adult stages 

The parasite L. sigmodontis was maintained by passage through 12-week-old male 

gerbils (Meriones unguiculatus), and the arthropod intermediate host mite 

(Ornithonyssus bacoti). The infections were conducted as follows: 10 days prior to 

infection, the mites, which had been kept in glass containers filled with ~5 cm 

bedding material and a removable cover, ~270C and atmospheric humidity of 70%, 

were allowed to have a blood meal on an infected gerbil (mf counts >500 mf/µl blood 

from infected gerbils). The infective stage larvae (vector-derived L3s; vL3s) were 

dissected directly from the mite vector 14 days after the blood meal, and left to crawl 

out of the mite carcase for about 1h at room temperature in RPMI-1640 media 

containing 5% Horse serum. For infection of gerbils, doses of ~100 vL3s were picked 

using glass Pasteur pipettes, and placed onto Syracuse dishes. A final volume of 

~150-200 µl, containing ~100 vL3s, were then aspirated to 1 mL syringes with a 21-

gauge needle. Gerbils were inoculated intraperitoneally and kept in specific pathogen 

free (SPF) conditions. Mock doses were prepared using supplemented RPMI-1640 

media alone and inoculated into control (uninfected gerbils). The worms normally 

undergo two moulting steps within the vertebrate host at 2-3 days post infection (L3s 

to L4s), and 25-30 days post-infection (L4s to adult stages) (Bain, & Babayan, 2013). 

Mating and production of circulating microfilariae in gerbils occurs around day 90 

post-infection (Bain, & Babayan, 2013) (Figure 1.3).  

2.4.2 In vitro culture of L. sigmodontis and preparation of 
Excretory/Secretory (ES) products 

A total of 500 vL3s (n = 2), from the pool of vL3s used for gerbil infection, were used 

to generate ES products from infective larvae. Based on the reported developmental 

timing of L. sigmodontis in gerbils, we also harvested host-derived L3s (hL3s; n = 2) 

and L4s (n = 2) from infected gerbils 3 and 20 days post-infection, respectively. 

Similarly, juvenile adult males (jAM; n= 2) and pre-gravid adult females (pgAF; n = 

2) were recovered from the pleural/peritoneal cavity of gerbils at 32 days post-

infection (Figure 2.1). It is important to mention that the presence of a primordial 

vulva in the anterior end was the morphological feature that we chose for 
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discriminating between pgAF and jAM (Attout, Babayan, et al., 2005). Fully 

developed and sexually mature adult worms (adult males – AM, n = 10; gravid adult 

females – gAF, n = 12) were harvested 90 days post-infection, from the pleural and 

peritoneal cavities. The microfilariae (mf) were also harvested but this included some 

challenges. It has been shown that the blood-derived mf contain a high proportion of 

mouse-derived proteins, thus limiting the confidence in the secretome factors being 

unambiguously derived from the parasite (Armstrong, Babayan, et al., 2014). To try 

to circumvent this issue we obtained mf released by gAF in vitro during the first 24 

hours of culture (n = 8). The gAF culture medium after 24h was centrifuged at 

1500xg for 15 min and 4°C, and the pellet resuspended in 25 mL of worm culture 

medium supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, 1 % D-

(+)-glucose and 0.1 mg/mL gentamycin and 30 mM HEPES. Given their small size, at 

the time of harvest, the vL3s, hL3s, L4s, jAM and pgAF were picked with glass 

Pasteur pipettes, placed onto Syracuse dishes, and washed 5 times with worm culture 

medium supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, 1 % D-

(+)-glucose and 0.1 mg/mL gentamycin and 30 mM HEPES pH 7.4. Worms were 

then placed in supplemented culture medium at a density of 1-2 worms/mL, except 

for vL3s, that were kept at a density of 250 worms/mL. The worms were incubated at 

37oC / 5% CO2 in a HERA cell 150 incubator (Thermo Scientific) (Figure 2.1). Given 

that these developmental stages are small and fragile, we decided to harvest the spent 

media as a single time point, after 72h in culture. We monitored the motility of the 

worms as an indication of health and viability; stretched and immotile worms were 

considered dead and excluded from experiments, whereas contracting and motile 

worms were considered healthy and fully viable, and were kept for further assays. The 

harvested media was then centrifuged at 1,500xg for 20 min on an Eppendorf 

Benchtop centrifuge (Eppendorf; 5415R) to remove any cell debris, filtered through a 

0.22 µm filter (Millex; SLGP033RS), and the filtered media was kept at -20oC until 

further analysis (Figure 2.1).  

For generating ES products from adult worms, we first placed the worms into 50 mL 

flacon tubes containing 45 mL of warm supplemented worm culture medium (same 

media used for washes of larval stages). They were then washed 5 times with warm 

supplemented worm culture medium by decanting the content of the falcon tube and 

immediately replacing it with fresh media. The worms were then placed onto glass 
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petri dishes in 5 mL 1X PBS (Sigma; D8537-500ML), and incubated for 1h at 4oC. 

This treatment allows the worms to disentangle, thereby facilitating the sexing; gAF 

worms are ~ 8cm in length, whereas AM are significantly smaller (~1-2 cm in length). 

After sexing, the worms were placed in supplemented worm culture medium at a 

worm density of 1-2 worms/mL and, as described for larval stages, incubated at 

37oC/5% CO2 in a HERA cell 150 incubator (Thermo Scientific). For these stages, we 

harvested the spent media every 24h for a total of 72h, replacing with fresh 

supplemented worm culture medium every time. The health status of adult worms was 

assessed by determining the head-to-tail movement over a period of 1 minute in three 

independent measurements. The spent media was then centrifuged at 300xg for 20 

min on a HERAEUS Multifuge centrifuge 3SR+ (Thermo Scientific) to remove any 

cell debris and released mf from ES products from gAF. The mf-free supernatant was 

filtered through a 0.22 µm filter (Millex; SLGP033RS), and the clear media was kept 

at -20oC until further analysis. In the case of the spent media from gAF worms, the 

pellet containing mf was resuspended in 1 mL of media and the number of released 

mf, quantified using a Neubauer chamber and 10 µL of Trypan Blue (Sigma; 93595-

50ML), was used as an indicative of viability and health.  

Pooled ES products from AM and gAF were prepared by mixing equivalent volumes 

of ESP harvested at 24h, 48h and 72h for a total of 13.5 ml. For time course secretion 

of small RNAs in vitro by gAF worms (detailed in chapter 4), we used up a similar 

volume of 0-24h and 48-72h ES products (~15 mL for each time point). These 

samples were 10X concentrated using a 15 ml Vivaspin 6 5 kDa MWCO (Sartorius; 

VS0621) down to 1.5 ml, similar to the volume used to culture the larval stages 

(Figure 2.1). 
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Figure 2.1 Protocol for obtaining Excretory/Secretory (ES) products from larval 
and adult stages of L. sigmodontis. Adult ES products were concentrated down to 
1.5 mL (same volume obtained from larval ES products). All ES products were 
filtered through 0.22 µm filters to remove cell debris prior RNA extraction. 
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2.4.3 In vitro viability assay of gravid adult female worms 
(MTT assay) 

Adult worms were separated by sex as described in 2.4.2, and female worms were 

placed in 24-well plates at a density of 1 worm/well in 2 mL of supplemented worm 

culture medium, and incubated at 37oC. Viability was assessed by MTT at time 0h 

(worms freshly retrieved from the gerbils), 24h, 48h and 72h as follows: 1 mL of 

medium was replaced with 1 mL of 1 mg/ml of 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) (Life technologies; M6494) to a final 

concentration of 0.5 mg/mL. Worms were then incubated at 37oC for 1h in a HERA 

cell 150 incubator (Thermo Scientific). After the MTT incubation, medium was 

replaced with 0.5 mL of 100% Dimethyl sulphoxide (DMSO – Sigma; D2650) and 

incubated for 30 min at room temperature covered in foil. An aliquot of 200 µL was 

taken from each well and absorbance at 492nm on a Multiskan Ascent plate reader 

(Labsystems). A purple colour is indicative of mitochondrial activity, and therefore of 

fully viable worms. 100% DMSO was used as blank, and in preliminary experiments 

we also included hot EtOH-fixed gAF as “dead worm” controls. MTT readouts 

obtained from dead worms displayed similar optical density as 100% DMSO alone 

(data not shown), and thus we decided to use DMSO as control in subsequent 

experiments.  

2.4.4 In vitro motility assay of gravid adult female worms 

Motility of gravid adult female worms was assessed by counting the number of 

anterior-to-posterior end (head-to-tail) movements that occurred in one minute using 

lenses and a magnification of 20X. The measurements were conducted in triplicate 

per animal. An arbitrary scoring system was employed as follow: 1) Non-motile, 

relaxed or random and spastic movements, 2) Partially motile, with some indication 

of head-to-tail movement and/or worms partially coiled, 3) Worms fully motile, well-

defined sinusoidal and head-to-tail movement, and/or fully coiled.  

2.4.5 Adult female worm fertility assay and embryograms 

Qualitative and semi-quantitative assays were used to monitor the health status of the 

adult female worms in vitro. To do this, the spent media was recovered at indicated 

time points and the mf were pelleted by centrifugation at 300xg for 10 min at room 

temperature. The pellet was resuspended in 100 µL of PBS 1X (Sigma; D8537-
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500ML), and a 10 µL drop was placed on a glass slide. The specific embryonic stages 

reported in here was classified as Oocytes (Oo), Dividing eggs (DE), Pretzel-like 

stage (Pmf) and stretched mf (mf), as previously described (Ziewer, Hübner, et al., 

2012). A total of 5 fields/drop were examined under the microscope (400X) to 

determine the relative proportion of each of the embryonic stages in each 

experimental group. An arbitrary scoring system was employed, were “+” equals to 1-

10 embryonic stage/well, “++” equals to 11-20 embryonic stage/well, and “+++” 

equals to >20 embryonic stage/well. This was then plotted and represented as the 

relative proportion of each of the embryonic stages/sample/experimental group. 

 

2.4.6 In vitro treatment of gravid adult females with Ivermectin 
24-well plates containing a single gravid female worm per well were prepared as 

described in 2.4.3. Culture plates were split into worms treated with either 10% or 1% 

DMSO (vehicle) (Sigma; D2650), or worms treated with either 10µM or 1µM of 

Ivermectin (Sigma; I8898-250MG). Ivermectin solution was prepared by dissolving 

the powder to a concentration of 20 µM in 100% DMSO. After the first 24h 

incubation (“0h”), spent media was harvested, spun down at 300g x 10 min on a 

benchtop microcentrifuge (Eppendorf; 5415R) to pellet mf. The supernatant was 

filtered through a 0.22 µm filter (Millex; SLGP033RS), and the cleared supernatants 

were kept at -20oC. The pellets were resuspended in 100 µL of PBS 1X (Sigma; 

D8537-500ML) for mf quantification using a Neubauer chamber and Trypan Blue, as 

described in 2.4.2. Adult female worms were washed twice with PBS 1X (Sigma; 

D8537-500ML) and medium was replaced with supplemented worm culture medium 

containing 10 µM or 1 µM of Ivermectin, or DMSO alone as “vehicle” (10% and 1%, 

equivalent to the corresponding concentrations of DMSO in each drug dilution), in a 

final volume of 2 mL/worm/well. Similarly, viability was monitored by MTT as 

described in 2.4.3. Other parameters, such as fertility (defined as number of mf 

released in vitro) and motility (defined as heat-to-tail movement) were also assessed 

at every time point, as described in 2.4.4 and 2.4.5, respectively.  
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2.4.7 Extracellular vesicle purification, quantification and 
visualisation 

Isolation of extracellular vesicles (EVs) by solvent-based precipitation was performed 

as previously described (Gallart-Palau, Serra, et al., 2015), with some modifications. 

Briefly, 500 µL of pooled ES products from gravid adult female worms were 

incubated with 4 volumes (2 mL) of cold acetone (-20oC). 500 µL of pooled ES 

products were kept aside as a “Total” fraction.  The mixture of ES products and cold 

acetone was then vortexed for 15 seconds, incubated for 5 min at -20oC, followed by 

centrifugation at 3,000xg for 5 min. After centrifugation, the protein pellet was 

resuspended in 500 µL, whereas the EV-containing supernatant was placed onto a 

new tube, and the acetone was evaporated at room temperature using a DNA 

SpeedVac DNA110 system (Savant). The final volume of the EV-containing 

supernatant was brought down to 500 µL. The fraction containing the EVs was 

quantified by Tunnable Resistive Pulse Sensing (TRPS) method on an Izon qNano 

Instrument (Izon). Data acquisition and analysis were performed using the Izon 

Control Suite software version V3.1. EV samples were analysed using NP150 

nanopore at 7 mbar pressure. Calibration runs were performed before and after each 

sample run using 114 nm diameter carboxylated polystyrene (standard) beads. Serial 

dilutions of the standard beads were used to determine the quantitative range within 

each run (data not shown). Each EV sample was measured in triplicates and results 

are reported as average of the three technical replicates. For visualisation of the 

vesicles, the purified ultracentrifuge pellets from L. sigmodontis ES products (Protein 

concentration ranging from 0.02 to 0.4 µg/µL) were fixed in 2% PFA, deposited on 

Formvar-carbon coated TEM grids and treated with glutaraldehyde prior to treatment 

with uranyl oxalate and methyl cellulose as described before (Simbari, Mccaskill, et 

al., 2016). Images were taken on a Philips CM120 Transmission Electron Microscope 

using a Gatan Orius CCD camera. 

2.4.8 Protein quantification  
For all the experiments conducted here, the protein concentration of samples was 

measured using the Qubit Protein quantification kit (Invitrogen; Q33211). 10 µL of 

samples were added to 190 µL of Qubit Buffer (1:20) containing 1 µL of Qubit Dye 

(1:200), both provided with the kit. Three standard samples provided with the kit 
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(concentrations ranging from 0 µg/µL to 0.4 µg/µL) were included to create a 

standard curve. The samples, including the standards, were incubated for 15 min at 

room temperature covered in tin foil. The fluorescence intensity was then measured 

using a Qubit 2.0 Fluorimeter (Invitrogen; Q32866), according to the manufacturer’s 

protocol.  

2.5 Animal models of infection 

2.5.1 Collection of blood, serum, and pleural/peritoneal 
(PLEC/PEC) exudates from gerbils 

2.5.1.1 From gerbils 

Infected gerbils or naïve controls were culled by CO2 asphyxiation in accordance with 

the UK Home Office regulation. Animals were exsanguinated by cardiac bleed and 

blood was incubated for 1h at room temperature, centrifuged at 400xg for 10 min at 

room temperature to retract the clog and the supernatant was further cleared by 

centrifugation at 16,000xg for 5 min. The cleared serum was kept at -20°C. The 

pleural and peritoneal (PEC/PLEC) washes were recovered by carefully irrigating 

both cavities with 2 ml of cell culture medium supplemented with 100 U/ml penicillin, 

100 µg/ml streptomycin, 30 mM HEPES and 1 % D-(+)-glucose. The washes were 

placed in 15 ml falcon tubes, centrifuged at 1500 rpm for 15 min at 4°C and the 

supernatants were filtered through 0.22 µm filters to remove any cell debris of mf 

released in vivo. The cleared PEC/PLEC washes were kept at -20°C. 

2.5.1.2 From mice 
Whole blood was drawn from naïve or infected BALB/c mice by brachial bleeding 

(~1 mL final volume). The blood harvested directly into a 1.5 mL Eppendorf tube and 

allowed to sit for 1h at RT to form a clot. For serum collection, the clot was separated 

from the serum by centrifugation at 2500g for 15 min at 4oC, the supernatants were 

collected into new 1.5 mL Eppendorf tubes and spun down at 10,000g for 1 min to 

remove remaining cells. The resultant supernatants were transferred into new 1.5 mL 

Eppendorf tubes and stored at -80oC until further experiments. 

2.5.1.3 Quantification of circulating mf in blood 
For quantification of circulation mf, a total of 30 µL of blood harvested by cardiac 

puncture was added to 300 µL of BD FACS Lysing Buffer (BD; 349202), vortexed 

for 15 seconds, and centrifuged at 300xg for 10 min at room temperature. The 
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supernatant was discarded and the pellet was resuspended in 100 µL of PBS 1X 

(Sigma; D8537-500ML), placed onto a glass slide, and the number of stretched 

microfilariae was quantified by microscopic examination of the slide at a 

magnification of 400X.   

2.5.2 Purification of adherent macrophages and flow 
cytometry 

2.5.2.1 Purification of adherent macrophages 

To harvest Pleural/Peritoneal (PLEC/PEC) macrophages, we first culled gerbils or 

mice by CO2 asphyxiation. After removing the skin from the abdomen, a small 

incision was made in the peritoneum, through which 5 mL of warm (37oC) 

supplemented cell culture medium was flushed into the cavity. The incision was then 

clamped, and the animals were shaken to allow all the cells from the cavity to come 

into suspension. The media was carefully recovered from the peritoneal cavity using a 

plastic Pasteur pipette and placed into a 15-mL falcon tube kept on ice. After washing 

the peritoneal cavity, an incision was made into the diaphragm, and 5 mL of warm 

media were flushed into the pleural cavity. The cavity was then washed several times 

using a plastic Pasteur pipette. The Pleural wash was then pooled together with the 

peritoneal washes. The PLEC/PEC washes were then centrifuged for 10 min at 400xg 

and 4oC. The cell pellet was resuspended in 1 mL of supplemented media and the 

concentration of viable cells was determined by staining with Trypan Blue (Sigma; 

93595-50ML) and counted on a Neubauer chamber. To obtain purify PLEC/PEC 

macrophages, the cell concentration was adjusted to 1.5x106 cells/ml in supplemented 

RPMI-1640 medium and the cells were allowed to adhere to the surface of either flat-

bottomed polystyrene 96-well plates (Grenier Bio-One) (for flow cytometry) or 

polystyrene 6-well plates (Grenier Bio-One) (for RNA extraction). Cells were 

cultured for 45 min (96-well plate) and 1 hr (6-well plate) at 37oC. Non-adherent cells 

and microfilariae were removed by gentle and extensive washes five times with warm 

(37oC) 1X PBS (Sigma; D8537-500ML).  

2.5.2.2 Flow cytometry 
The expression of cell surface markers from adherent macrophages was assessed by 

flow cytometry. Cells adhered to flat-bottom polystyrene 96-well plate (Grenier Bio-

One, Germany) (as described in 2.13.1) were washed extensively with warm (37oC) 

1X PBS (Sigma; D8537-500ML), and the absence of microfilariae was verified by 
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observation with a microscope.  After the washes, the adherent cells were incubated 

with a 1:750 dilution of Live/Dead Aqua Stain (Life Technologies; L23105) in FACS 

buffer. The cells were then stained by incubating for 10 min at room temperature in 

the dark. The excess stain was washed off by addition of 100 µL FACS buffer 

followed by centrifugation at 300xg for 5 min at room temperature. The samples were 

subsequently incubated with Fluorescence-conjugated antibodies (Table 2.1) diluted 

1:200 in FACS buffer for 30 min on ice (covered in tin foil) in 50 µL of FACS buffer-

antibody mix followed by a wash step. Lastly, the samples were then washed 2 times 

in FACS buffer, and incubated for 10 min with 100 µL of 2% Paraformaldehyde 

covered in tin foil, to allow adherent cells to detach from the plate.  The detached 

cells were then recovered by pipetting up and down multiple times, centrifuged at 

300xg for 10 min, washed twice with 300 µL FACS buffer, and the final pellet was 

resuspended in 300 µL of FACS buffer. The acquisition of fluorescent signals was 

conducted on a LSR II (BD, Bioscience, USA) Flow cytometer.  Single stains were 

conducted to adjust the voltage intensity in the flow cytometer. Our gating strategy 

consisted on viable cells that displayed the expression of the hematopoietic lineage 

CD45.2. We then excluded non-macrophage cells (termed “lineage-specific” cells) by 

using an antibody cocktail against the following surface antigens: CD3 (T cells), 

CD19 (B cells), Ly6G (Neutrophils), and SiglecF (Eosinophils). Once the non-

monocytes/macrophage populations were excluded, we determined the expression of 

Ly6C (Pro-inflammatory monocytes) and CD11C to define a population consisting of 

pro-inflammatory monocytes (Ly6C+ CD11c- cells), dendritic cells (Ly6C- CD11c+ 

cells), and macrophages, which were further confirmed by the co-expression of the 

surface markers CD11b and F480.  
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Table 2.1 List of antibodies used for flow cytometry 

Antibody fluorescent 

dye 

Cell population Provider/Catalogue 

number 

CD45.2 PerCP Haematopoietic cells BioLegend /109827 

CD3 BV421 T cells BD Biosciences/564008 

CD19 BV421 B cells BD Biosciences/562701 

Ly6G BV421 Neutrophils BD Biosciences/562737 

SiglecF BV421 Eosinophils BD Biosciences/562681 

Ly6C AF700 Pro-inflammatory 

monocytes 

BioLegend / 128023 

CD11c BV605 Dendritic cells BD Biosciences/563057 

CD11b BV711 Myeloid/Macrophages BD Biosciences/563168 

F480 PECy7 Macrophages BioLegend/123113 

 

 
2.5.3 O. ochengi nodule fluids 
Sample kindly provided by Dr. B. Makepeace from the University of Liverpool 

and Dr. S Wanji from the University of Buea (Cameroon) 

Bovine skins containing numerous O. ochengi onchocercomata were obtained from 

Ngaoundéré abattoir, Adamawa Region, Cameroon (Wahl, G, Achu-Kwi, MD, Mbah, 

D, Dawa, O, Renz, 1994). Freshly excised nodules were screened visually, and 

discarded if hard or discoloured, which are signs of calcification. Nodules were rinsed 

in PBS, dried thoroughly, and pricked with a 21G hypodermic needle. The nodules 

were gently squeezed, and the expressed fluid (~0.5 µl) collected with a micropipette, 

pooling from >10 nodules per biological replicate. The fluid was spun at 500 g for 5 

min to pellet any cellular material or Mf, and the supernatant was stored at -80°C. The 

samples were shipped to the UK on dry ice and remained frozen prior to analysis.  
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2.6 RNA extraction 

2.6.1 RNA extraction from gravid adult female worms 

Adult female worms obtained from infected gerbils 90 days post-infection were 

washed three times in PBS 1X (Sigma; D8537-500ML), examined under the lenses to 

exclude broken worms or microgranulomas, and kept in 1 mL of Trizol (Ambion; 

15596026) in 2.0 mL Eppendorf tubes. Worms were lysed using stainless steel beads 

(Qiagen) in a TissueLyser II (Qiagen) at a frequency of 30/sec for 2 min repeated 

twice. After lysis, samples were spun down at 10,000xg for 5 min to pellet any debris 

and 0.7 mL of the supernatant was used for total RNA extraction using miRNeasy 

mini kit (Qiagen; 217004), per manufacturer’s instructions. After washes, total RNA 

was eluted in 50 µl of nuclease-free distilled water, quantified by Qubit 2.0 

Fluorimeter (Invitrogen; Q32866) and the Qubit High Sensitivity RNA kit (Invitrogen; 

Q32855) according to manufacturer’s recommendations. Integrity of the RNA was 

then determined using the Bioanalyzer Total RNA pico kit (Agilent; 5067-1514), and 

kept at -80oC.  

2.6.2 RNA extraction from ES products 

Total RNA from lifecycle stages ES products (described above) was purified from 1.5 

mL of ES products added to 5.25 mL of Trizol LS Reagent (ThermoFisher; 

10296028), using the miRNAeasy mini kit (Qiagen; 217004) and following 

manufacturer’s recommendations. Final elution was carried out in 25 µl of nuclease-

free distilled water. The relative small RNA content from these samples was 

determined with 1 µl of total RNA on a Bioanalyzer small RNA kit (Agilent; 5067-

1548) prior to small RNA library preparation. 

2.6.3 RNA extraction from mouse serum 

For purification of total RNA from mouse serum, 200 µl of naïve and infected sera 

were thawed on ice for 45 min and spun down at 10,000g to make sure any cell debris 

was removed prior extraction. Total RNA was purified using the miRNeasy mini Kit 

(Qiagen; 217004). Briefly, thawed serum was mixed with 700 µl of Qiazol (Qiagen; 

217004) and vortex thoroughly for 15 seconds before adding 140 µl of chloroform. 

Samples containing Qiazol and chloroform were vortexed thoroughly for an 

additional 15 seconds and incubated 3 min at RT. After centrifugation at 12,000g for 
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15 min the aqueous phase was obtained and mixed with 1.5 volumes of 100% Ethanol 

and passed through a miRNeasy column.  The columns were washed three times with 

buffers included in the kit and RNA was eluted in 50 µl of nuclease-free distilled 

water. RNA samples were quantified by Qubit fluorimeter (Invitrogen; Q32866), and 

stored at -80oC until small RNA library preparation or qRT-PCR analysis.  

2.6.4 RNA extraction from O. ochengi nodule fluids and 
human serum/plasma 

Total RNA was extracted from 20 µl of pooled nodule fluids from cattle (O. ochengi 

infection), 200 µl of serum pooled from 12 infected individuals in Cameroon (pooled 

prior to RNA extraction), or pooled from equal volumes of RNA extracted from 13 

infected or 13 uninfected individuals from Ghana (total equivalent of 50 µl plasma 

per sample). Samples were shipped in liquid nitrogen and stored at -80°C for 3-4 

years (Cameroon samples) or 5 years (Ghana samples). The serum was thawed on ice 

and serum or plasma was spun down at 16,000 g for 5 min at 4°C to remove any 

additional cell debris. The cleared serum was then transferred to a new 2 mL 

Eppendorf tube and RNA extracted using the miRCURY RNA isolation kit for 

Biofluids (Exiqon; 300112) according to manufacturers’ protocols. In both cases, 

RNA was eluted in 50 µL of 0.1 mM EDTA (0.5M stock – Gibco; 15575). RNA was 

stored at -20 °C prior to further analysis.  The relative small RNA content from these 

samples was determined with 1 µl of total RNA on a Bioanalyzer small RNA kit 

(Agilent; 5067-1548). Before proceeding with small RNA library preparation from 

serum or plasma RNA, samples were subjected to a clean-up protocol similar to what 

has been previously described (Burgos, Javaherian, et al., 2013). Briefly, 50 µl of 

eluted RNA was diluted to 100 µl with Nuclease-free distilled water followed by 

addition of 1 µl glycoblue 15 mg/ml (Life technologies; AM9516), 60 µl of Sodium 

acetate 3 M pH 5.2 (AppliChem; A3947,0250) and 500 µl of ethanol 100% (Fisher; 

BP2818500). The RNA was precipitated for 30 min at -80°C then spun at 16,000xg 

for 30 min at 4°C and washed twice with 75% Ethanol. The pellets were air-dried at 

room temperature for 15 minutes and re-suspended in 8 µl of 0.1 mM EDTA pH 8.0 

(0.5M stock – Gibco; 15575). 
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2.6.5 RNA extraction from adherent macrophages 
After adhesion (see 2.13), adherent cells were washed 5 times with warm (37oC) PBS 

1X (Sigma; D8537-500ML). The absence of non-adherent cells and microfilariae was 

verified under the microscopy, after which a total of 1 mL of Trizol (Ambion; 

15596026) was added per well. The entire well surface was then scraped using a cell 

scraper. The lysed cells in Trizol were placed onto 1.5 mL Eppendorf tubes and kept 

at -80oC until RNA extraction with miRNeasy mini kit (Qiagen; 217004). Total RNA 

was purified from 700 µl of lysed cells in Trizol according to manufacturer’s 

recommendations, and eluting in 25 µl of nuclease-free distilled water.   

 

2.7 Small RNA library preparation and deep 
sequencing 

2.7.1 Small RNA library preparation from L. sigmodontis ES 
products, gerbil serum, body cavity exudates and 
adherent macrophages 

For the analysis of small RNA content by next generation sequencing, libraries were 

prepared from 2.5 µl of total RNA from all the replicates harvested (detailed in 2.4.1), 

using the CleanTag small RNA Library Prep kit (TriLink; L-3206) according to the 

manufacturer’s protocol, using a 1:12 dilution of the adapters and final PCR 

amplification of 22 cycles. PCR products of the expected molecular weight (140-

160bp) were size selected and samples were sequenced in three independent 

sequencing projects on an Illumina HiSeq high output v4 50bp single-end at 

Edinburgh Genomics (http://genomics.ed.ac.uk/) (Figure 2.2).   

 

2.7.2 Small RNA library preparation from human and murine 
(mouse and gerbil) serum, and O. ochengi nodule fluids  

For the analysis of small RNA content in the nodule fluids, murine serum or human 

serum and plasma, libraries were prepared from 2.5 µl total RNA using the Illumina 

TruSeq small RNA Preparation kit (Illumina; RS-200-0012), according to the 

manufacturers’ protocol, and using 1:10 dilution of adapters. The final purified 
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libraries were sequenced on an Illumina HiSeq 2500 instrument using v3 reagents at 

Edinburgh Genomics (http://genomics.ed.ac.uk/). 

2.7.3 Small RNA library purification protocol 
After barcoding, samples were pooled together and the PCR products were run on a 6% 

TBE acrylamide gel (Invitrogen; EC62652BOX) using Novex 1X TBE Running 

buffer (Life technologies; LC6675) for ~1.5h at room temperature. The gel was then 

stained with 1/10,000 dilution of SYBR gold (Invitrogen; S11494) diluted in 1X TBE 

running buffer, and incubated for ~20 min at room temperature. The PCR products of 

the expected molecular weight (140-160 bp) were size selected with sterile scalpels. 

The acrylamide gel fragments were crushed by spinning down through a 0.2 mL 

Eppendorf tube, with a punctured hole in the bottom, inside a 1.5 mL Eppendorf tube.  

The fragmented acrylamide flow-through was incubated with 300 µL of 1X PBS 

(Sigma; D8537-500ML) overnight in a rotor at 4oC. The following day, the gel pieces 

were removed using 0.22 µm filters (Costar), and the DNA was precipitated using a 

solution containing 1 µl glycoblue 15 mg/ml (Life technologies; AM9516), 60 µl of 

Sodium acetate 3 M pH 5.2 (AppliChem; A3947,0250) and 600 µl of ethanol 100% 

(Fisher; BP2818500). This mix was incubated for 1h at -80oC, pelleted by 

centrifugation at 16,000xg for 20 min at 4oC, followed by two consecutive washes 

with 75% EtOH. The final pellet was air-dried and resuspended in 15 µl of EB Buffer 

(Qiagen; 19086). The DNA concentration was quantified using a Qubit dsDNA High 

Sensitivity kit (Invitrogen; Q32851) and the Qubit Fluorimeter (Invitrogen; Q32866). 

Similarly, the samples were also analysed on a Bioanalyzer using the high sensitivity 

DNA kit (Agilent; 5067-46260), as represented in Figure 2.2.  

2.8 Bioinformatic analysis 

Analysis carried out by Dr. A. Ivens from the University of Edinburgh.  

All libraries were analysed by first clipping the 3’ sRNA adapter using cutadapt (N, & 

Martin, 2011), searching for at least a 6 bases match to the adapter sequence. For 

analysis of small RNAs, only sequences that contained the adapter, were >16 nt in 

length, and were present in ³ 2 copies were retained for further analysis.  
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2.8.1 Bioinformatic analysis of L. sigmodontis ES products, 
gerbil serum, body cavity exudates and adherent 
macrophages 

Given the lack of a genome draft from M. unguiculatus, we decided to align the 

sequences against the mouse genome (mm10) or to the L. sigmodontis genome draft 

(v 2.1) using bowtie, requiring perfect matches along the full length of the sequence. 

Sequences were analysed for known classes of RNA based on Rfam. The best hit with 

at most two mismatches was used to classify the reads. Analysis of miRNA content 

was carried out using miRDeep2 with the following settings: 1) reads map perfectly to 

the genome, 2) cut off –v 1, 3) employing the “-s option” using all mature sequences 

from miRBase (version 21), 4) only read lengths (18 to 30 nt) were analysed. Folding 

analyses of the predicted novel pre-miRNA detected in ES products, serum or 

PEC/PLEC were carried out using the RNAfold Vienna package with default settings.  

Pairwise comparisons between lifecycle stages to detect differentially expressed 

miRNAs were conducted using the Bioconductor DESeq2 package (Love, Huber, et 

al., 2014), with default settings. miRNA read counts were normalised in DESeq2 

using the rlog method which corrects for different library sizes and reduces 

differences between samples for low read counts. Gene-specific dispersion values 

were estimated by an empirical Bayes method called Cook’s dispersion.  Pairwise 

differential expression testing between ESP from lifecycle stages was performed 

using the adjusted T-test once negative bimodal models were fitted and dispersion 

values estimated. Significance was assessed as having an experiment-wide false 

discovery rate (FDR) <0.05 (calculated using the Benjamini Hochberg method). 

miRNAs which had log2 fold-change values ³1.5 or £-1.5 were further filtered and 

prioritised. Although we considered all significantly differentially expressed miRNAs 

which had a FDR<0.05 and an adjusted p value <0.05 biologically relevant, we 

applied an arbitrary fold-change cut-off to a level we considered relevant to limit the 

set of differentially expressed genes to a workable number for further analysis without 

applying too stringent cut-offs. The rlog values (log2 fold-change) of the most 

differentially expressed miRNAs calculated with DESeq2 were used to create 

Principal Component Analysis (PCA) plots and unsupervised hierarchical clustering 

analysis plots using R package. The bioinformatics workflow is represented in Figure 

2.3. 
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2.8.2 Bioinformatic analysis from mouse serum, human 
serum/plasma, and O. ochengi nodule fluids  

Sequences were analysed for alignment to the following genome versions: Bovine 

(ftp://ftp.ensembl.org/pub/release71/fasta/bos_taurus/dna/Bos_taurus.UMD3.1.71.dna

.toplevel.fa.gz), human (version hg19), O. ochengi (version 1.1; from 

http://onchocerca.nematod.es; unpublished genome sequence from M. Blaxter, B. 

Makepeace and colleagues) and O. volvulus 

(ftp://ftp.sanger.ac.uk/pub/project/pathogens/Onchocerca/volvulus/OVOC.V3.fa). 

Bowtie (Langmead, Trapnell, et al., 2009) was used, requiring perfect matches along 

the full length of the sequence. Sequences were analysed for known classes of RNA 

based on Rfam (Griffiths-Jones, 2003) sequences (version 11, obtained from 

ftp://ftp.sanger.ac.uk/pub/databases/Rfam/11.0/). For analysis of mouse serum from 

animals infected with L. sigmodontis, we aligned the sequencing reads against either 

the M. musculus genome (mm9) or the L. sigmodontis genome draft (v 2.1) genome. 

The best hit with no mismatches was used to classify the reads. Analysis of miRNA 

content was carried out using miRdeep2 (Friedländer, Mackowiak, et al., 2012) with 

the following default settings: 1) requiring that reads map perfectly to the genome, 2) 

using cut-off -v 1, 3) the “-s option” was employed, using all mature sequences from 

miRBase (version 20) (Kozomara, & Griffiths-Jones, 2014), 4) read length (18 to 30) 

were employed. Folding analyses of the novel pre-miRNAs detected in nodule fluids 

were carried out using the RNAfold Vienna package with default settings (Gruber, 

Lorenz, et al., 2008) (Figure 2.3). 
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Figure 2.2 Small RNA cloning protocol. A) Schematic representation of the small 
RNA cloning protocol. The expected size of an amplicon containing 20-30 nt in 
length is between 140-160 bp. Similarly, the expected size of an amplicon lacking an 
insert (e.g. adapter dimers – “empty amplicons” - and other unspecific PCR products 
in <120 bp). B) Barcoded PCR products obtained after reverse transcription of the di-
tagged RNA. C) After pooling samples together, PCR products of 140-170 bp we 
excised from the gel and purified as described. D) Bioanalyzer results of purified PCR 
products. The PCR products <120 bp in length were included as control to determine 
the lack of “empty amplicons” in the purified libraries (“140-170 bp”).     
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Figure 2.3 Bioinformatic workflow for the analysis of the small RNA libraries. 
Yellow boxes indicate outputs from specific analysis, blue boxes indicate 
bioinfomatic packages used, green boxes represent tasks conducted by the 
bioinformatics packages and red boxes indicate reads that were discarded at each step.  
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2.9 Quantitative RT-PCR (qRT-PCR) 

2.9.1 Detection of parasite-derived miRNAs by qRT-PCR 

For cDNA synthesis using RNA from serum, a fixed volume of 2.5 µL of total RNA, 

derived from 10 µL of serum, was used as input and 0.1 pM of the synthetic cel-miR-

39 RNA (5'-UCACCGGGUGUAAAUCAGCUUG-3’) was spiked into the reverse 

transcription reaction mix. This is included to control for inhibitors present in the 

samples that could influence efficiency of the RT or PCR. Similarly, a spiked water 

control was included to monitor for the presence of potential inhibitors that may affect 

the efficiency of the reverse transcription. For cDNA synthesis using RNA extracted 

from ES products, a total of 2.5 µL of purified RNA, equivalent to ~ 150 µL of total 

ES products, was used and 0.1 pM of the synthetic Spike 1 (5’-

ACUGUACGUCUGCCAUUAGCUU-3’) added to the reverse transcription reaction 

mix for normalisation. The synthetic Spike 1 does not show homology to any known 

nematode miRNA in miRBase, therefore we do not expect any cross-amplification 

with endogenous parasite-derived miRNAs in ES products. For analysis of gravid 

adult female worm tissues and adherent macrophages, a total of 50 ng of total RNA 

was used, adding 0.1 pM of the synthetic Spike 1 to the reverse transcription reaction 

mix for normalisation. Reverse transcription reactions were performed using the 

miScript RT II System (Qiagen; 218161) according to manufacturer’s protocol, 

containing 0.5 µL of miScript Reverse Transcriptase, 1 µL of 5X miScript Hiflex RT 

Buffer, 0.5 µL of 10X Nucleic acid mix, and 0.5 µL of the corresponding spike-in 

RNA, in a total volume of 5 µL. Samples were incubated for 60 min at 37oC followed 

by 5 min at 95oC. cDNAs were diluted 1:10 by adding 45 µL of nuclease-free distilled 

water. Quantitative PCR was carried out with the QuantiTec SYBR Green PCR kit 

(Qiagen; 204145), which includes a universal (reverse) primer, according to 

manufacturer’s protocol. Primers for L. sigmodontis-specific miRNAs and synthetic 

spike-in RNAs were used at a working concentration of 2 µM, and were purchased 

from Invitrogen. Human and mouse miScript miRNA primers, as well as the universal 

(reverse) primer, were all purchased from Qiagen and were provided as 2 µM ready-

to-use primers stocks. 1 µL of 1:10 diluted cDNA was added to 9 µL master mix 

containing 5 µL 2X SYBR green master mix and, 2 µL of nuclease-free distilled 

water, 1 µL of forward (miRNA-specific) primer and 1 µL of universal reverse primer. 
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The qPCR reactions were set up in 384-well plates, with two technical replicates for 

each sample tested and a nuclease-free water (no-template) control. The temperature 

profile used was as follow: 1) pre-denaturation for 15 min at 95oC, 2) 50 cycles of 

denaturation 15s at 94oC, annealing 30s at 55 oC, and elongation 30s at 70 oC. 

Fluorescence data collection was performed at the end of each annealing step. Data 

was collected on a Light Cycler 480 System (Roche). A list of the primers used is 

given in Table 2.2. 

2.9.2 Generation of standard curves and primer efficiency 

Serial dilutions (1:10) of known input amounts of total RNA from mixed adult female 

worms were used to construct standard curves to assess primer efficiency for parasite 

miRNA detection in serum, PLEC and ES products. The Ct values obtained were 

plotted against the logarithm of input ng of RNA and a linear regression model was 

fitted to generate a formula, where the slope directly correlates with the qPCR 

efficiency. We assumed that a slope (m) of ~3.33 correspond to an efficiency (E) of 1 

± 0.1 (Table 2.2). The primers ordered through Qiagen (cel-miR-39, hsa-miR-16-5p, 

hsa-miR-21-3p) are already optimized and were used according to recommendations 

from the manufacturer, whereas the primer for the synthetic spike 1 has been already 

optimized in our laboratory and used as shown here. The sequences for these primers 

are shown in Table 2.3. 

 

Table 2.2 Parasite miRNA primers used for qRT-PCR 

 
miRNA DNA Sequence (5’ – 3’) Slope Amplification 

factor 
Efficiency 

(E) 
miR-993-3p TAAGCTCGTCTCTACAGGCAGG -2.945 2.19 118.5% 
miR-100a-5p AACCCGTAGTTTCGAACATGTGT -3.051 2.13 112.7% 
miR-100d TACCCGTAGCTCCGAATATGT -3.205 2.05 105.1% 
miR-5866 TTACCATGTTGATCGATCTCC -3.679 1.87 87% 
miR-5364-3p CGAGGTATTGTTTATTGGCTGA -3.703 1.86 86.2% 
Lin-4-5p TCCCTGAGACCTCTGCTGCGA -3.987 1.78 78.16% 
miR-71-5p TGAAAGACATGGGTAGTGAGAC -4.093 1.76 75.5% 
miR-228-5p AATGGCACTAGATGAATTCACGG -3.807 1.83 83.1 
miR-5360 ACGAATCGTCGAATCGGA -5.154 1.56 57% 
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Table 2.3 Host miRNA primers and synthetic controls used for qRT-PCR 
analysis 

miRNA DNA Sequence (5’ – 3’) Company Catalogue number 
cel-miR-39-3p TCACCGGGTGTAAATCAGCTTG Qiagen MS00019789 
hsa-miR-16-5p TAGCAGCACGTAAATATTGGCG Qiagen MS00031493 
hsa-miR-21-5p TAGCTTATCAGACTGATGTTGA Qiagen MS00009079 
Spike 1 ACTGTACGTCTGCCATTAGCTT IDT Not assigned 

 

2.9.3 qRT-PCR data analysis 

For analysis of miRNAs in serum and PEC/PLEC exudates, Ct values were median-

normalised to mmu-miR-16-5p, relative change was calculated as 2-Ctn, were Ctn 

stands for normalised Ct values. For validation of deep sequencing results from L. 

sigmodontis secretomes, Ct values were Log2 transformed and the relative abundance 

was plotted in Log10 scale. For analysis of the effect of IVM on miRNA secretion by 

gravid adult female worms, Ct values were Log2 transformed and the fold change was 

estimated compared to the signal of samples before treatment (Time “0h”). For 

biomarker studies, the relative fold change between naïve and infected samples was 

calculated using the average of the naïve group as reference and plotted in logarithmic 

scale. For the cumulative analysis of miRNAs, the arithmetic mean of fold changes 

for miR-71 and miR-100a were used. The fold change values were used to calculate 

sensitivity and specificity of the biomarker assay employing the Receiver Operating 

Characteristic (ROC) curves in GraphPad Prism (version 7) software.  

2.10 RT-PCR 
2.10.1 Dissection of gravid adult female worms 
 
Kindly assisted by Dr. Nathaly Vallarino Lhermitte and Dr. Coralie Martin, at 

The National Museum of Natural History, Paris, France.   

 
A total of >60 L. sigmodontis adult gravid female worms were recovered from 

infected gerbils at day 90 post-infection. To separate anatomical structures, worms 

were chilled at 4oC and dissected using a stereomicroscope, and fine tipped forceps. 

One set of forceps was used to grip and steady the centre of the parasite after chilling 

and placement onto a glass slide containing 200 µL of PBS 1X (Sigma; D8537-

500ML). The other set of forceps was used to grasp and gently twist the parasite close 

to the first set of forceps, resulting in a break in the body wall. The cephalic tip 
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(anterior end) of the body wall was then grasped and gently peeled away from the rest 

of the organs, which exposes the digestive tissue (darker) and the reproductive tissue 

(lighter). The digestive tissue was then pull away from the reproductive tissue and the 

body wall (cuticle). The reproductive tissue was subsequently pulled away by holding 

the body wall with one set of forceps. The empty carcase after removing the digestive 

and the reproductive tissue is what we assigned here as “cuticle”. Each anatomical 

fraction was kept in separate tubes containing 1 mL of Trizol (Ambion; 15596026), 

and the same tissue from multiple female worms were pooled together.  The RNA 

was purified as described in 2.6.1.  

2.10.2 RT-PCR analysis 
After purifying total RNA from gravid adult female worms, the RNA concentration (2 

µL) was measured with the Qubit High Sensitivity RNA kit (Invitrogen; Q32855) 

using Qubit 2.0 Fluorimeter (Invitrogen; Q32866). A total of 20 ng of RNA was then 

incubated with 20 U/µL of Turbo DNase (Thermo Scientific; AM2238) at 37oC for 10 

min, followed inactivation at 75oC for 10 min, in a final volume of 10 µL. Then, 6 µL 

of this reaction was reverse transcribed using the SuperScript III First Strand kit 

(Thermo Scientific; 18080051) as follow:  

1. First reaction: 6 µL of DNAse-treated RNA + 1 µL of 50 µM Oligo-dT(15) 

(Promega; C1101) + 1µL Annealing buffer (Final volume = 8 µL). These 

samples were incubated for 5 min at 65oC.  

2. Second reaction: 8 µL from the first reaction were then incubated with 10 µL 

of 2X First strand buffer and 2 µL of the SuperScript III RNase Out RT 

enzyme (Final volume = 20 µL). These samples were incubated for 50 min at 

50oC, followed by an incubation at 85oC for 5 min. A sample containing 20 ng 

of total RNA from female worms was incubated with nuclease-free distilled 

water without the RT enzyme and is reported as “No RT” control.  

After preparing the cDNAs, the samples were PCR amplified using the Phusion High 

fidelity PCR Master Mix (NEB; M0531L). Per sample and gene, 2 µL of cDNA was 

incubated with 2.5 µL of 10 µM primer mix (containing equimolar concentrations of 

forward and reverse primers), 12.5 µL of 2X Phusion Enzyme mix, and 8 µL of 

nuclease-free distilled water, to a final volume of 25 µL. The primers used for these 

studies are listed in Table 2.4. The samples were incubated as follow: 1) 30s at 98oC, 

2) 35 cycles of 10s at 98oC, 30s at 55oC, and 15s at 72oC, 3) 10 min at 72oC, and a 
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final incubation step at 4oC kept on hold until tubes were removed from the cycler. 10 

µL of the final PCR products were mixed with 5 µL gel loading Dye (Thermo; F-350) 

and loaded into a gel made of 2% UltraPure Agarose (Invitrogen; 16500-500) 

dissolved in 1X TAE buffer (Fisher; BP1332-4) and containing a 1/10,000 dilution of 

SYBR gold (Invitrogen; S11494). Samples were run at 150V for ~1h at room 

temperature, and gel images were acquired on an INGENIUS gel dock (SYNGENE). 

We also ran 4 µL of the 100 bp DNA ladder (NEB; N323L) to identify the size of the 

PCR product.  

 

Table 2.4 Parasite mRNA primers used for RT-PCR analysis 

mRNA DNA Sequence (5’ – 3’) 
Lsi-avr-14_Forward GACCACACAAAGTTCGGGTAT C 
Lsi-avr-14_Reverser ATGTGACCGGTGTAGTGTTTT G 
Lsi-18S rRNA_Forward GTACAAAGGGCAGGGACGTA 
Lsi-18S rRNA_Forward CATTGCCGAAAGGTACTGGT 
 
 
2.11 Statistical analysis 

Statistical analyses were done using Prism 7 (GraphPad Software Inc., USA). The 

choice of the statistical test was based on initial normality tests conducted using Prism. 

Depending upon the number of samples, the normality tests used were either 

D’Agostino & Pearson normality test (when >8 samples were tested) or the 

Kolmogorov-Smirnov test (when > 3 and < 8 samples were tested). Based on the 

results from the normality test, we then proceeded to statistically analyse our data 

using either parametric (normally distributed data) or non-parametric (non-normally 

distributed data). The information regarding the specific statistical analysis conducted 

in each experiment is provided in each figure legend. Significance was denoted by the 

resulting p value, applying the following cut-offs: * p < 0.05, ** p < 0.005, *** p < 

0.00
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 Developmental regulation of microRNA 
release by filarial parasites 

3.1 Introduction 
3.1.1 Helminth Excretory/Secretory products 
A fascinating aspect in the interplay between parasitic nematodes and their hosts is 

the sophisticated myriad of interactions they have co-evolved during their 

longstanding evolutionary relationship. In this context, parasites have evolved 

multiple mechanisms to circumvent the strong immune reaction mounted against 

them. One of such mechanisms involves the release of factors with 

immunomodulatory properties. These products, broadly termed Excretion/Secretion 

(ES) products, have been extensively studied in multiple parasitic nematodes 

(Hewitson, Grainger, et al., 2009).  

The composition of the ES products derived from helminths is complex (Hewitson, 

Grainger, et al., 2009) and includes soluble protein factors including cytokine 

homologues of the TGF-b family and the macrophage migration inhibitory factor 

(MIF), cathepsins, and aspartyl endopeptidases, among several others (Hewitson, 

Grainger, et al., 2009; McSorley, Hewitson, et al., 2013). These are known to impair 

the function of several immune cell types, enabling the parasite to fully develop and 

ensure fitness. Moreover, the composition of the ES products differs between 

lifecycle stages, perhaps reflecting the specific challenges faced by each 

developmental stage within a given (insect or vertebrate) host. For instance, 

Litomosoides sigmodontis gravid females secrete a plethora of proteins solely 

identified in this stage, with other lifecycle stages exhibiting a more restricted 

composition of ES products (Armstrong, Babayan, et al., 2014). Sex- and stage-

specific proteomic analyses of ES products have also been conducted in other 

parasites, including the heartworm Dirofilaria immitis (Geary, Satti, et al., 2012), the 

filarial parasite Brugia malayi (Hewitson, Harcus, et al., 2008; Moreno, & Geary, 

2008; Zang, Atmadja, et al., 2016) and the gastrointestinal nematodes Aascaris suum 

(Chehayeb, Robertson, et al., 2014; Wang, Van Steendam, et al., 2013) and 

Nippostrongylus brasiliensis (Sotillo, Sanchez-Flores, et al., 2014). Although the 

function of the secreted proteins is thought to be immunomodulation of the host, other 
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interactions, such as parasite-to-parasite interactions (e.g. adult males and adult 

females), are also plausible but this is generally less well studied.  

However, the interactions with the host are not likely to be solely mediated by protein 

factors, as other components of the ES products are thought to actively be involved. 

For example, the release of extracellular vesicles (EVs) have been described in 

several helminthic parasites, including trematodes (Schistosoma mansoni, Fasciola 

hepatica, among others) and nematodes of medical and veterinary importance 

(Cwiklinski, de la Torre-Escudero, et al., 2015; Fromm, Trelis, et al., 2015; Hansen, 

Kringel, et al., 2015; Nowacki, Swain, et al., 2015; Tzelos, Matthews, et al., 2016; 

Wang, Li, et al., 2015; Zamanian, Fraser, Agbedanu, & Harischandra, 2015). The EV 

cargo includes a diverse suite of molecules that are thought to be encapsulated within 

a lipid bilayer. In some cases, these cargoes contain protein markers thought to be 

associated with intracellular trafficking processes (e.g. endosomal pathway), 

including several RAB proteins and ALIX (Buck, Coakley, Simbari, McSorley, et al., 

2014), actively involved in vesicle transport, tethering and fusion (Raposo, & 

Stoorvogel, 2013). Moreover, it has been demonstrated that EVs derived from the 

gastrointestinal nematode Heligmosomoides polygyrus possess a greater proportion of 

plasmalogen and ether glycerophospholipids when compared to host cell-derived EVs, 

which are typically enriched in sphingolipids and cholesterol. These differences could 

be important for EV fluidity and stability upon release (Simbari, Mccaskill, et al., 

2016). Intriguingly, it has also been demonstrated that EVs are loaded with small non-

coding RNAs, including miRNAs, in association with RNA-binding proteins actively 

involved in RNAi effector function (Buck, Coakley, Simbari, McSorley, et al., 2014). 

This observation supports the hypothesis that parasites use extracellular RNAi 

machinery to actively regulate gene expression in the host cell for their own benefit. 

Consistent with this hypothesis, it has been demonstrated that H. polygyrus EVs 

downregulate expression of genes important for an adequate innate immune response, 

including dusp1 and il33r (Buck, Coakley, Simbari, McSorley, et al., 2014).  
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3.1.2  Extracellular parasite-derived miRNAs in vitro and in 
vivo 

There are, however, some fundamental questions that require addressing to better 

understand the role of miRNAs released by parasites, and whether and how these act 

as mediators of the parasite-to-host crosstalk. The secretion of miRNAs by parasitic 

nematodes have now been shown in vivo in a multitude of organisms (reviewed in 

Coakley, Maizels, et al., 2015), and their potential as biomarkers for infections is 

exciting and promising (discussed in detail in chapter 5 and in Quintana, Babayan, et 

al., 2016). Nonetheless, it is still unclear whether all developmental stages have the 

capacity to secrete RNAs (and miRNAs) or if this is restricted to a given 

developmental stage. Previous studies have demonstrated differences in the protein 

content of the secretomes of different developmental stages of parasitic nematodes 

(Chehayeb, Robertson, et al., 2014; Hewitson, Harcus, et al., 2008; Kwan-Lim, 

Gregory, et al., 1989; Moreno, & Geary, 2008; Sotillo, Sanchez-Flores, et al., 2014). 

These differences have been proposed to reflect potentially different interactions 

between each life stage and the hosts. Moreover, in the context of development and 

nematode physiology, several miRNA families display distinctive expression patters 

across nematode lifecycle stages, thought to regulate distinct processes including 

moulting (Britton, Winter, et al., 2014; Poole, Gu, et al., 2014; Resnick, McCulloch, 

et al., 2010; Winter, Gillan, et al., 2015; Xu, Fu, et al., 2013)  Therefore, one might 

expect that there should be specific extracellular miRNA “signatures” in the 

secretomes from multiple developmental stages of the same parasite. During the 

preparation of this PhD thesis, two articles were published that partially addressed this 

question. First, Zamanian et al., characterised EVs derived from infective L3 and 

adult stages from the human pathogen B. malayi by transmission electron microscopy 

(TEM) (Zamanian, Fraser, Agbedanu, & Harischandra, 2015). Moreover, the same 

study reported that the EVs derived from the infective L3 stage also contained 

miRNAs, as previously reported in adult stages of other parasitic nematodes (Buck, 

Coakley, Simbari, McSorley, et al., 2014; Zamanian, Fraser, Agbedanu, & 

Harischandra, 2015). In a separate report, Tritten et al. concluded that there are 

differences in the released miRNA found in ES products from adult males, females 

and mf from the heartworm D. immitis (Tritten, Clarke, et al., 2016). These studies 

suggest that the secretion of EVs containing miRNAs is not likely to be restricted to 

adult worm stages, and could be found in other developmental stages. Here, we 
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contribute further to these two studies by examining specific differences in the 

miRNAs of ES products derived from several developmental stages of L. sigmodontis. 

We also address other aspects of miRNA release by parasitic nematodes, including 

temporal dynamics of secretion, effect of anthelminthic chemotherapy upon miRNA 

secretion, as well as their potential as biomarkers for filariasis in different hosts. This 

chapter is dedicated to the study of small RNA composition in the secretome of 

several developmental stages of the filarial parasite L. sigmodontis.  

 

3.2 Specific aims 
1.  To determine whether there are stage and/or sex-specific miRNAs 

differentially detected in the secretome from the filarial parasite 

Litomosoides sigmodontis 

2. To identify miRNAs specifically secreted by Litomosoides sigmodontis 

gravid female worms 

3. To investigate the association of secreted miRNAs with extracellular 

vesicles in vitro. 
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3.3 Results 
3.3.1 Larval and adult stages secrete RNA in vitro 
As discussed above, miRNAs have been shown to be released by several parasitic 

nematodes both in vitro and in vivo. However, factors dictating release of RNAs are 

not well characterized, including whether this is developmentally regulated. Therefore, 

our first aim was to describe the RNA composition, with an emphasis on miRNAs, in 

ES products from larval and adult stages of the filarial nematode L. sigmodontis. Total 

RNA was purified from in vitro ES products from larval (vector-derived L3s - vL3s, 

host-derived L3s - hL3s, L4s, and mf) and adult stages (juvenile males – jAM, pre-

gravid females – pgAF, adult males – AM, and gravid adult females – gAF) obtained 

as described in Chapter 2. The total RNA extracted was quantified by both Nanodrop 

and Qubit however we failed to detect a signal in the accurate range of quantification 

(data not shown), perhaps due to the relative low worm density used to generate ES 

products from lifecycle stage. We next sought to profile the small RNA content, 

defined as the population of total RNA <150 nt in length, using a small RNA lab-on-

a-chip technology of the Bioanalyzer 2100, as described in Chapter 2. Our results 

indicate that the small RNA fraction in ES products from larval and adult stages is 

composed of two main populations, 20-30 nt in length and 40-60 nt in length (Figure 

3.1A & B). However, there are clear differences in the relative intensity of the signal 

detected between lifecycle stages, which is likely to be associated with different RNA 

concentrations of total RNA present in the ES products (Figure 3.1B). For 

downstream analysis, we focussed on the shorter, 20-30 nt, RNA population, as this 

should include sequences of the expected size for mature miRNAs (21-24 nt in 

length). Given that we could not obtain reliable measurements of RNA concentration 

in these samples, we decided to use equivalent volumes of RNA for small RNA 

library preparation, as described in Chapter 2. The resulting PCR products for each 

sample were pooled at equimolar concentrations and subjected to small RNA 

sequencing on a HiSeq2500 to obtain 50bp, single-end reads as described in Chapter 

2.  
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Figure 3.1 Small RNA profile of ES products from larval and adult stages of L. 
sigmodontis. A) time points at which worms were harvested from infected gerbils. 
Vector-derived L3s were harvested from infected mites immediately before infection 
(indicated by a yellow thunderbolt). Thereafter host-derived L3s (hL3s) were 
harvested at day 4 post-infection, L4s at day 20 post-infection, juvenile males (jAM) 
and pre-gravid females (pgAF) at day 32 post-infection, and adult males (AM), gravid 
adult females (gAF) and microfilariae (mf) at day 90 post-infection. B) Total RNA (1 
µL from 25 µL in total) purified from the in vitro ES products was loaded into a 
Bioanalyzer small RNA chip. Representative electropherograms are shown indicating 
two clear populations of RNAs in ES products with different lengths: 20-30 nt and 
40-60 nt. A well containing H2O was also included as negative control.  
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3.3.2 The RNA composition of the ES product from larval and 
adult stages is predominantly composed of rRNAs, tRNA 
fragments and miRNAs 

On average, we obtained 7,569,695 raw reads from ES products from vL3s (n= 2), 

6,281,894 raw reads from hL3s (n= 2), 12,471,046 raw reads for L4s (n = 2), 

4,493,814 raw reads for jAM (n = 2), 11,043,195 raw reads from pgAF (n = 2), 

6,833,171 raw reads from AM (n = 10), 8,892,543 raw reads from gAF (n = 12) and 

5,944,094 raw reads from mf (n = 8) (Table 3.1 & Supplementary table 1). It is 

important to note that some of the replicates were variable in terms of their raw read 

counts; e.g. vL3s and jAM, where we observed ~10X and ~3X differential depth of 

coverage between replicates (Supplementary table 3.1). After trimming the 3’ 

adapter and discarding all reads that were <17 nt in length, we obtained on average 

86.5% high-quality reads for vL3s, 72.5% high-quality reads for hL3s, 62.8% high-

quality reads for L4s, 64.44% high-quality reads for jAM, 75.32% high-quality reads 

for pgAF, 78.4% high-quality reads for AM, 84.78% high-quality reads for gAF and 

83.65% high-quality reads for mf (Figure 3.2A, Table 3.1 & Supplementary table 

1). We then classified reads as mapping perfectly and unambiguously to either L. 

sigmodontis or the M. musculus reference genomes. To date, there is no reference 

genome available for gerbils, and there are limitations to using alternative genomes to 

answer mappability questions. Nevertheless, to discard sequences unlikely to be 

parasite-derived, we assumed that the M. musculus genome used in this study was 

sufficient, given that this is one the closest rodent relative to gerbils, for which there is 

a good genome annotation available. This analysis led us to identify 12.2% L. 

sigmodontis-specific reads in ES products from vL3s, 1.5% in hL3s, 0.94% in L4s, 

2.46% in jAM, 35.5% in pgAF, 12.4% in AM, 45.11% in gAF, and 15.97% in mf 

(Table 3.1 & Supplementary table 3.1). On the other hand, we detected >25% of the 

total high-quality reads in hL3s and L4s that mapped perfectly and unambiguously to 

the M. musculus genome, which contrasts with the <5% total M. musculus-specific 

reads detected in ES products of the remaining lifecycle stages (Figure 3.2B, Table 

3.1 & Supplementary table 3.1). The differences between the percentage of parasite 

reads in each sample could reflect the differential secretory capacity between 

developmental stages (consistent with Bioanalyzer results), however it is difficult to 

test this and several factors can influence the quality of a library (discussed further 

below).    
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The next step was to determine the general RNA biotypes of the L. sigmodontis-

specific sequences. To do so, we used the Rfam repository (Burge, Daub, et al., 2013), 

which allows us to discriminate between the conserved RNA families reported in the 

literature, including rRNAs, tRNAs, small nucleolar RNAs (snoRNAs), Y RNAs, 

among others (Burge, Daub, et al., 2013). For practical reasons, we report in here 

rRNAs, tRNAs and miRNAs as three main individual groups and define a fourth 

group, called “other Rfam”, that contains all the other RNA families.  Based on Rfam 

analysis, we detected different proportions of reads being classified as rRNAs or 

tRNAs between the larval and adult stages. The data also suggests the presence of less 

RNA sequences classified as tRNAs in the ES products from larval stages (vL3s, 

hL3s, L4s, and mf) when compared to adult stages (Figure 3.2C, Table 3.1 & 

Supplementary table 3.1). Conversely, the proportion of reads classified as rRNAs 

was higher in ES products larval stages when compared to ES products from adult 

stages. Nevertheless, both rRNAs and tRNAs represent the top two most abundantly 

RNA biotypes detected in ES products from both larval and adult stages. We also 

noted that a proportion of the L. sigmodontis-specific reads could not be classified 

using Rfam (termed “Non-Rfam”; Figure 3.2B and C, and Table 3.1). At present, 

these sequences are not annotated and therefore it is unclear whether they represent 

true biologically relevant sequences or potential contaminations.  

A third class of RNA biotypes corresponded to miRNAs. However, one limitation of 

identifying miRNAs using Rfam is that it only identifies known miRNA families. To 

more accurately profile miRNAs in these ES products, we curated these datasets using 

miRDeep2 (Friedländer, Mackowiak, et al., 2012), which predicts known and 

potentially novel miRNAs using as a reference the miRNAs reported in the latest 

version of miRBase (Kozomara, & Griffiths-Jones, 2014). We used the total L. 

sigmodontis-specific reads as input for miRNA identification using miRDeep2, based 

on the criteria described in chapter 2. For this analysis, and based on the variable 

number of reads in ES products across lifecycle stages (Table 3.1), we decided to 

arbitrarily set a cut-off of at least 100,000 L. sigmodontis-specific reads in each 

sample for downstream analysis and miRNA identification by miRDeep2. This led to 

the exclusion of samples from hL3s, L4s and jAM as their overall L. sigmodontis-

specific read counts were below this threshold (Table 3.1). 
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Table 3.1 RNA diversity in the ES products of larval and adult stages of Litomosoides sigmodontis 
 

 

ES product1,2 vL3s hL3s L4s jAM pgAF AM gAF mf 
Input reads 7,596,695 

(10,720,434) 
6,281,894 

(6,378,787) 
12,471,046 

(12,744,267) 
4,493,814 

(5,501,542) 
11,043,195 

(12,509,154) 
5,079,075 

(9,489,535) 
7,175,484 

(9,950,704) 
6,493,083 

(7,823,877) 
High-quality 
reads 

6,571,665 
(9,372,767) 

4,553,588 
(4,697,848) 

7,840,378 
(7,977,987) 

2,895,861 
(3,488,358) 

8,317,514 
(9,722,226) 

3,849,365 
(8,166,739) 

6,577,228 
(8,939,823) 

5,207,592 
(6,989,296) 

% High-quality 
reads 

79.9% 
(83.9%) 

72.5% 
(73.6%) 

62.9% 
(63.1%) 

65.9% 
(67.4%) 

73.8% 
(76.7%) 

78.1% 
(86.4%) 

89.7% 
(91.5%) 

83,1% 
(88.7%) 

M. musculus 
reads 

467,424 
(681,772) 

1,620,514 
(1,683,092) 

2,267,466 
(2,339,368) 

142,110 
(162,823) 

242,416 
(279,780) 

256,816 
(351,738) 

177,444 
(266,406) 

151,564 
(186,608) 

L. sigmodontis 
reads 

803,555 
(1,152,021) 

68,157 
(73,260) 

73,500 
(76,256) 

71,118 
(74,655) 

2,952,875 
(4,124,719) 

542,449 
(692,607) 

2,858,480 
(4,700,570) 

698,580 
(813,256) 

rRNAs 330,111 
(474,840) 

10,884 
(11,495) 

13,962 
(14,170) 

18,467 
(19,172) 

1,080,446 
(1,520,564) 

69,944 
(101,291) 

854,148 
(1,614,902) 

212,606 
(281,256) 

tRNAs 65,773 
(93,354) 

20,788 
(21,901) 

736 
(748) 

1,140 
(1,468) 

797,239 
(1,118,407) 

327,758 
(444,546) 

1,336,480 
(1,632,588) 

253,601 
(357,182) 

miRNAs 5,597 
(7,009) 

46 
(51) 

142 
(159) 

76 
(80) 

10,372 
(15,018) 

986 
(1,172) 

14,622 
(31,364) 

2,154 
(4,183) 

Other Rfam 7,956 
(11,143) 

331 
(334) 

1,038 
(1,144) 

1,095 
(1,332) 

69,077 
(93,716) 

10,701 
(14,663) 

64,572 
(122,489) 

20,175 
(26,486) 

Non-Rfam 394,117 
(565,674) 

36,107 
(39,484) 

57,622 
(60,509) 

50,339 
(54,011) 

995,740 
(1,377,012) 

117,685 
(145,575) 

780,201 
(1,273,977) 

205,969 
(282,146) 

 
1The following samples and replicates were subjected to deep sequencing: vector-derived L3s (vL3s; n = 2), host-derived or “migratory” L3s (hL3s; n = 2), L4s (n = 2), 
juvenile males (jAM) and pre-gravid adult females (pgAF) at day 32 post-infection (n = 2, per sex), and adult males (AM; n = 10), gravid adult females (gAF; n = 12), and 
microfilariae (mf; n = 8).  
2 The median and the upper limit for the 75% of the total reads (in bracket) are reported for each lifecycle stage 
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Figure 3.2 L. sigmodontis ES products contain small RNAs. A) Initial filtering step 
of the raw reads produced high-quality (HQ) reads (those containing the sequence of 
the 3’ adapter), and those that did not contain the 3’ adapter sequence were discarded. 
B) Mapping analysis against the relevant genomes were carried using HQ reads as 
inputs. C) Proportion of L. sigmodontis small RNA biotypes (<30 nt) identified in 
sequencing libraries from ES products from larval and adult stages.  
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Following this filtering, we ended up analysing a total of 34 samples and from these, a 

total of 208 mature miRNA sequences, mapped to 221 genomic loci, were detected in > 

2 copies in at least 1 of the samples (Supplementary table 3.2). It is important to 

note that in some cases a miRNA could derive from multiple genomic loci with 

hairpin-like structures and cannot be unambiguously mapped to a single location, thus 

explaining why there are more genomic loci than actual mature miRNA sequences. 

We detected a total of 60 miRNAs in the ES products from vL3s, 74 miRNAs in ES 

products from pgAF, 78 miRNAs in ES products from AM, 203 miRNAs in ES 

products from gAF and 98 miRNAs in ES products from mf (Supplementary table 

3.2). Of the 208 miRNAs, 76 (36.5%) had >100 counts when tallying reads across all 

replicates, whereas the remaining 132 miRNAs (63.5%) had <100 read counts 

(Supplementary table 3.2). The 20 most abundant miRNAs detected in ES products 

across developmental stages account for ~92% of the total miRNA reads identified by 

miRDeep2 (Table 3.2). These are mostly composed of miRNAs belonging to families 

broadly conserved miR-10 and lin-4/miR-125 miRNA families, as well as the Bantam 

family. Figure 3.3 represents the log2 transformed read counts of each miRNA 

normalised to the total miRNA reads in that sample and demonstrates that ES 

products from gAF worms contain a more diverse suite of miRNAs at this level of 

detection. Further Principal Component Analysis (PCA) broadly segregates the ES 

products into two main clusters, each corresponding to ES products from AM and 

gAF, whereas the cluster formed by mf was more variable (Figure 3.4A). The 

miRNA content observed in ES products from vL3s and pre-gravid females were 

variable and with only two replicates could not be attributed to a cluster (Figure 

3.4A). The most abundant miRNA family detected was the miR-10 family, with three 

members (miR-100a, miR-100d and miR-993-3p) representing ~22% of the total 

miRNAs identified by miRDeep2 across the samples (Table 3.2). This family is 

highly conserved across the animal kingdom, and is found in both parasitic nematodes 

and their vertebrate hosts. To compare the sequence identity of the mature miRNAs 

detected by miRDeep2, these were aligned with the mature miRNA sequence of the 

miR-100s identified in mice and humans using EMBL-EBI Multiple Sequence 

Comparison by Log-Expectation (MUSCLE) (Edgar, 2004), setting up the alignment 

to the same start position in all cases (first nucleotide in the 5’ end). In line with their 

family classification, all these miRNAs shared the same seed sequence, defined as 

nucleotides in position 2-8 of the 5’ end (Figure 3.5A and B). However, the 3’ end is 
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more heterogeneous and shows poor conservation between sequences identified in 

parasitic nematodes and vertebrates (Figure 3.5A and B). Beyond the conserved 

families, a total of 26 novel miRNAs were also predicted by miRDeep2 (Table 3.3) 

which could derive from up to 30 different loci in the genome, these accounted for 

~0.1% of the total miRNAs counts identified by miRDeep2 (Table 3.3). Four of these 

novel miRNAs, called novel-1 to novel-4 based on their relative abundance accounted 

for 51% of the total read counts assigned as novel miRNAs. Interestingly, several of 

these potentially novel miRNAs were highly abundant in the ES products of mf (e.g. 

lsi-novel-1, novel-4, novel-5, novel-7) when compared to AM and/or gAF, whereas 

lsi-novel-3 was predominantly enriched in the of AM when compared to gAF (Table 

3.3). The secondary structures of the four most abundant predicted pre-miRNA 

hairpins showed the canonical 3’ 2-nt overhang, and suggesting these are bona fide 

Dicer-derived miRNAs (Figure 3.6).   
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Table 3.2 Top 20 most abundant miRNAs detected in the secretome of Litomosoides sigmodontis 

miRNA Mature RNA sequence 
 (5’ – 3’) 

Genomic locus Total RPM1 RPM1,2 in AM 
secretome 
(n = 10) 

RPM1,2 in gAF 
secretome 
(n = 12) 

RPM1,2 in mf 
secretome 

(n = 8) 
miR-100a3 aacccguaguuucgaacaugugu 

 
nLs.2.1.scaf00144 203,082 24,816 (124,797) 195,384 

(264,137) 
58,731 (85,273) 

miR-92-5p uauugcacucgucccggccuga nLs.2.1.scaf00001 185,757 94,888 (147,518) 244,141 
(336,294) 

351,549 
(529,561) 

miR-71-5p ugaaagacauggguagugagacg nLs.2.1.scaf00472 173,120 85,954 (113,177) 119,381 
(181,402) 

48,083 (62,943) 

Lin-4-5p ucccugagaccucugcugcga nLs.2.1.scaf00367 109,094 134,917 (176,235) 55,825 (71,360) 1,220 (12,267) 
miR-8805-5p4 ggaggaaucagcgugcugu nLs.2.1.scaf00006 74,752 11,363 (21,743) 92,784 (94,633) 47,878 (73,264) 
miR-9146-5p4 gccuggaugaaucucggug nLs.2.1.scaf00457 29,436 98,699 (257,689) 19,504 (32,664) 39,579 (47,357) 
miR-5364-5p cgagguauuguuuauuggcuga nLs.2.1.scaf00070 24,417 1,414 (17,814) 21,217 (26,977) 0 (0) 
miR-5866-5p uuaccauguugaucgaucucc nLs.2.1.scaf01139 21,351 0 (1,699) 23,909 (36,241) 4,213 (6,298) 
Bantam-a-3p ugagaucauugugaaagcuauu nLs.2.1.scaf01674 16,673 1,029 (7,733) 12,561 (20,054) 1,589 (5,375) 
miR-6659-3p4 cuuggcugggaggugacucgcgauc nLs.2.1.scaf00364 16,481 17,936 (45,270) 18,790 (19,787) 15,490 (29,419) 
miR-9887-5p4 cagggcugcacgcgcgc nLs.2.1.scaf00003 16,078 22,088 (38,655) 14,822 (18,353) 27,642 (31,826) 
miR-100d-5p uacccguagcuccgaauaugugu nLs.2.1.scaf00144 13,994 0 (8,461) 23,208 (27,267) 3,242 (10,294) 
miR-993-3p uaagcucgucucuacaggcagg nLs.2.1.scaf00199 12,793 0 (1,236) 11,164 (17,448) 5,977 (8,477) 
Bantam-b ugagaucacguuacauccgccu nLs.2.1.scaf02066 11,992 4,385 (9,685) 5,903 (7,726) 2,785 (4,021) 
miR-34-5p uggcagugugguuagcugguugu nLs.2.1.scaf00918 11,217 10,026 (39,442) 13,664 (24,588) 10,902 (18,795) 
miR-6077-3p4 uggaagagauaggaacagagc nLs.2.1.scaf00282 8,970 7,719 (16,924) 7,898 (9,210) 14,565 (25,918) 
miR-8319-3p4 gaauuagcucgugcgguacggc nLs.2.1.scaf00584 8,377 37,259 (75,989) 7,636 (7,864) 2,097 (9,625) 
miR-36c-5p4 ucaccggagacauuguuccgca nLs.2.1.scaf00392 7,596 0 (0) 4,260 (8,352) 0 (8,713) 
miR-6717-5p4 gggcgaugaugguaugaagggua nLs.2.1.scaf00382 7,545 14,962 (36,662) 15,750 (16,492) 22,086 (31,056) 
miR-4942-3p4 acgaugacaguaauaggauuauu nLs.2.1.scaf01227 7,341 0 (356) 6,004 (6,294) 0 (916) 

1 RPM = Reads per million miRNA reads; 2 The median of the sequencing reads and the upper limit for the 75% of the total reads (in bracket) are reported for AM, gAF and mf 
3A shorter miR-100a, lacking the first four nucleotides in the 5’ end, was also abundantly detected; 4 miRNA name assigned based on seed sequence homology with other miRNAs. 
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Figure 3.3 miRNA identification in the secretome of L. sigmodontis.  (A) Heat map 
of the abundance level of the 208 miRNAs detected in all the secretomes screened by 
deep sequencing, (B) The top 20 miRNAs that account for >90% of the total miRNA 
reads across developmental stages, depicting their levels in adult males (AM), gravid 
adult females (gAF), and microfilariae (mf). vL3s = vector-derived L3s; pgAF = pre-
gravid adult females. Of the top 20, 11 are enriched in adults or gAF compared to mf, 
whereas the remaining 10 are commonly detected in all the secretomes based on 
DEseq2 analysis.  
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Figure 3.4 Differentially detected miRNAs in the secretome of larval and adult 
stages of L. sigmodontis.  A) Principal Component Analysis (PCA) of the miRNAs 
detected in the secretome of larval and adult stages of L. sigmodontis. B) qRT-PCR 
validations were conducted using 2.5 µL of total RNA from ES products (same volume 
used for small RNA library preps). The miRNAs measured were selected based on their 
differentially detection from the DESeq2 analysis as in Figure 3.3 (* p < 0.05; ** p < 
0.005; ns = not significant; Kruskal-Wallis test for Multiple comparisons).  
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Figure 3.5 Mature miRNA sequences of extracellular miR-10 family members 
detected in ES products from larval and adult stages of L. sigmodontis. Several 
members of the miR-10 family were found to be enriched in the secretome of gAF 
worms when compared to adult males and/or mf. The vertebrate homologues to these 
sequences were included as references, alongside the sequences reported in other 
filarial nematodes. A) sequence of the miR-100s detected in several ES products 
showing the seed sequence, defined as nucleotides in position 2-8 in the 5’ end, is 
broadly conserved between filarial nematodes and vertebrates. On the other hand, the 
3’ is highly heterogeneous between filarial nematodes and vertebrates. B) The seed 
sequence of miR-993-3p is only conserved between nucleotides 2-6, with poor 
homology between miR-993 from filarial parasites and vertebrate hosts.  
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Table 3.3 novel miRNAs detected in the secretome of L. sigmodontis 

miRNA RNA sequence (5’ – 3’) Length 
(nt) 

Genomic location Average 
RPM1 vL3s 

Average 
RPM1 pgAF 

Average 
RPM1 AM 

Average 
RPM1 gAF 

Average 
RPM1 mf 

lsi-Novel-1 agcuugagguaggaugaacaacu 23 nLs.2.1.scaf00725_36299; 
nLs.2.1.scaf00725_36308 

68.78 328.40 138.49 137.85 2142.20 

lsi-Novel-2 uaggcgcaucagaacuagacggc 23 nLs.2.1.scaf00643_34575 103.17 0 1191 163.86 785.47 

lsi-Novel-3 ucaggaugagaugauggaugaau 23 nLs.2.1.scaf00419_28137 0 0 2188.12 152.16 0 
lsi-Novel-4 ucucuguaauguuccucucuccc 23 nLs.2.1.scaf00012_2609 0 0 0 6.50 2356.42 
lsi-Novel-5 aacccuccucucagcccauccc 22 nLs.2.1.scaf00323_24399 0 0 0 14.31 1999.39 
lsi-Novel-6 ugccccgccuucuucucccgc 21 nLs.2.1.scaf00559_32469 68.78 231.10 0 58.52 0 
lsi-Novel-7 ggugcgaagcgcaguuggaugagc 24 nLs.2.1.scaf00428_28447 0 0 0 36.41 880.68 
lsi-Novel-8 ugggugucguagguauggauaauc 24 nLs.2.1.scaf00093_11380; 

nLs.2.1.scaf00074_9579 
0 182.45 0 55.92 0 

lsi-Novel-9 uacugggugguuggcaguggggu 23 nLs.2.1.scaf00336_25049 0 0 0 67.63 0 
lsi-Novel-10 auggcguuggcguuggcuacc 21 nLs.2.1.scaf00415_28022 0 0 0 63.67 0 

lsi-Novel-11 gagauacguuugaaggagcucaac 24 nLs.2.1.scaf00565_32616 378.29 0 0 39.02 0 
lsi-Novel-12 accaucaguagucuugugauc 21 nLs.2.1.scaf00142_14716 0 0 0 45.52 0 
lsi-Novel-13 cccgaagguggcuuugacgcu 21 nLs.2.1.scaf00315_23858 0 0 498.56 14.31 0 
lsi-Novel-14 gagcgagaucggcggcguggagaga 25 nLs.2.1.scaf01553_45817; 

nLs.2.1.scaf00923_39792 
0 0 0 32.51 0 

lsi-Novel-15 guuagcgguuucgagcgugguga 23 nLs.2.1.scaf00371_26475 0 0 0 31.21 0 
lsi-Novel-16 gguuccgccgguggagugacc 21 nLs.2.1.scaf00292_22935 0 0 0 31.21 0 
lsi-Novel-17 uaaugaaacuuagauuccugagc 23 nLs.2.1.scaf00764_37032 103.70 0 0 14.31 142.81 
lsi-Novel-18 aggguuagauuugguauaaauc 22 nLs.2.1.scaf00831_38112 0 0 0 22.11 0 
lsi-Novel-19 agcgguaguaguaguagu 18 nLs.2.1.scaf02071_47669 0 0 0 18.21 71.41 
lsi-Novel-20 uggugcgagaucugugac 18 nLs.2.1.scaf00165_16219 0 0 55.40 18.21 0 
lsi-Novel-21 gaacucguugaacauugaacua 22 nLs.2.1.scaf01711_46585 0 0 0 20.81 0 
lsi-Novel-22 gaacucguugaacauugaac 20 nLs.2.1.scaf01711_46596 0 0 0 20.81 0 
lsi-Novel-23 gacauuagccugguuucaucggacc 25 nLs.2.1.scaf00518_31313 0 0 0 16.91 0 
lsi-Novel-24 auaauauuauuauuguugucg 21 nLs.2.1.scaf01227_43436 0 0 0 16.90 0 
lsi-Novel-25 uuacggguaauugugaugaugc 22 nLs.2.1.scaf00152_15430 0 0 0 14.31 0 
lsi-Novel-26 aagcaaucacagcggccggau 21 nLs.2.1.scaf01015_41090; 

nLs.2.1.scaf01015_41095 
0 0 0 10.40 0 

1 Reads per million of miRNAs reads (RPM) detected in all the ES samples tested for each individual lifecycle stage.  
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Figure 3.6 Secondary structure of the four most abundant novel pre-miRNAs 
identified in ES products from larval and adult stages of L. sigmodontis. The 
secondary structures were predicted using the pre-miRNA sequenced identified by 
miRDeep2 (table 3.3) using the Vienna RNAfold package. Lines indicate the mature 
and the star sequences predicted by deep sequencing.  
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A recent report showed that the vector-derived L3s from the human filarial pathogen 

B. malayi secrete EVs loaded with miRNAs, which have been proposed as a route for 

communication with the mosquito vector (Zamanian, Fraser, Agbedanu, & 

Harischandra, 2015). We detected a total of 60 parasite-derived miRNAs in ES 

products from L. sigmodontis vector-derived L3s (Supplementary table 3.2), out of 

which 6 (lin-4, miR-92, miR-71, miR-34, bantam-b and miR-100a) accounted for >90% 

of the miRNA read counts for this stage (Supplementary table 3.2). Moreover, these 

miRNAs were also detected in ES products from B. malayi L3s (Zamanian, Fraser, 

Agbedanu, & Harischandra, 2015). However, it is difficult to make direct 

comparisons between both studies due to technical differences in small RNA library 

preparation and sequencing analysis. Moreover, we did not perform a side-by-side 

comparison with ES products from other parasites (including B. malayi), thus making 

it difficult to control for depth of sequencing coverage and sequence filtering criteria.  

 

3.3.3 Wolbachia-derived RNA sequences detected in ES 
products from L. sigmodontis 

Previously, it has been demonstrated that a small fraction of the proteins detected in 

pre-gravid and gravid females are derived from the endosymbiont Wolbachia (e.g. 

GroELS) (Armstrong, Babayan, et al., 2014). It is important to highlight that 

Wolbachia is found in most of the developmental stages within the filarial host, 

however its population undergoes expansion during the transition to the L4 stage and 

in young adults, particularly in the primordial reproductive tissues and germline cells 

(Fischer, Beatty, et al., 2011). Therefore, we next sought to examine whether any of 

the RNA sequences could derive from the endosymbiont. After discarding reads that 

mapped perfectly to either the M. musculus or L. sigmodontis genomes, we detected 

~6X more high-quality reads mapping perfectly to the Wolbachia genome in ES 

products from adult stages (young and fully reproductive adults) compared to larval 

stages (Table 3.4). Moreover, we observed ~6X more high-quality reads mapping to 

Wolbachia in ES products from pgAF and gAF compared to jAM and AM (Table 

3.4). Of all the lifecycle assessed, we detected most of the Wolbachia-specific high-

quality reads in the ES products from pgAF (136,074 reads) compared to other 

lifecycle stages with a comparable number of high-quality reads.  Taken together, 

these data suggest that the ES products from L. sigmodontis contain not only parasite-

derived RNAs, but could also a small fraction of RNAs (<1.5% of the high-quality 



Chapter 3 

  85 

reads) that align to the symbiont Wolbachia. Interestingly, these Wolbachia-derived 

sequences are more abundantly detected in ES products from pgAF and gAF, 

consistent with previous proteomic characterisations of the ES products from these 

lifecycle stages. Nevertheless, further and more thorough investigation is required to 

determine whether these RNA sequences are bona fide Wolbachia-derived RNA 

products, or are rather derived from other sources or contaminants. 
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Table 3.4 Wolbachia-derived RNAs detected in the secretome of larval and adult stages of L. sigmodontis 
 
Secretome1,2 vL3s hL3s L4s jAM pgAF AM gAF mf 
Input reads 7,596,695 

(10,720,435) 
6,281,894 

(5,501,542) 
12,471,046 

(12,744,268) 
4,493,814 

(5,501,542) 
11,043,195 

(12,509,154) 
5,079,075 

(9,489,535) 
7,175,484 

(9,950,704) 
6,493,084 

(7,823,877) 
High-quality 
reads 

6,571,666 
(9,372,768) 

2,895,861 
(3,488,258) 

7,840,378 
(7,977,988) 

2,895,861 
(3,488,358) 

8,317,514 
(9,722,226) 

3,849,365 
(8,166,739) 

6,577,228 
(8,939,823) 

5,207,592 
(6,989,296) 

Wolbachia 
Reads 

3,119 
(4,259) 

4,744  
(4,919) 

5,484  
(5,933) 

5,299  
(5,563) 

136,074 
(187,290) 

16,821 (34,229) 25,085 (55,548) 19,923 (26,994) 

rRNAs 2,184  
(3,007) 

2,700  
(2,721) 

3,189  
(3,350) 

3,204  
(3,369) 

26,420 (34,438) 6,468  
(18,102) 

8,355  
(14,992) 

10,930 (12,928) 

tRNAs 123 (148) 311 (316) 376 (405) 189 (209) 27,240 (38,412) 3,802  
(6,363) 

10,085 (22,747) 1,922  
(2,502) 

Other Rfam 135 (175) 710 (720) 737 (860) 442 (526) 15,384 (21,412) 1,662  
(2,693) 

1,102  
(1,934) 

1,142  
(1,562) 

Non-Rfam 677  
(930) 

1,022  
(1,171) 

1,182  
(1,318) 

1,463  
(1,469) 

67,030 (93,026) 4,888  
(7,069) 

5,542  
(15,872) 

5,929  
(10,001) 

 

1After mapping analysis, all the reads that mapped perfectly and unambiguously to the Wolbachia genome draft, and not to either to L. sigmodontis genome draft or the M. 
musculus genome, were retrieved and classified based on Rfam, as described in Chapter 2. The following samples and replicates were subjected to deep sequencing: vector-
derived L3s (vL3s; n = 2), host-derived or “migratory” L3s (hL3s; n = 2), L4s (n = 2), juvenile males (jAM) and pre-gravid adult females (pgAF) at day 32 post-infection (n = 
2, per sex), and adult males (AM; n = 10), gravid adult females (gAF; n = 12), and microfilariae (mf; n = 8). Values indicate range of number of reads (min to max) for each 
category.  
 2 The median of the sequencing reads and the upper limit for the 75% of the total reads (in bracket) are reported for all the lifecycle stages tested 
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3.3.4 Differentially detected miRNAs in the secretome of L. 
sigmodontis 

Next, we determined whether we can identify lifecycle stage miRNA “signatures” in 

the secretomes evaluated by deep sequencing. For this analysis, we focussed on AM, 

gAF, and mf, as it is important to identify biomarkers that 1) can inform about the 

presence and/or the relative adult/female worm burden in a patient and/or population, 

2) discriminate between adults and mf worms. Similarly, these lifecycle stages co-

exist within the host, so it becomes important to address whether we can discriminate 

between the presence of different stages based on the miRNA profile of their 

secretome. For statistical analysis, we employed a Bayesian statistical method called 

DESeq2 which, apart from performing well with relatively low number of biological 

replicates, also corrects for differential library size, (Love, Huber, et al., 2014). We 

used the 208 miRNAs identified by miRDeep2 (Supplementary table 3.2) as an 

input for analysis, without any previous filtering or normalisation.  A total of 17 

miRNAs were differentially detected in ES products based on pairwise comparisons, 

as shown in Table 3.5. Statistical analysis indicates that some miRNAs were 

significantly enriched in ES products of AM compared to gAF and mf (e.g. miR-

5838), in adult worms (AM and gAF) compared to mf (e.g. miR-5360 and lin-4), as 

well as 11 miRNAs enriched in the secretome of gAF (e.g. miR-100a, miR-100b, 

among others) (Table 3.5). These differences were further confirmed by qRT-PCR 

(Figure 3.4B). Of the 17 differentially detected miRNAs, 9 miRNAs were within the 

top 20 most abundant miRNAs, whereas the remaining 6 miRNAs were not within the 

most abundant miRNAs (Table 3.2 and Supplementary table 3.2). This suggests 

that the method is not biased to only detect differences among abundant miRNAs. 

Taken together, our data suggests that a subset of the miRNAs detected in the 

secretome of L. sigmodontis can be confidently attributed to stage- and sex-enriched 

markers, mostly associated with gAF worms.  
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Table 3.5 Most differentially detected miRNAs in the secretome of L. sigmodontis 
Enriched in adult females 
miRNA RNA Sequence (5’ – 3’) RPM(A) Log2 FC Adj p value Previously reported as excreted/secreted in vitro & in vivo? (B) 

miR-5364-5p cgagguauuguuuauuggcuga 22,829.8 6.53 3.37E-07 O. volvulus1, O. ochengi1, D. immitis2,3  
miR-240 uacuggccuuucaaacucuaga 3,857.49 6.08 5E-4 Not reported 
miR-36c cgguacaacguuucacgguagagc 7,598.27 5.18 3E-4 Not reported 
miR-57-5p uacccugugguaccgagcugugucu 11,53.21 4.18 1.4E-2 D. immitis2,3 
miR-2860b agcuguauuggcugugauaug 3,741.85 4.08 4.8E-2 Not reported 
miR-239-5p uuuguacuucggcuaaggugcug 5,017.06 3.45 4.4E-2 O. ochengi1, D. immitis3 
miR-86-5p uaagugaaugcuuugccacagucu 671.6 3.33 4.8E-2 L. sigmodontis4, O. ochengi1, D. immitis2,3  
miR-44a-5p cuggaugugcaucgugguuga 3,495.71 3.04 4.8E-2 Not reported 
Bantam-a-3p ugagaucauugugaaagcuauu 16,983.1 2.94 4.9E-2 L. sigmodontis4, O. volvulus1,5, O. ochengi1, D. immitis2,3  
miR-100d-5p uacccguagcuccgaauaugugu 13,504.4 2.70 3.4E-2 L. sigmodontis4, O. volvulus1,2, O. ochengi1,6, D. immitis2,3, L. loa5  
miR-100a aacccguaguuucgaacaugugu 200,810 2.17 5E-3 L. sigmodontis4, O. volvulus1,2, O. ochengi1,6, D. immitis2,3, L. loa5   
Enriched in males 
miRNA RNA Sequence (5’ – 3’) RPM1 Log2 FC Adj p value Previously reported in vitro & in vivo? (B) 
miR-5838 ugaguauuuucgguuucgcauc 5,319.43 5.50 3.2E-4 O. ochengi1 
miR-2426 gaggaagugaugaggagcc 4,921.58 4.76 5.3E-4 Not reported 
miR-9146-5p gccuggaugaaucucggug 29,753.3 4.36 3.3E-6 Not reported 
miR-8319-3p gaauuagcucgugcgguacggc 8,175.41 3.98 3.2E-4 Not reported 
Enriched in adult stages 
miRNA RNA Sequence (5’ – 3’) RPM1 Log2 FC Adj p value Previously reported in vitro & in vivo? (B) 
miR-5360-5p acgaaucgucgaaucgga 1,838.3 4.61 4.4E-2 O. ochengi1, D. immitis2,3  

Lin-4-5p ucccugagaccucugcugcga 108,025 3.15 3.4E-2 L. sigmodontis4, O. volvulus1,2, O. ochengi1,6, D. immitis2,3, L. loa5 
(A) RPM = reads per million. miRNAs with >7,000 reads per million were classified in the top 20 most abundant miRNAs. Using this classification, from 17 differentially 
enriched miRNAs, 9 miRNAs were amongst the top 20 most abundant miRNAs, whereas the remaining 6 miRNAs were lowly abundant.  
(B) Superscripts indicate references: 1) (Quintana, Makepeace, et al., 2015), 2) (Tritten, Burkman, et al., 2014), 3) (Tritten, Clarke, et al., 2016), 4) (Buck, Coakley, Simbari, 
McSorley, et al., 2014), 5) (Tritten, Neill, et al., 2014)  
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3.3.5 Comparison of the secretome of pre-gravid versus 
gravid adult female worms in vitro 

The data presented thus far indicates that gAF worms secrete a myriad of miRNAs, 

many of which are enriched in this developmental stage but not in other stages (AM 

and/or mf). One of the most outstanding traits of gAF worms is their reproductive 

capacity, where a single female worm can secrete thousands of mf per day (Ziewer, 

Hübner, Dubben, Hoffmann, Bain, Martin, Hoerauf, Specht, et al., 2012). Therefore, 

one plausible hypothesis is that the secretion of female-enriched miRNAs is 

associated with reproductive status (“virgin” females vs. “gravid” females). To test 

this hypothesis, we compared the ES products from “virgin” females (pgAF) to the 

fully reproductive adults (gAF). In silico analysis using DESeq2 suggests that some of 

the female-enriched miRNAs, including one of the miR-10 family member (miR-993-

3p), are strongly associated with gAF worms, whereas other miRNAs (lin-4 and miR-

278a-5p) are more highly detected in pgAF (Figure 3.7A). Nevertheless, the 

differences were not significant between these samples by qRT-PCR, at least for miR-

993 and lin-4 (Figure 3.7B), due perhaps to technical limitations associated with the 

detection of lowly abundant miRNAs by qRT-PCR, and thus could not validate the 

results from DESeq2 analysis. It is also worth noting that we were limited with the 

number of replicates that were obtained for the pgAF (n = 2), and further replicates 

will be necessary to clarify if there are differences in the secretome of female worms 

before and after they actively produce mf.  
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Figure 3.7 Volcano plot of miRNAs differentially detected in ES products 
comparing pre-gravid female worms vs. gravid adult females. A) The volcano plot 
shows fold changes (Log2 scale) and adjusted p values for individual miRNAs 
determined by DESeq2 analysis. The horizontal dotted line represents the chosen cut-
off (padj < 0.01) to determine significantly different miRNAs between juvenile and 
gravid females, whereas the vertical dotted lines represent Log2FC >1 or <-1. Orange 
dots represent miRNAs with Log2FC > 1 or <-1, whereas green dots represent 
miRNAs with Log2FC > 1 or <-1 and padj <0.01. Gravid female worms were used as 
a reference group for analysis. B) qRT-PCR validation of the in-silico prediction of 
the differential miRNA composition of the secretome from pre-gravid females vs. 
adult gravid females (ns = not significant; Mann-Whitney test) 
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3.3.6 Gravid adult female worms secrete extracellular vesicles 
(EVs) containing miRNAs in vitro 

We next sought to determine whether the signal of miRNAs enriched in gAF 

secretome was associated with extracellular vesicles (EVs). To assess this, we pooled 

equivalent volume of ES products from gAF harvested at 24, 48 and 72h in culture 

and purified EVs using the cold acetone precipitation (Gallart-Palau, Serra, et al., 

2015). This approach enables the separation of soluble proteins by precipitation with 

acetone (protein pellet), leaving a supernatant enriched in organic-soluble, lipid-

containing EVs (supernatant) (Gallart-Palau, Serra, et al., 2015). TEM analysis 

revealed the presence of vesicle-like structures ~50-100 nm in diameter in the 

supernatant fraction of the ES products from gAF worms but not in the protein-

enriched pellet fraction or in the negative control, consistent with previous reports of 

nematode-derived EVs (Figure 3.8A & B). Furthermore, we confirmed the size of 

these vesicles by nanoparticle tracking analysis (NTA) to be between 50 and 112 nm 

in length (average = 87 nm), and the concentration was 8x10^7 particles/mL (Figure 

3.9A). Based on qRT-PCR, the signal of several miRNAs enriched in the secretome 

of gravid female worms was higher in the fraction containing the EVs when compared 

to the vesicle-depleted (pellet) fraction (Figure 3.9B), thus suggesting that these 

miRNAs are likely to be released in association with EVs in vitro, corresponding with 

previous studies of H. polygyrus adult worms (Buck, Coakley, Simbari, McSorley, et 

al., 2014). 
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Figure 3.8 Gravid adult female worms secrete extracellular vesicles in vitro. A) 
Extracellular vesicles were purified from pooled ES products by Protein Organic 
Solvent Precipitation (PROSPR) using cold acetone. RPMI-1640 media was included 
as negative control. Transmission electron microscopy of three fractions after 
purification (Total, pellet and EVs) in the EVs are readily detected in the “EVs” 
fraction. B) Zoom-in of the EVs fraction, were arrows indicate potential EVs. Bar 
scale = 100 nm. 
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Figure 3.9 Gravid adult female-enriched miRNAs are mainly released within 
extracellular vesicles in vitro. A) The quantification and size distribution of EVs 
obtained from the ES products from gravid adult female worms were confirmed by 
Nanoparticle Tracking Analysis (NTA) and, B) When using equivalent amounts of 
material for RNA extraction and analysis by qRT-PCR, we observed that the signal of 
several female-enriched miRNAs were found to be enriched in the fraction containing 
the EVs but not in the fraction depleted of EVs (* p<0.05; ** p< 0.005; ns = not 
significant; t test).     
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3.4 Summary 
• 208 mature miRNAs are found in the secretomes of L. sigmodontis.  

• Of the 208, 26 are novel miRNA candidates with no homology to other 

nematode miRNAs. Based on structural features, four of these were 

classified as bona fide Dicer-derived miRNAs. 

• Potential Wolbachia-derived RNA sequences were abundantly detected 

in the secretome of pgAF and gAF. 

• 17 miRNAs were differentially detected in the secretome of adult and mf 

stages (Log2Fold change >1, padj <0.05), with 11 being associated with 

gAF worms.  

• Several members of the miR-10 family (miR-100a, miR-100d and miR-

993), which are the most abundant miRNAs detected in the secretome of 

L. sigmodontis, are detected in gAF. Other miRNAs exhibited a more 

ubiquitous secretion pattern and were consistently detected in ES 

products of all the developmental stages tested (e.g. miR-71, miR-92, 

miR-34).  

• Gravid adult female worms secrete extracellular vesicles of around 50-

110 nm in length that are associated with the miRNAs in vitro.  
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3.5 Discussion 
The overarching goal of this chapter was to determine whether the secretion of small 

RNAs, with an emphasis on miRNAs, is developmentally regulated in filarial 

parasites. A second goal was to statistically assess whether a group of miRNA could 

be confidently assigned as stage- and/or sex-specific markers. The release of 

excretory/secretory (ES) products by parasitic nematodes has been extensively studied 

(Hewitson, Grainger, et al., 2009; Hoerauf, Satoguina, et al., 2005), and it is 

recognised that these products provide powerful mechanisms by which these parasites 

can effectively manipulate their host’s immune system to establish an infection. 

However, the complexity of these ES products has recently been re-evaluated with 

several lines of enquiry now indicating that they also contain extracellular vesicles 

containing components of the RNAi machinery, thus opening the possibility that the 

parasite can also interfere with gene expression within host cells (Coakley, Maizels, et 

al., 2015). Nonetheless, the information regarding the RNA cargo of EVs has only 

been reported in individual developmental stages of different parasites (Buck, 

Coakley, Simbari, McSorley, et al., 2014; Tritten, Clarke, et al., 2016; Zamanian, 

Fraser, Agbedanu, & Harischandra, 2015). A thorough and robust side-by-side 

comparison of both larval and adult stages is still lacking. It is important to mention 

that a separate study evaluating the miRNA secretion by individual replicates of 

several developmental stages in the clade III heartworm Dirofilaria immitis was 

published during the preparation of this PhD thesis (Tritten, Clarke, et al., 2016). This 

study will be used as a point of reference for comparisons as D. immitis belongs to the 

same nematode clade as L. sigmodontis, and thus provides an opportunity to 

contextualise and validate our results. To broadly characterise the overall small RNA 

population in ES products, we first decided to profile the total RNA obtained from 

these samples using analysis by a Bioanalyzer. This analysis revealed that the in vitro 

ES products from all the developmental stages examined in this study contain small 

RNA of between 20-30 nt in length and “longer” RNAs of between 40-60 nt in length 

(Figure 3.1B). It is important to stress that we only focussed in the shorter RNA 

populations (20-30 nt) for the studies presented in here, but did not study the longer 

RNA population (40-60 nt) also noted in the Bioanalyzer assay. We chose the shorter 

RNA population because we anticipated it should contain small RNA molecules such 

as miRNAs. The characterisation of the longer RNA population may be also 



Chapter 3 

  96 

important as it may hold interesting RNA candidates to understand pathogen-to-host 

interactions as well as potential novel biomarker candidates. This aspect certainly 

merits further investigation.  

Next, we prepared small RNA libraries from total RNAs, which rendered PCR 

products of varying sizes. We rationalised that given the size of mature miRNAs (21-

24 nt in length), we would focus on PCR products of between 140 to 160 bp in length, 

to account for inserts of between 20 to 40 nt in length (described in Chapter 2). We 

pooled equimolar concentrations of these libraries and subjected these to next 

generation sequencing using the Illumina HiSeq platform. Interestingly, at a similar 

depth of coverage, we consistently observed a greater proportion of sequences that 

mapped to the L. sigmodontis genome in ES products from both pgAF and gAF when 

compared to other developmental stages (Figure 3.2B and Table 3.1). Similar 

observations in terms of diversity and richness of the secretomes of both pgAF and 

gAF worms have been previously documented in proteomic studies of L. sigmodontis 

(Armstrong, Babayan, et al., 2014).  

We also noted that the RNA sequences identified in the secretomes tested here did not 

derive exclusively from L. sigmodontis, and a fraction of the high-quality reads 

mapped unambiguously to the Wolbachia genome draft. More specifically, there was 

a greater proportion of Wolbachia-specific sequences in the secretome of pgAF, 

which were on average 3X more abundant than in the secretome of gAF and AM 

(Table 3.4). This observation is consistent with previous reports, which have shown 

that this endosymbiont undergoes extensive multiplication in the lateral cords and 

female reproductive tissue of L4s and pgAF during development (Fischer, Beatty, et 

al., 2011). Moreover, Wolbachia proteins (e.g. GroELS) have also been detected in 

the secretome of both pgAF and gAF L. sigmodontis worms but not in the ES 

products from other developmental stages, including AM and mf (Armstrong, 

Babayan, et al., 2014). These results suggest that Wolbachia may exist in the uterine 

tissue and/or fluids from L. sigmodontis female worms, representing a likely release 

route for this material in vitro, although this remains speculative, as other secretion 

routes (e.g. secretory pore, cuticle, etc.) are also plausible routes for secretion and 

release (Armstrong, Xia, et al., 2016). However, it is important to emphasise that 

bacterial contaminants have often been reported in deep sequencing studies (Laurence, 

Hatzis, et al., 2014; Strong, Xu, et al., 2014), and our analysis does not rule out the 

possibility that these might be bacterial contaminants and, therefore, may not 



Chapter 3 

  97 

represent a true biological phenomenon. Further and more thorough analyses to 

identify common bacterial contaminants in our libraries will be necessary to robustly 

determine whether these are derived from Wolbachia.  

In terms of the L. sigmodontis RNA sequences, our small RNA libraries were 

dominated by rRNAs, tRNA fragments as well as miRNAs. These results are 

consistent with previous findings in several parasites, including parasitic nematodes 

(Buck, Coakley, Simbari, McSorley, et al., 2014) but also in pathogenic flukes such as 

S. mansoni (Nowacki, Swain, et al., 2015) and S. japonica (Zhu, Wang, et al., 2016). 

We decided to explore the miRNA content of the ES products further and used the 

package miRDeep (Friedländer, Mackowiak, et al., 2012), to identify known and 

novel miRNAs. A total of 208 miRNAs were detected in all the samples analysed by 

deep sequencing, as opposed to a total of 131 mature miRNAs previously reported in 

the secretome of D. immitis (Tritten, Clarke, et al., 2016). These differences can relate 

to multiple factors, including different sample preparation, different genome 

annotations, analysis criteria and cut-offs used to discriminate between high and low 

abundant miRNAs. For example, we required for a miRNA to be detected in at least 

two biological replicates, in at least one developmental stage, at >2 copies, whereas in 

previous studies it was required to be found in at least one developmental stage and 

present at >10 copies (Tritten, Clarke, et al., 2016). In D. immitis, a total of 12 highly 

abundant miRNAs were detected as common to all the developmental stages tested; 

amongst these, several are likely of parasite origin: miR-92, miR-57, miR-36a, miR-

100a, miR-100b, miR-100d, lin-4, miR-71-5p, miR-279-3p, let-7-5p, whereas three 

(let-7-5p, PC-5p-799_1592 and PC-3p-389-2939) were also found in the genome of 

dogs, the natural host of D. immitis (Tritten, Clarke, et al., 2016). We also detected 

several of these miRNAs within the top 20 most abundant miRNAs in the combined 

secretome of L. sigmodontis, including miR-92, miR-71, miR-100a and lin-4 (Table 

3.2). This suggests similarities in the miRNAs that are robustly secreted by filarial 

parasites.  

The miRNA profiling of the secretomes assessed in this study provides important 

insights into the differences between developmental stages. One interesting 

observation is that the secretome of infective L3s contain miRNAs not only reported 

in this study but also previously shown in the same stage of the human pathogen B. 

malayi, including miR-71, miR-92, lin-4 and miR-100a (Zamanian, Fraser, Agbedanu, 

& Harischandra, 2015).  This could imply important and potentially specific 
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interactions established by the infective stage during invasion of the vertebrate host, 

where the L3s-derived EVs have been demonstrated to be internalised and to induce a 

classically activated status in macrophages (Zamanian, Fraser, Agbedanu, & 

Harischandra, 2015). On the other hand, during the chronic stage of the infection, 

both adult worms and the mf co-exist within the vertebrate. Our findings suggest that 

gAF secrete several female-enriched miRNAs that may be important for long-lasting 

and sustained interactions with the vertebrate host. It is therefore tempting to 

speculate that the miRNAs released by gAF (or adult worms) are central for any 

potential parasite-to-host interaction mediated by miRNAs However, this cannot be 

supported by the results presented in here and merit further investigation.  

From a diagnostic standpoint, it is important to understand if we can discriminate 

adult worms (or even gAF worms) from mf based on the miRNA profiles of their 

secretomes. We demonstrated that a total of 11 miRNAs are enriched in the secretome 

of gAF worms, and offer the possibility to further understand if these female-enriched 

miRNAs can be used as biomarkers for filarial infections (discussed in chapter 5). 

Some examples of the female-enriched miRNAs are miR-100a and miR-100d which 

belong to the broadly conserved miR-10 family (Tehler, Høyland-Kroghsbo, et al., 

2011). Other miRNAs are known to be exclusively expressed by filarial nematodes. 

For example, miR-5364 is a novel member of the let-7 family that is found 

exclusively in filarial nematodes and it has been shown to be abundantly expressed in 

post-infective stages (including adult worms) and is thought to mediate developmental 

transitions (Winter, Gillan, et al., 2015). The differences in the miRNA composition 

detected in the secretomes of L. sigmodontis gAF compared to mf are consistent with 

the extraordinary secretory capacity of gAF worms. Interestingly, a further in silico 

comparison between pre-gravid versus gravid female worms suggested potential 

differences between these two stages, based on the signal of miR-993-3p (enriched in 

gravid adult female worms) and lin-4 (enriched in pre-gravid female worms) but we 

failed to validate this. One caveat of these studies is the low number of biological 

replicates we obtained from pgAF (n = 2), compared to gAF worms (n = 12). Further 

experiments are required to robustly detect specific differences between “virgin” and 

gravid females. This information is relevant to delineate a subset of extracellular 

miRNAs that can be confidently assigned to reproductively active female worms. 

Lastly, the potential role of the parasite-derived miRNAs and EVs during infection 

are yet to be fully elucidated. In this regard, several reports have shown that parasite-
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derived miRNAs could in theory target messenger RNAs in host cells, and it has been 

shown that several of the most abundant miRNAs and EVs secreted by parasitic 

nematodes (including miR-71, let-7 and miR-239) can regulate genes important for 

innate immunity, such as il33r and dusp1 (Buck, Coakley, Simbari, McSorley, et al., 

2014). On the other hand, the function of most of the miRNAs is not understood, and 

the role of the extracellular miR-10 miRNA family is not clear. It is thought that 

several members of this family act cooperatively with miR-196b to regulate 

expression of the Homeobox (hox) gene family during early haematopoietic cell 

development, inside the nematode (O’Connell, Rao, et al., 2010; Tehler, Høyland-

Kroghsbo, et al., 2011). These observations may suggest that, at the molecular level, 

gravid adult female worms secrete a plethora of miRNAs that could interfere with the 

expression of host genes important for immune homeostasis and activation, with 

important consequences not only for the parasite-to-host crosstalk but also for further 

diagnostic applications.  
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 Effect of anthelminthic chemotherapy 

on miRNA secretion by filarial gravid adult 

female worms 

4.1 Introduction 
Filariases comprise a group of chronic infections that result in the development of 

highly debilitating symptoms, with serious socio-economical and health burdens 

(Taylor, Hoerauf, et al., 2010). At present, there are no vaccines available to prevent 

these infections (Hotez, Strych, et al., 2016), and they are treated with anthelminthic 

chemotherapy (Panic, Duthaler, et al., 2014). Other strategies, such as vector control, 

are also of importance (Erickson, Thomsen, et al., 2013; Mackenzie, Homeida, et al., 

2012). Therefore, mass drug administration (MDA) programmes, currently underway 

in Africa and Latin America (Coffeng, Stolk, et al., 2013), aim to interrupt 

transmission and diminish morbidity by administering anthelminthic compounds 

(Babalola, 2011; Babayan, Allen, et al., 2012; Utzinger, Becker, et al., 2012). Since 

the late 1980’s, control of onchocerciasis has primarily relied on the administration of 

Ivermectin (IVM) (Babalola, 2011; Murdoch, Asuzu, et al., 2002; Taylor, Hoerauf, et 

al., 2010). Conversely, therapeutic regimes for Lymphatic Filariasis (LF) includes 

annual, single-dose combinations of either IVM or Diethylcarbamazine (DEC) 

alongside Albendazole (ABZ) (Fischer, King, et al., 2017). Most of these 

anthelminthic therapies have a potent effect on killing microfilariae (microfilaricidal 

activity), whereas very limited treatment options actually affect the viability of adult 

worms (macrofilaricidal activity) (Panic, Duthaler, et al., 2014). Compounds such as 

Doxycycline (DOX) are thought to target the Wolbachia endosymbiont, and have 

been shown to have macrofilaricidal activity (Debrah, Specht, et al., 2015; Panic, 

Duthaler, et al., 2014). 

 

4.1.1 Glutamate-gated chloride channels and the mode of 
action of Ivermectin 

Ivermectin (IVM) belongs to the group of macrocyclic lactones (ML) that comprise 

one of the few classes of drug used to treat filarial infections (Panic, Duthaler, et al., 

2014; Wolstenholme, Maclean, et al., 2016). They selectively paralyse the parasite by 
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increasing muscle Cl- permeability through directly binding to glutamate-gated 

chloride (GluCl) channels (Laing, Gillan, et al., 2017; Martin, 1997). The GluCl 

channels are members of the membrane-bound, ligand-gated ion channels, composed 

of two (a and b) subunits (Wolstenholme, & Rogers, 2005). The receptor is 

composed of four transmembrane domains (M1 to M4), with both the C and N 

terminal located in the extracellular space, alongside several loops connecting the 

transmembrane domains (Wolstenholme, 2012) (Figure 4.1) Expression of the a 

subunit alone results in the appearance of an IVM-gated channel, whereas co-

expression of both a and b subunits lead to the formation of an IVM-sensitive, 

glutamate-gated channel (Wolstenholme, & Rogers, 2005). In C. elegans, there are six 

genes encoding a and b subunits of the GluCl channel (Williamson, Walsh, et al., 

2007). Of these, the avr-15 and avr-14 genes produce two a subunits by alternative 

splicing to form the GluCla2A and GluCla2B isoforms, and the GluCla3A and 

GluCla3B isoforms, respectively (Laing, Gillan, et al., 2017; Wolstenholme, & 

Rogers, 2005). Gene-wise comparisons between the free-living nematode C. elegans 

and other parasitic nematodes have shown a very distinctive pattern in the evolution 

of the GluCl channel across nematodes clades. Interestingly, comparisons between the 

free-living Caenorhabditis elegans and the parasitic nematode Haemonchus contortus 

(both belonging to clade the V) have identified avr-14 homologs in both species, but 

not for all the repertory of GluCl genes described in C. elegans (Wolstenholme, & 

Rogers, 2005) (Figure 4.1A). Moreover, the avr-14 gene (and its two splicing 

products) is conserved across clades (including several clade III nematodes such as D. 

immitis and O. volvulus), whereas other genes (e.g. glc-1, glc-3 and avr-15) were only 

found in C. elegans (Williamson, Walsh, et al., 2007; Wolstenholme, & Rogers, 2005) 

(Figure 4.1A-C).  

 

4.1.2 In vitro and in vivo effects of IVM on filarial nematodes 
The effects of IVM on the nervous system on some nematodes, including Ascaris spp., 

are well-characterised, and it has been demonstrated that this compound inhibits 

pharyngeal pumping and impairs nematode feeding (Laing, Gillan, et al., 2017; 

Martin, 1997). However, the mode of action of IVM against filarial nematodes has 

been widely disputed, and the exact mechanism underlying this process remains 

controversial, as there is conflictive evidence regarding the in vitro effect of this 
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compound in several parameters, including survival, motility and reproduction 

(Reviewed by Carithers, 2017). One hypothesis suggests that this compound acts 

synergistically with the immune system to mediate worm killing (Carithers, 2017).  In 

this scenario, IVM impairs the capacity of parasitic nematodes to secrete 

immunomodulatory effectors that are otherwise require to dampen the immune 

response against them (Carithers, 2017). Consistent with this hypothesis, a recent 

study has demonstrated that the GluCl channels targeted by IVM are specifically 

detected surrounding the Excretory/Secretory (ES) apparatus in B. malayi 

microfilariae (mf), which is a specialised organ responsible for the release of soluble 

material into the milieu (Moreno, Nabhan, et al., 2010). Through a combination of 

biochemical and immunofluorescence methods, it was demonstrated that IVM blocks 

the in vitro secretion of proteins by mf in a time- and dose-dependent manner, 

including immunomodulatory proteins typically found in the ES products of mf (e.g. 

venom allergen-like 1 protein (VAL-1), tumour protein-like protein (TCTP) and 

Macrophage migration inhibitory factor-1 (MIF-1), among others) (Moreno, Nabhan, 

et al., 2010). Similar observations have been reported in D. immitis, where in vitro 

exposure with IVM concentrations ranging from 0.01 to 0.1 mM leads to increase 

binding of peripheral blood mononuclear cells and neutrophils to the D. immitis mf, 

thought to be due to the incapacity of the mf to secrete immunomodulatory molecules 

(Vatta, Dzimianski, et al., 2014). However, the macrofilaricidal (adult worm killing) 

effect of IVM remains controversial. In adult filarial worms, IVM is known to induce 

sterility, although the exact mechanism remains elusive (Li, Rush, et al., 2014a). 

Based on in situ hybridisation studies, the expression of the IVM receptor subunit avr-

14 was highly detected in the reproductive tissue (Li, Rush, et al., 2014a), thus 

leading to the hypothesis that IVM preferentially acts upon the reproductive organ, 

explaining its sterility effects observed in vitro and in vivo (Bronsvoort, Renz, et al., 

2005; Tompkins, Stitt, et al., 2010) (Figure 4.2). The sterilising effect of IVM on 

adult female worms was further confirmed by RNA sequencing (Ballesteros, Tritten, 

ONeill, et al., 2016; Laing, Gillan, et al., 2017).  At the transcriptomic level, treatment 

of B. malayi gravid adult females (gAF) with physiological doses of IVM (~100 nM) 

induces a strong global dysregulation of genes with gene ontology (GO) terms 

associated with meiosis, calcium signalling and embryogenesis (Ballesteros, Tritten, 

ONeill, et al., 2016; Laing, Gillan, et al., 2017). Interestingly, the effects of IVM on 

the B. malayi transcriptome seems to change in a dose-dependent manner (Ballesteros, 
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Tritten, ONeill, et al., 2016). At low concentrations (100 nM), most of the 

dysregulated genes were associated with cuticle remodelling, growth, locomotion and 

nematode larval development (Ballesteros, Tritten, ONeill, et al., 2016). Conversely, 

at higher concentrations of IVM (1 µM), there was an enrichment of dysregulated 

genes associated with fatty-acyl-CoA binding, structural constituents of cuticle, 

double-strand break repair via non-homologous end joining, cytokinesis and 

reproduction, which is consistent with the sterilising effects reported for IVM in 

several filarial nematodes (Ballesteros, Tritten, ONeill, et al., 2016). These 

observations strongly indicate that IVM has potent effects on the parasite physiology 

that extend beyond reproduction, including motility, viability and secretion. Indeed, 

treatment with low concentrations of IVM induces paralysis in vitro in studies with B. 

malayi adult males (AM) and gAF (Tompkins, Stitt, et al., 2010). In gAF, an effect in 

motility with low concentrations of IVM (0.15 µg/mL = ~0.2nM) was observed after 

3 days of exposure, whereas higher drug concentrations (170 µg/mL – 5000 µg/mL = 

0.2 mM - ~5.7 mM) induced paralysis in gAF as soon as 1 day post-exposure 

(Tompkins, Stitt, et al., 2010). However, the effects are not similar between sexes, as 

motility declined faster in AM after 24h compared to gAF, but in both cases they did 

not recover from treatment and were considered dead after 8 days of exposure to IVM 

(Tompkins, Stitt, et al., 2010). Conversely, motility of B. malayi mf was only 

impaired at high drug concentrations (>1.2 mg/ml = ~1.4 mM). Apart from the effects 

of IVM on gAF motility, the fertility was also impaired in in vitro studies, with the 

number of released mf by gAF declining progressively in a dose- and time-dependent 

fashion (Tompkins, Stitt, et al., 2010). Nevertheless, the main caveat of this study is 

that the concentrations used were far higher than the ones achieved in plasma of 

patients treated with IVM (~50 ng/mL = ~50 pM) (Baraka, Mahmoud, et al., 1996; 

Canga, Prieto, et al., 2008), once again demonstrating the discrepancies between in 

vitro and in vivo data on studies regarding the effect of IVM on adult filarial 

nematodes. Despite these discrepancies, one common observation is that IVM impairs 

the reproductive capacity of filarial adult female worms, demonstrated at the 

transcriptional level but also in the overall mf output (Ballesteros, Tritten, ONeill, et 

al., 2016; Tompkins, Stitt, et al., 2010). In the previous result chapter, we have 

demonstrated that gravid adult female worms secrete a plethora of miRNAs enriched 

in the secretome of this lifecycle stage when compared to adult males and mf. 
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However, the precise tissue origin of these female-enriched miRNAs remains unclear. 

Our hypothesis is that the uterine fluid is a likely source of some of the miRNAs 

detected in the secretome of adult female worms. Here, using IVM to induce an 

impaired reproductive capacity in female worms, we attempt to address whether the 

reproductive organs are involved in the secretion of miRNAs. It is important to 

mention that there is no previous information on the effect that anthelminthic 

chemotherapy has upon small RNA release in filarial nematodes, and these studies 

constitute an effort to shed light into this. To test our hypothesis, we first studied the 

temporal dynamics for both EV and miRNA secretion from gravid adult females, as 

well as the worm tissue expression of both IVM receptor and miRNAs enriched in the 

secretome of gAF. We then examined whether an impairment on the reproductive 

capacity of adult female worms mediated by IVM is also accompanied by a reduction 

in the secretion of miRNAs. 
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Figure 4.1 Mechanism of action of IVM. A) Boot-Strapped neighbour-joining tree 
of the glutamate and GABA-gated chloride channel sequences of the clade-III B. 
malayi (BMA), clade-I T. spiralis (TRISP), and clade-V C. elegans (CAEEL) (taken 
from: Williamson, Walsh, et al., 2007). B) Illustration of the structure of a Cys-loop 
ligand-gated ion channel (e.g. GluCl channel), displaying the extracellular moiety (N- 
and C-terminal, M2-M3 loop, etc.), and the four transmembrane domains (M1 to M4). 
C) Side and top view of the putative binding sites of IVM. In this model, IVM binds 
between the M1 and M3 membrane-spanning domains of adjacent subunits, and tends 
to induce opening of the channel by interfering with the position of the subunits 
(taken from: Wolstenholme, 2012) 

 

 

A)

C)B)
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Figure 4.2 Proposed tissues that are likely to be targeted by IVM. The illustration 
depicts an adult female worm. Studies in C. elegans and several parasitic nematodes 
have demonstrated that IVM affects motility and feeding behaviour. These 
observations correlate with electrophysiological studies on the depolarizing effects of 
IVM on synaptic and pre-synaptic neurons (Wolstenholme, 2012), mostly localized in 
the anterior end, and along the soma of the worm (nerve cords). Given its sterilizing 
effects, it is thought that IVM also targets the reproductive tissues (Ballesteros, 
Tritten, ONeill, et al., 2016; Bronsvoort, Renz, et al., 2005).   
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4.2 Specific aims 
1. To examine the temporal dynamics of miRNA and extracellular vesicle release 

by gAF worms 

2. To examine the effect of IVM treatment on miRNA release by gAF worms in 

vitro 

3. To determine whether the reproductive organs and/or uterine fluid is a likely 

source of the secreted miRNAs detected in the secretome of gAF worms 
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4.3 Results 
4.3.1 Temporal dynamics of EV and miRNA release by gravid 

adult female worms in vitro  
In chapter 3, we demonstrated that gAF female worms secrete a myriad of miRNAs, 

some of which are female-enriched miRNAs, in association with EVs in vitro. Here, 

our main goal is to determine the effects of IVM on miRNA release from gravid adult 

female worms, and to determine whether the female-enriched miRNAs derive from 

the reproductive tissue. However, little is known about the temporal dynamics of EV 

and small RNA secretion by parasitic nematodes. This information is essential for 

studies where a time-dependent hypothesis (e.g. effect of IVM on miRNA secretion 

over time) is tested. Therefore, our first goal was to determine whether the release rate 

of EVs and miRNAs changes over the short time course when the gAF are in culture 

(up to 72 hours). We prepared small RNA libraries from total RNA purified from ES 

products from gravid adult females collected during the first 24 hours or after 2 days 

(48-72 hours) in vitro, as described in chapter 2. Alongside this, we also monitored 

the viability of these worms with the MTT assay, as described in other studies 

(Lakshmi, Joseph, et al., 2010; Rao, Mehta, et al., 1991; Voronin, Bachu, et al., 2016), 

to help correlate any changes in miRNA and EV release with the viability in vitro. To 

measure the particle concentration and size, we used a nanoparticle tracking system 

that, based on the pore size of the instrument, allow use to accurately measure 

particles between 70 and 420 nm in length (Coumans, Pol, et al., 2014). Therefore, 

particles of other sizes could not be screened with this approach. Our data show that 

gAF worms were viable over 3 days in vitro (Figure 4.3A and B), but the amount of 

EVs (70-100 nm in length) significantly decreased ~10X between 0-24h and 48-72h 

(Figure 4.3C), without significant changes in the EV size (Figure 4.3D). Similar 

results have been previously reported in EVs derived from B. malayi L3s, where the 

release rate was reported to decay in a time-dependent manner (Zamanian, Fraser, 

Agbedanu, & Harischandra, 2015). We then purified total RNA and prepared small 

RNA libraries from 5 biological replicates of ES products harvested at early (0-24h) 

and later (48-72h) time points, as described in chapter 2. Libraries were sequenced at 

a similar depth of coverage at these two time points (8,777,156 reads at 0-24h vs. 

11,625,404 reads at 48h-72h) (Supplementary table 4.1A and Table 4.1). After 

trimming the 3’ adapter, on average we obtained a total of 7,122,913 and 8,395,193 

high quality reads at 0-24h and 48-72h, respectively (Supplementary table 4.1A and 
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Table 4.1). Interestingly, we noted a ~2.2X decrease in the number of L. sigmodontis-

specific reads over time (21.44% of the high-quality reads at 0-24h vs. 9.65% of the 

high-quality reads at 48-72h) (Supplementary table 4.1A). However, the relative 

proportions of the L. sigmodontis-specific RNA biotypes detected by deep sequences 

was similar at both time points: 24,11% vs. 18.40% of rRNA reads at 0-24h vs 48-72h, 

respectively, 46.20% vs 52.31% tRNA reads at 0-24h vs 48-72h, respectively, 0.41% 

vs 0.31% miRNA reads at 0-24h vs 48-72h, respectively, and 26.93% vs 26.01% 

other unmapped reads at 0-24h vs 48-72h, respectively. These results suggest a 

reduction in the overall RNA content at later time points compared to early time 

points, without changes in the proportion or the RNA biotypes that are secreted over 

time (Supplementary table 4.1A, and Table 4.1). Further unsupervised hierarchical 

clustering analysis of the secreted miRNAs population revealed that the ES products 

can be broadly grouped into two main clusters based on the time point at which they 

were harvested: 0-24h vs 48-72h, with some degree of variability between biological 

replicates (Figure 4.4A). Based on Cook’s distances (CD) for estimation of 

influential samples (outliers) and establishing a cut-off of 3 (Cook, 1977), we did not 

detect the presence of outliers in our datasets (Figure 4.4B). Despite this, statistical 

analysis using DESeq2 did not reveal significant changes in the relative levels of 

individual miRNAs over time (using a significance cut-off padj<0.05) 

(Supplementary table 4.1B, Table 4.2 and Figure 4.4C). These results indicate that 

in fully viable gAF worms, the secretion of a subset of miRNAs remains unchanged 

over time, whereas there is a ~10X decrease in the concentration of vesicles released 

over time.   
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Figure 4.3 Release of EVs by viable gAF decays in a time-dependent manner. A) 
Worm viability was monitored by MTT assay, in which intracellular NAD(P)H-
dependent oxidoreductase enzymes mediate the reduction the tetrazolium dye MTT to 
a water-insoluble, purple formazan crystal, thus turning worms purple (as shown in 
picture); B) Using this method, the % of survival can be calculated in relation to 
worms at time 0 (adult female worms freshly retrieved from the host; n = 2). C) The 
number and D) size of the particles released over time were calculated using 
nanoparticle tracking analysis, showing a significant decrease in the concentration of 
particles over time (colours indicate independent replicates; n = 4). (* p <0.05, ns = 
not significant; Mann-Whitney test).  
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Table 4.1 RNA diversity in the secretome of gravid adult L. sigmodontis female 
worms over time 
Time point 
 

ES products 0 – 24h 
(n = 5)1 

ES products 48 – 72h 
(n = 5)1 

Input reads 
 

6,686,464 (11,989,234) 10,084,909 (12,845,248) 

High quality reads 
 

5,842,129 (8,715,012) 7,093,858 (9,211,574) 

% High quality reads 
 

86.40% (88.4%) 71.7% (73.4%) 

M. musculus reads 
 

232,675 (264,446) 199,203 (250,323) 

L. sigmodontis reads 
 

1,137,223 (1,315,579) 440,121 (939,378) 

rRNAs 292,752 (313,614) 
 

111,551 (180,813) 

tRNAs 510,997 (766,856) 
 

243,583 (513,506) 

miRNAs 6,090 (6,318) 
 

2,033 (2,393) 

Other Rfam 32,232 (40,303) 
 

12,842 (26,210) 

Non-Rfam 354,087 (452,646) 
 

130,594 (216,816) 

1 The median and the upper limit for the 75% of the total sequencing reads (brackets) are 
reported for each time point. 
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1RPM = miRNA reads per million total miRNA reads for each barcode.  
2The median and the upper limit for the 75% of the sequencing reads (brackets) for each miRNA are reported at each time point. 
3The lo2 Fold-change (Log2FC) and padj values were calculated using DESeq2, using the “0-24h” samples as the reference group.

 
Table 4.2 Top 20 most abundant miRNAs detected in the secretome of gravid adult L. sigmodontis female worms over time  
miRNA Mature RNA sequence 

 (5’ – 3’) 
Genomic locus Total RPM1 Log2FC3 padj3 RPM1,2 in 0-24h 

secretome 
(n = 5) 

RPM1,2 in 48-72h 
secretome 

(n = 5) 
miR-92-5p uauugcacucgucccggccuga nLs.2.1.scaf00001 446,726.7 2.085 >0.99   281,963 (559,154)  378,436 (504,086) 

miR-100a aacccguaguuucgaacaugugu nLs.2.1.scaf00144 160,974.8 0.972 0.64 115,974 (125,148) 229,826 (249,336) 

miR-71-5p ugaaagacauggguagugagacg nLs.2.1.scaf00472 129,923.9 -1.738 0.4769 111,968 (191,473) 12,257 (52,370) 

miR-8805-5p ggaggaaucagcgugcugu nLs.2.1.scaf00006 75,371.7 1.220 >0.99 93,878 (113,655) 2,554 (13,019) 
Lin-4-5p ucccugagaccucugcugcga nLs.2.1.scaf00367 41,049.8 -0.609 0.870 43,138 (48,164) 34,123 (39,743) 
miR-100d-5p uacccguagcuccgaauaugugu nLs.2.1.scaf00144 23,842.4 4.465 >0.99 25,633 (28,425) 473 (41,113) 
miR-5866-5p uuaccauguugaucgaucucc nLs.2.1.scaf01139 18,060.1 -1.826 0.615 21,882 (47,375) 0 (1,021) 
miR-6659-3p cuuggcugggaggugacucgcgauc nLs.2.1.scaf00364 14,665.1 -0.082 >0.99 13,033 (13,956) 14,304 (24,004) 
miR-9146-5p gccuggaugaaucucggug nLs.2.1.scaf00457 14,277.5 -0.135 >0.99 11,566 (12,746) 1,532 (30,578) 
miR-5364-5p cgagguauuguuuauuggcuga nLs.2.1.scaf00070 13,409.4 -1.899 0.0615 21,196 (28,425) 0 (0) 
Bantam-b ugagaucacguuacauccgccu nLs.2.1.scaf02066 11,146.1 -3.678 0.367 4,689 (4,869) 0 (15,846) 
miR-4292-3p acgaugacaguaauaggauuauu nLs.2.1.scaf01227 11,006.6 2.744 >0.99 0 (2,077) 0 (11,649) 

miR-993-3p uaagcucgucucuacaggcagg nLs.2.1.scaf00199 6,836.5 0.818 0.870 4,698 (10,526) 0 (0) 
miR-9887-5p cagggcugcacgcgcgc nLs.2.1.scaf00003 6,433.4 -4.899 0.0556 8,665 (9,714) 0 (0) 
miR-34-5p uggcagugugguuagcugguugu nLs.2.1.scaf00918 5,704.8 -5.482 0.060 7,896 (13,462) 0 (0) 
miR-6077-3p uggaagagauaggaacagagc nLs.2.1.scaf00282 5,565.3 -4.969 0.080 9,378 (9,486) 0 (0) 
miR-8319-3p gaauuagcucgugcgguacggc nLs.2.1.scaf00584 5,053.7 1.303 0.779 1,575 (4,378) 0 (6,852) 
Bantam-a-3p ugagaucauugugaaagcuauu nLs.2.1.scaf01674 4,929.7 1.684 0.615 6,015 (7,502) 0 (0) 
miR-239-5p uuuguacuucggcuaaggugcug nLs.2.1.scaf00430 4,929.7 1.01 >0.99 0 (2,600) 0 (0) 
miR-36c cgguacaacguuucacgguagagc nLs.2.1.scaf00392 93.01 -3.127 0.476 0 (295) 0 (0) 
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Figure 4.4 miRNA composition of the ES products from gravid adult L. sigmodontis female 
worms over time. A) Log-2 normalised miRNAs (per million total miRNAs) with > 100 read 
counts are represented in this heat map. Unsupervised hierarchical clustering segregated samples 
into two main clusters: samples from 0-24h and samples from 48-72h, with some degree of 
biological variability between replicates (represented in heat map). Green asterisk represents 
miRNAs (miR-50) that changes significantly between 0-24h compared to 48-72h when cut-off 
padj<0.05 is applied in DESeq2 analysis. Purple asterisks represent miRNAs (miR-9887-5p, miR-
34-5p, and miR-6077-3p) that changes significantly between 0-24h compared to 48-72h when cut-
off padj<0.1 is applied in DESeq2 analysis. B) Boxplot (Average ± Standard Deviation) of Cook’s 
distance (CD) for the presence of potential outliers (CD > 3 indicates potential outliers) C) 2.5 µL 
of total RNA from ES products were used for qRT-PCR validations. The transformed Ct values of 
several parasite miRNAs (log10 scale; y axis) for each of the corresponding samples (n = 5) are 
displayed over time (x axis) (ns = not significant; Wilcoxon test). 
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4.3.2 Low concentration of IVM blocks the release of proteins 
and microfilariae by gravid adult female worms without 
impairing worm viability 

Next, we sought to investigate the effect of IVM upon miRNA release. As discussed 

previously in this chapter, IVM could have multiple effects on the adult worms. 

Therefore, our working hypothesis is that low concentrations of IVM impairs the 

release of mf, protein and miRNAs without compromising the viability of the gAF in 

vitro. This hypothesis is depicted as a schematic in Figure 4.5. To our knowledge, 

there is no previous information regarding the minimum concentration of IVM 

required to impair protein release by gAF worms. Therefore, we decided to use two 

drug concentrations based on results from the close relative Brugia malayi; 1 µM, 

which is below the reported IC50 concentration (2.22 µM) and 10-fold higher than the 

plasmatic concentration in patients subjected to MDA (~0.1 µM) (Ballesteros, Tritten, 

ONeill, et al., 2016; Storey, Marcellino, et al., 2014), and 10 µM, which is above the 

reported IC50 and has been shown to severely impair motility and mf release (Storey, 

Marcellino, et al., 2014; Tompkins, Stitt, et al., 2010). As mentioned above, IVM is 

known to bind directly to the IVM-sensitive glutamate-gated chloride channel avr-14 

(Laing, Gillan, et al., 2017; Wolstenholme, & Rogers, 2005). Therefore, we first 

determined the expression of the avr-14 gene in several tissues from gAF worms. A 

genome browser search using the WormBase ParaSite repository (Howe, Bolt, et al., 

2016), revealed that the latest L. sigmodontis genome draft (nLs.2.1.2) contains a 

single copy of the avr-14 gene (ID nLs.2.1.2.g09042), located in the forward strand of 

the genomic scaffold 01332, between nucleotides 1,250 and 5,391 (Figure 4.6). This 

gene is composed of 9 exons, which encode for a protein of 328 amino acids with at 

least two putative neurotransmitter-gated ion channel transmembrane domains, as 

expected for a member of the glutamate-gated chloride channel (Wolstenholme, 2012). 

Figure 4.6 indicates the region of the mature mRNA that we selected for subsequent 

RT-PCR studies. The L. sigmodontis avr-14 is closely related to the avr-14 gene in 

other filarial nematodes, included B. malayi, where the expression of this receptor is 

well characterised (Li, Rush, et al., 2014a) (Figure 4.7). Therefore, we hypothesise 

that, as shown for B. malayi, avr-14 is highly expressed in the reproductive tissue of 

adult female worms. To test this hypothesis, we dissected >60 gravid adult female 

worms, recovered from gerbils at day ~90 post-infection, and harvested the anterior 

end (containing the head, the pharynx and nerve ring), the reproductive tissue, 
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digestive tissue, cuticle and eggs/mf released during dissection (Figure 4.8A-E). 

Images of some of the tissues harvested are shown in figure 4.8B-E. The tissues from 

individual worms were pooled and kept in Trizol until RNA extraction, as discussed 

in chapter 2. Our RT-PCR data show that the IVM receptor is highly expressed in the 

reproductive tissue, and to a lower extent in the digestive tissue (Figure 4.8F). This is 

consistent with previous studies on avr-14 expression in B. malayi gAF (Li, Rush, et 

al., 2014). This result suggests that IVM could bind to and acts upon the reproductive 

tissue in gAF worms, although other tissues (e.g. nerve ring, pharynx, digestive tissue) 

may also be susceptible to IVM.  

We next decided to determine the expression pattern of some of the miRNAs 

abundantly detected in the secretome of gAF, as demonstrated in chapter 3. We 

observed a differential expression pattern of miRNAs in tissues from gravid adult 

female worms. miR-993 was predominantly expressed in the cuticle and in the 

digestive tissue but lowly expressed in the reproductive tissue (Figure 4.8G), whereas 

miR-228, miR-100a and miR-100b were highly abundant in the reproductive and 

digestive tissue, and poorly detected in the cuticle (Figure 4.8G). Other miRNAs, 

such as miR-5364 and miR-5866, were lowly expressed in the cuticle or in the 

reproductive tissue, respectively (Figure 4.8G).  
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Figure 4.5 Schematic representation of the potential effect of IVM on miRNA 
release by gravid adult L. sigmodontis female worms. Our hypothesis is that in 
untreated worms, there is a constitutive release of mf over time, and the viability, 
protein and miRNA release are not impaired. Conversely, anthelminthic 
chemotherapy impairs mf output, worm viability and miRNA in vitro.  
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Figure 4.6 The L. sigmodontis avr-14 gene. The avr-14 gene (ID nLs.2.1.2.g09042) is in the genomic scaffold 01332 of the latest annotation of 
the L. sigmodontis genome draft (nLs.2.1.2) and, as shown here, contains 9 exons (thick red bars). The ligand-binding domains were predicted 
using Pfam (thick blue bars). The detection of the mature mRNA in L. sigmodontis gravid adult female tissues was conducted by RT-PCR using 
total RNA from female tissues, and is discussed in figure 4.6 and in chapter 2. The forward primer was designed against the exon 7, whereas the 
reverse primer was designed against the exon 9 of the mature mRNA sequence. The expected amplicon size is of 192bp.  

avr-14b forward avr-14b reverse

RT-PCR product 192 bp
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Figure 4.7 Evolutionary relationships of L. sigmodontis avr-14 gene to other 
clade III nematodes. Only one gene is detected in the L. sigmodontis transcriptome 
(gene ID nLs.2.1.2.g09042), which share a high degree of homology to the b isoform 
of the avr-14 gene in B. malayi (Bma-avr-14b) (gene ID WBGene00221971) (both 
genes are highlighted in red). The green square correspond to the expanded branch 
derived from all the clade III nematodes included in this analysis. Grey collapsed 
nodes at the end of each branch represent sub-trees (Note: the nematode branch 
representing 109 homologs includes results from all non-clade III nematodes), 
whereas blue nodes represent collapsed paralogs sequences. Blue squares represent 
speciation nodes, red squares represent duplication nodes, green nodes represent 
ambiguous nodes, and orange squares represent gene split events.  
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Figure 4.8 Tissue-specific expression of miRNAs previously identified in the 
secretome of gravid adult L. sigmodontis female worms. A) Simplified schematic 
representation of the tissues taken from gravid female worms at day 90 post-infection 
from gerbils. (B) The anterior end (containing the pharynx and the nerve ring), (C & 
D) reproductive, (C & E) digestive and cuticle tissues were harvested and placed 
directly into Trizol (as described in chapter 2). The expression of Lsi-avr-14 was 
assessed by RT-PCR from purified gravid adult female tissues. The signal of 18S 
rRNA was used as housekeeping, and a reaction lacking Reverse Transcriptase 
enzyme was included as “No RT” control. G) qRT-PCR of miRNAs identified as 
enriched in the secretome of gravid female worms, normalised to the signal of 18S 
rRNA.  
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Next, we treated gAF worms in vitro with either 1 or 10 µM final concentration of 

IVM and measured 1) viability, 2) motility, 3) mf release and 4) protein concentration 

of the ES products, to monitor the effect of these compounds on gAF.  As a control, 

we treated gAF worms with either 0.01% or 0.1% DMSO (vehicle controls), which 

correspond to the final concentrations of this compound at 1 and 10 µM IVM, 

respectively. The viability of gAF was significantly reduced (>50%) in gAF worms 

treated with 10 µM IVM, whereas this was not impaired at low concentrations (1 µM), 

when compared to DMSO-treated worms (Figure 4.9A). Similar results were 

observed in terms of gAF motility, were 10 µM of IVM significantly impairs the 

motility gAF after 72h of exposure, whereas 1 µM of IVM did not impair motility 

(Figure 4.10) We also observed that IVM treatment impaired the mf output at all the 

concentrations tested, with a more pronounced impairment on mf output at 72h post-

treatment (Figure 4.9B and C), consistent with previous results in other filarial 

parasites (Storey, Marcellino, et al., 2014; Tompkins, Stitt, et al., 2010). Based on 

these results, we decided to use low concentrations of these compounds (1 µM) to 

determine the effect on release of proteins and miRNAs by gAF. The protein 

concentration as well as the miRNA content was assessed in the ES products 

harvested before treatment and 24h after incubating the gAF with either 0.01% 

DMSO or 1 µM IVM (Figure 4.11A). In DMSO-treated worms, we expect a 

sustained release of proteins and miRNAs by gAF over time, resulting in a significant 

cumulative increase in the concentration of both molecules (Figure 4.5). Conversely, 

in IVM-treated worms, we expect a reduction in the release of proteins and miRNAs 

over time, and so we anticipate no significant differences in the measurement of both 

molecules before and after exposure to IVM (Figure 4.5). Consistent with our 

hypothesis, the protein concentration significantly increased in ES products from gAF 

worms after 24h of treatment with 0.01% DMSO compared to the time right before 

exposure (“0h”), whereas we did not detect a significant difference in the protein 

concentration of ES products from worms before and after treatment with 1 µM IVM 

(Figure 4.11B). These differences were more evident when we calculated the fold 

increase (compared to 0h time point) in protein concentration after adding either 0.01% 

DMSO or 1 µM IVM (Figure 4.11C). This analysis shows that there is a cumulative 

release of proteins over time in worms exposed to 0.01% DMSO, whereas we did not 
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observe an increase in the proportion of proteins released before and after addition of 

1 µM IVM (Figure 4.11C). These results indicate that low concentrations of IVM 

impair both mf and protein release by gAF worms over time, without compromising 

their viability or motility. 
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Figure 4.9 Effect of IVM on viability and mf output from gravid adult L. 
sigmodontis female worms. A) The survival of gravid adult female worms exposed 
to either 1 or 10 µM IVM for 72h was monitored by MTT assay. The % of survival 
was calculated using the DMSO-treated worms as control (* p <0.05; t test). B) The 
number of oocytes (Oo), developing embryos (DE), pretzel-like mf (PMf) and 
stretched mf (SMf) (as described by Ziewer, Hübner, et al., 2012) were assessed semi-
quantitatively (counts/field) in samples before (0h) and after (24h) addition of either 
untreated or treated with 1 or 10 µM Ivermectin over 72h (C).  
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Figure 4.10 Effect of IVM on motility of gravid adult L. sigmodontis female 
worms. Mean motility (+/- SD) of gravid adult female worms after exposure to IVM. 
Parasite motility was assessed as described in chapter 2; Motility was scored based on 
head-to-tail movement as: 1) immotile and slightly motile, 2) Moderately motile with 
slow sinusoidal movements, 3) highly motile and comparable to untreated worms. (* 
p <0.05; *** p <0.0005; Dunnett’s ANOVA multiple comparisons test using the 
untreated worms as reference group) 
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Figure 4.11 Effect of IVM on protein secretion by gravid adult L. sigmodontis 
female worms in vitro. A) Schematic representation of the experimental setup. B) 
Pooled data from three independent experiments (colour-coded). The cumulative 
protein concentration (micrograms of protein/ml) of the ES products was measured 
24h before and 24h after addition of either 0.01% DMSO (n = 14) or 1 µM IVM (n = 
17). C) The fold change in the protein concentration (compared to before treatment) 
was also assessed (* p <0.05; ** p < 0.005; ns = not significant. Wilcoxon test).   
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4.3.3 IVM partially impairs the release of miRNAs from gravid 
adult female worms in vitro 

Next, we determine whether IVM also impairs the release of miRNAs shown in the 

previous result chapter to be enriched in the ES products of gAF worms in vitro (miR-

100a, miR-100d and miR-228). These miRNAs were also confirmed to be expressed 

in the reproductive tissue of gAF worms (Figure 4.8G), thought to be one of the 

target sites of IVM, based on the expression of avr-14 gene (Figure 4.8F). The results 

from three independent experiments (n = 3-4 replicates/experiment) are shown in 

Figure 4.12. As demonstrated for protein concentration, we noted a significant 

increase in the signal of all the miRNAs (except perhaps miR-228) in the ES products 

from worms treated with 0.01% DMSO, when compared to the signal at 0h (based on 

schematic in Figure 4.11A) (Figure 4.12). Conversely, we did not observe a 

significant increase in the signal of extracellular parasite miRNAs in worms after 

treatment with 1 µM IVM when compared to the 0h time point (Figure 4.12). These 

results are consistent with our findings on protein secretion (Figure 4.11B & C), and 

may indicate that 1 µM IVM could impair the secretion of miRNAs by gAF in vitro. 

Nevertheless, we failed to observe a significant difference on the relative miRNA 

signal in the ES products of DMSO-treated gAF and IVM-treated worms at the same 

time point (24h after incubation) (Figure 4.12), which could be partially attributed to 

the degree of variability observed in response to the treatments, or to the presence of 

alternative routes for secretion, derived perhaps from tissues that are insensitive to 

IVM. For instance, the cuticle is likely to be insensitive IVM given that it does not 

express avr-14 (Figure 4.8F). These results indicate that sub-lethal concentrations of 

IVM impairs the release of proteins and the mf output by L. sigmodontis gAF, and 

partially impairs the release of miRNAs derived from gAF worms in vitro.   
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Figure 4.12 Effect of IVM on miRNA secretion by gravid adult L. sigmodontis 
female worms in vitro. The signal of several female-enriched miRNAs (miR-100a, 
miR-100d and miR-228), as well as miR-71, was measured in ES products 24h before 
and 24h after addition of either 0.01% DMSO or 1 µM IVM. Each dot represents a 
single worm, from a total of 3 independent experiments. In each condition, the fold 
change was estimated to the ES product before addition of the compounds mentioned 
before and the results shown represent pooled data from two independent experiments 
(ns = not significant; Wilcoxon test).   
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4.4 Summary 
• The EV release rate by gravid adult female worms decreases in a time-

dependent manner. However, the relative abundance of a subset of the 

secreted miRNA does not seem to significantly change over time. 

• The miRNAs shown to be enriched in the secretome of gAF worms are 

expressed in different tissues; miR-228, miR-100a and miR-100d are 

abundantly expressed in the reproductive tract, whereas miR-993-3p is 

abundantly expressed in the digestive tissue and the cuticle. 

• IVM impairs the release of proteins and the microfilariae output, and partially 

impairs the release of miRNAs that were previously identified to be enriched 

in the secretome of gAF worms. 
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4.5 Discussion 
The release of ES products by parasitic nematodes, including gAF worms, is likely to 

be associated with tissues and organs with glandular or secretory capacity. Examples 

of these structures are the Excretory/Secretory system, the digestive tissue, the 

reproductive tissue, and the glandular pharynx, among others (Avery, & Shtonda, 

2003; Branicky, & Hekimi, 2006; Buechner, 2002; Madathiparambil, Kaleysa, et al., 

2009). Proteomic analysis of the ES products from gAF worms suggest that the 

uterine fluid is a rich source of proteins normally released during birth in several 

species including L. sigmodontis and A. suum (Armstrong, Babayan, et al., 2014; 

Chehayeb, Robertson, et al., 2014); However, the packaging, trafficking and release 

of the components typically found in ES products, including EVs and miRNAs, are 

thought to be dynamic processes yet to be fully elucidated. In a recent report, it has 

been demonstrated that Brugia malayi L3s release EVs, but that this process decays in 

a time dependent manner, thought to be associated with a poor viability of this 

developmental stage in vitro (Zamanian, Fraser, Agbedanu, & Harischandra, 2015). 

Our data demonstrate that gAF worms release EVs of 70-100 nm in length but the 

overall concentration of EVs decreased ~10 fold between the first and third day in 

culture, without significant changes in their size. Moreover, we did not observe a 

decrease in worm viability in vitro over time, thus suggesting that the slight reduction 

in EV output observed over time is not explained by worm death, and could 

potentially be explained by specific adaptations to the in vitro culture conditions, as it 

has been demonstrated at the transcriptional level in B. malayi gAF (Ballesteros, 

Tritten, O’Neill, et al., 2016). Importantly, we observed an overall reduction in the 

signal of most of the secreted miRNA in ES products at later time points (48-72h) 

when compare to early time points (0-24h) by deep sequencing, although these results 

were not significant in further statistical analysis by DESeq2 or qRT-PCR analysis. 

These results led us to propose that the population of miRNAs that are selected, sorted, 

and packaged for excretion/secretion (likely within, but not exclusively associated to, 

EVs) does not change in a time-dependent manner, but the overall RNA secretion 

(including miRNAs) is reduced instead. However, further experimental evidence, 

including more biological replicates as well as the evaluation of other RNA biotypes, 

is require to validate this hypothesis.   
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To date, little is known about the true biological diversity of the EV population 

secreted by parasites. Indeed, most of the studies thus far have described the presence 

of EVs in the secretome of a multitude of parasites based solely in their size and shape 

by either transmission electron microscopy (reviewed by Coakley, Maizels, et al., 

2015) or by nanoparticle tracking systems (Tritten, Clarke, et al., 2016; Zamanian, 

Fraser, Agbedanu, & Harischandra, 2015). However, different EVs may be released 

under determine environmental conditions, particularly in response to environmental 

stressors such as starvation or exposure to drugs (as proposed by de la Torre-Escudero, 

Bennett, et al., 2016). One limitation of our studies is that is does not address whether 

other types of EVs (smaller than 70 nm or bigger than 400 nm), or other types of 

RNAs, also reported in the secretome of helminthic parasites (e.g. Y RNAs and 

siRNAs), are dynamically released over time. As mentioned before, gAF worms 

undergo extensive metabolic adaptations in response to in vitro culture conditions, 

including changes in the expression of cuticle collagens and serpins, which are 

markers of stress (Ballesteros, Tritten, O’Neill, et al., 2016). It is therefore tempting to 

speculate that under stressful conditions, the production of one type of EV decreases 

whereas other types of EVs, of varying sizes and biogenesis pathways (e.g. 

microvesicles, apoptotic bodies; reviewed by Colombo, Raposo, et al., 2014), or even 

stress-induced membrane blebs (de la Torre-Escudero, Bennett, et al., 2016) could 

increase in a time-dependent manner. Given the range of particle sizes that we can 

confidently detect with the nanoparticle tracking platform used in the studies 

presented in here (70 – 420 nm), this cannot be addressed with the data presented here.  
The anthelminthic compound IVM, traditionally used to treat filarial infections, is 

documented to disrupt the reproductive capacity of B. malayi and O. volvulus adult 

worms, with a concomitant reduction in embryogenesis and mf output by gravid adult 

female worms in vitro and in vivo (Ballesteros, Tritten, ONeill, et al., 2016; Li, Rush, 

et al., 2014; Osei-Atwen). A recent report also demonstrated that IVM has profound 

effects on the transcriptional landscape of B. malayi gravid adult females, with a 

strong down-regulation of genes associated with embryogenesis and meiosis 

(Ballesteros, Tritten, ONeill, et al., 2016). Together with the tissue localization of the 

IVM receptor in the gonadal tissue (Li, Rush, et al., 2014) this may explain the 

sterilizing effect that IVM has on gravid adult female worms. Interestingly, it has 

been demonstrated that the IVM receptor is abundantly expressed in the lateral and 

sublateral cords in H. contortus (Portillo, Jagannathan, et al., 2003), B. malayi (Li, 
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Rush, et al., 2015), and Ascaris suum (Holden-Dye, Joyner, et al., 2013), among 

others, also indicating an effect of IVM on the nervous system in many parasitic 

nematodes. The effects of IVM are not limited to adult worms, as IVM has also been 

shown to impair the capacity of mf to release immunomodulatory effectors, with 

important consequences for their viability and survival (Moreno, Nabhan, et al., 2010; 

Vatta, Dzimianski, et al., 2014). This is the basis for the current hypothesis that IVM 

does not kill filarial nematodes per se, but acts synergistically with the immune 

system to mediate worm killing (Carithers, 2017). Importantly, we only observed a 

reduction in worm viability at concentrations (10 µM) far exceeding those previously 

used in vivo (~50 pM) (Baraka, Mahmoud, et al., 1996; González Canga, Sahagún 

Prieto, et al., 2008), demonstrating the inability of IVM to induce macrofilaricidal 

activity against L. sigmodontis at the plasmatic concentrations normally reached in 

vivo. Nevertheless, as reported in other adult filarial nematodes, our results 

demonstrate that IVM impairs the mf production by L. sigmodontis adult worms in a 

time- and dose-dependent manner. This observation helped us to address whether an 

impairment in the reproductive capacity of adult female worms leads to a reduction in 

the secretion of miRNAs found to be enriched in the secretome of this lifecycle stage. 

Consistent with our hypothesis, our data demonstrates that L. sigmodontis gAF worms 

exposed to sub-lethal concentrations of IVM have an impaired capacity to secrete 

proteins in vitro without measurable effects on worm viability. Moreover, we 

observed low concentrations of IVM partially impairs the release of some miRNAs by 

adult female worms, consistent with the effects observed in protein release and mf 

output. One possibility to explain this partial effect of IVM upon miRNA secretion is 

that these miRNAs may also derived from tissues insensitive to IVM based on the 

expression of the IVM receptor avr-14 (e.g. cuticle, and less likely, the digestive 

tissue). In line with this hypothesis, EVs from the gastrointestinal nematode H. 

polygyrus are thought to derived from the intestinal tract of the parasite (Buck, 

Coakley, Simbari, McSorley, et al., 2014), whereas other routes of secretion, 

including the tegument in trematodes (comparable to the cuticle in nematodes), have 

also been proposed in several parasites (reviewed by de la Torre-Escudero, Bennett, et 

al., 2016). Alternatively, other tissues may still be sensitive to IVM but may require a 

higher dose concentrations to exert an effect on miRNA and protein release. It is also 

possible that other anthelminthic compounds with similar efficacy to IVM, including 
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Levamisole (LEV), Flubendazole (FBZ) and Doxycycline (DOX) might influence 

miRNA secretion in different ways, depending on their mechanisms of action and 

targeted tissues. LEV, for example, binds to the nicotinic acetylcholine receptor in 

synaptic connections at the neuromuscular junctions (Martin, Robertson, et al., 2012), 

whereas FBZ inhibits microtubule polarisation in the intestinal epithelial cells of 

several parasitic nematodes (Martin, 1997). Similarly, DOX specifically targets the 

endosymbiont Wolbachia, abundantly found in the reproductive tissue and lateral cord, 

and induces its elimination (Debrah, Specht, et al., 2015; Kon, Pattison, et al., 1998). 

Given the variety of worm tissues and organs that these compounds actively act upon, 

it would be informative to address whether any of these can be specifically targeted 

with chemotherapy to further understand likely routes for secretion of EV and small 

RNAs (as discussed by de la Torre-Escudero, Bennett, et al., 2016). 

Nonetheless, it is important to stress that we did not test a battery of IVM 

concentrations and we cannot rule out that the variability observed in some of our 

experimental replicates could be due to off-target effects. Moreover, we did not 

address whether IVM impairs the detection of circulating parasite-derived miRNAs in 

vivo. These studies become even more relevant in the context of potentially 

developing a miRNA-based biomarker assay for diagnosis of filarial infections. As 

mentioned before, the plasmatic concentration of IVM reported in patients subjected 

to MDA is ~50 ng/mL (~50 pM) (Ballesteros, Tritten, ONeill, et al., 2016; Baraka, 

Mahmoud, et al., 1996; González Canga, Sahagún Prieto, et al., 2008), which is 100-

fold lower than the concentration used in the studies presented in here (1µM). 

Therefore, we anticipate that IVM may not interfere with the detection of miRNAs 

derived from the adult females in human biofluids (e.g. serum and/or plasma). We are 

currently conducting experiments to shed light into this. The potential detection and 

application of filarial-derived miRNAs as diagnostics for infections are discussed in 

more detail in chapter 5.   
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 Extracellular filarial-derived small 

RNAs in host biofluids and potential as 

biomarkers for filarial infections  

5.1 Introduction 
Filarial infections affect more than 150 million people in tropical and subtropical 

regions, with almost one billion thought to be at risk of infection (Knopp, Steinmann, 

et al., 2012) (Hotez, Alvarado, et al., 2014). For more than 25 years, Ivermectin (IVM) 

has been used in mass drug administration (MDA) programmes to control 

onchocerciasis in Africa and Latin America. Following the success of the 

onchocerciasis Elimination Program for the Americas, which has used MDA of IVM 

alone to abrogate transmission in most endemic foci, the goal of the African Program 

for onchocerciasis Control (APOC; which covers a vastly greater area) has shifted 

from control to eradication (Crump, Morel, et al., 2012). However, major challenges 

to this endeavour remain, such as the emergence of IVM resistance (Osei-

Atweneboana, Eng, et al., 2007), the potential for severe adverse reactions to IVM in 

loiasis-endemic areas (Gardon, Gardon-Wendel, et al., 1997), and significant 

limitations in the accurate and rapid diagnosis of infection (Boatin, Toé, et al., 2002). 

As discussed in chapter 1, parasitological diagnosis of human onchocerciasis relies on 

the presence of palpable nodules (onchocercoma) containing adult worms and/or the 

detection of mf in skin snips (Boatin, Toé, et al., 2002). These methods perform well 

in highly endemic regions where the overall parasitic burden is high, but performs 

poorly in the detection of pre-patent, early infections or in regions where the infection 

intensity is low (Taylor, Keyvan-Larijani, et al., 1987). Other methods rely on the 

detection of parasite antigens such as Ov16 (Park, Dickerson, et al., 2008), N-

acetyltyramine-O-b-glucuronide (NATOG) (Globisch, Moreno, et al., 2013), among 

others. Interestingly, the newly identified biomarker NATOG can be detected in both 

plasma and urine, and suggest that multiple biofluids can be used for further 

diagnostic applications in onchocerciasis (Lagatie, Ediage, et al., 2016). Even though 

some of these are commercially available and currently used in the regional 

programmes for onchocerciasis control and elimination (Fischer, Bonow, et al., 2005), 

these methods sometimes render cross-reactivity with sera from patients infected with 
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other filarial infections, thus compromising its specificity (Fischer, Bonow, et al., 

2005). Alternatively, the detection of parasite-derived nucleic acids has become 

increasingly popular for human diagnostics as well as for molecular xenomonitoring 

of blackflies and mosquitoes (Alhassan, Li, et al., 2015). The O. volvulus DNA 

repetitive sequence O-150 (Zimmerman, Guderian, et al., 1994), the Brugia HhaI 

repetitive family (Fink, Fahle, et al., 2011), among others (reviewed by Alhassan, Li, 

et al., 2015), are a few examples of promising candidates for a nucleic acid-based 

diagnostic test. PCR-based methods such as Loop-Mediated Isothermal Amplification 

(LAMP) are popular and attractive alternatives for standard diagnostic methods as 

they are less vulnerable to inhibitors typically detected in clinical samples (Notomi, 

Mori, et al., 2015). LAMP methods can also detect very low copy numbers without 

the need for sophisticated equipment (Alhassan, Makepeace, Lacourse, et al., 2014; 

Drame, Fink, et al., 2014; Poole, Tanner, et al., 2012), and are generally cheap (<1.00 

USD per sample; (Han, 2013). However, little is known about the potential use of 

other types of nucleic acids (e.g. small RNAs) for filarial infections (reviewed by 

Quintana, Babayan, et al., 2016) 

 

5.1.1 miRNAs as diagnostics for parasitic infections 
Small non-coding RNAs (sncRNAs) are important regulators of many processes in 

animals, from development to immunity. MicroRNAs (miRNAs) are the best 

characterized class of sncRNA which operate by guiding the RNA-induced silencing 

complex (RISC) to specific messenger RNAs (mRNAs) inside cells, where they 

inhibit translation and de-stabilize the targeted mRNAs (Fabian, & Sonenberg, 2012). 

However, their functions do not seem to be confined within the limits of the cells. For 

examples, studies in the last 10 years have demonstrated that miRNAs can also exist 

in a cell-free form in extracellular fluids in many vertebrates, where they may play 

endocrine signalling roles (Turchinovich, Samatov, et al., 2013). For parasitic species, 

an outstanding hypothesis is whether these species are capable of interacting with and 

manipulating this signalling system for their own benefit. Nonetheless, due to their 

biophysical properties (e.g. encapsulation within extracellular vesicles, stability in a 

wide range of biofluids) and biochemical properties (e.g. primary sequence poorly 

conserved between parasites and vertebrate hosts) (Hoy, & Buck, 2012), the parasite-

derived circulating miRNAs offer new possibilities for the development of a new 
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generation of biomarkers for helminthic infections, including filariasis (Hoy, Lundie, 

et al., 2014; Quintana, Babayan, et al., 2016). 

In the previous result chapters, we have shown that all lifecycle stages secrete small 

RNAs, including miRNAs, in vitro (e.g. miR-71), with a clear subpopulation of 

miRNAs found to be enriched in the secretome of gAF worms compared to AM 

and/or mf (e.g. miR-100a, miR-100d, among others). Similarly, other miRNAs are 

comparatively enriched in the secretome of adult worms (AM and gAF) worms when 

compared to mf (e.g. miR-5360, lin-4) and thus offer opportunities for the detection of 

adult stages. Here, we aim to address two main questions using samples from hosts 

infected with L. sigmodontis, O. ochengi or O. volvulus: 

1. Where are extracellular parasite-derived miRNAs detected within the host 

during an infection? 

2. Do filarial-derived miRNAs hold promise as biomarkers for filarial infections? 
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5.2 Specific aims 
1. To investigate the parasite-derived small RNA content from biofluids during 

infection with L. sigmodontis (gerbils and BALB/c mice) and validate their presence 

in serum. 

2. To examine the diagnostic potential of parasite-derived miRNAs in serum as 

biomarkers for filarial infections  

3. To investigate the small RNA profile of nodular fluids from cattle infected with O. 

ochengi 

4. To investigate the small RNA profile of O. volvulus-infected human serum and 

plasma samples 
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5.3 Results 
5.3.1 Parasite-derived miRNAs are found in multiple tissues 

and body compartments simultaneously during infection 
Our results thus far have shown that gAF worms secrete a diverse population of 

miRNAs likely to be associated with EVs. Moreover, we have also demonstrated that 

the traditional anthelminthic chemotherapy used to treat filarial infections does not 

impair the secretion of miRNAs by gAF worms. However, little is known about the 

relative in vivo localization of the miRNAs secreted by parasites within the host 

during an infection. Therefore, we sought to simultaneously screen matched biofluids 

from gerbils infected with L. sigmodontis by next generation sequencing. At day 90 

post-infection, we harvested blood and body cavity exudates (pleural/peritoneal; 

PLEC/PEC, respectively), from which we also purified adherent cells by adhesion to 

plastic, as described in chapter 2. It is important to mention that, given the lack of 

specific antibodies against gerbil epitopes, we failed to phenotype the adherent cells 

as macrophages by Flow cytometry (data not shown). Henceforth, these cells will be 

generically referred to as “adherent cells”. We then proceeded to prepare small RNA 

libraries from total RNA purified from serum, PLEC/PEC and adherent cells, as 

described in chapter 2. Our sequencing results are summarised in Table 5.1. We 

obtained a similar depth of coverage for libraries prepared from gerbil serum (3,8 

million reads the naïve group vs 5.9 million reads for the infected group), body cavity 

exudates (5.01 million reads for the naïve group vs 3.4 million reads for the infected 

group) and adherent cells (1.6 million reads for the naïve group vs 7.16 million reads 

for the infected group) (Table 5.1 and supplementary table 5.1). The proportion of 

high quality reads, defined as those containing the 3’ adapter and >17 nt after adapter 

trimming, was consistently >80% for all the samples tested (Table 5.1 and 

supplementary table 5.1). Intriguingly, we noted a greater proportion of reads 

mapping perfectly and unambiguously to the L. sigmodontis genome in infected sera 

compared to naïve controls, but not in the PLEC/PEC or adherent cells (Table 5.1 

and supplementary table 5.1). The presence of L. sigmodontis-specific reads in 

naïve samples could be attributed to sequences that are conserved between parasites 

and hosts, although a potential cross-contamination between samples could not be 

ruled out. However, this does not explain the differential abundance of parasite RNA 

in different biofluids, and this may suggest differential accumulation rates or turnover 

in different body compartments or biofluids. For downstream analyses, we decided to 
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discard L. sigmodontis-specific sequences that could be perfectly conserved between 

the parasite and the host, and that are detected in naïve and infected samples, as we 

assumed these holds little biomarker potential. Further miRNA identification using L. 

sigmdontis-specific reads revealed the presence of 38 miRNAs (Supplementary 

table 5.2 and Figure 5.1). The top 10 most abundant miRNAs (>1,000 reads per 

million total miRNA reads) detected in these datasets are reported in Table 5.2. Of 

these, the most abundant miRNAs were miR-71, miR-92, let-7, miR-100a and miR-34, 

which were detected in more than 10,000 copies per million of miRNA reads, 

whereas the other miRNAs were comparatively less abundant (Table 5.2 and Figure 

5.1). Both miR-92 and let-7 are highly conserved between nematodes and mammals. 

There can be some heterogeneity in the terminal nucleotides of these miRNAs based 

on non-templated additions (Landgraf, Rusu, et al., 2007), as is common for miRNAs, 

such that they could technically align better to parasite than host. The exact origin(s) 

of these miRNAs cannot be inferred and thus were not attributed as potential filarial-

derived miRNAs. Importantly, the miRNA profile differs greatly between samples 

obtained from the same animal; overall, the sera from infected animals seem to 

contain a greater diversity of parasite-derived miRNAs when compared to PLEC/PEC 

or adherent cells from the same animals (Table 5.2 and Figure 5.1), which may 

suggest a differential turnover or stability in different tissues in vivo. 
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Table 5.1 RNA diversity of L. sigmodontis-derived small RNAs in serum, body cavity exudates and adherent cells 
Sample type Serum1 Body cavity exudates1 Adherent cells1 

Experimental group Naïve  
(n = 3) 

Infected  
(n = 5) 

Naïve  
(n = 3)  

Infected  
(n = 5) 

Naïve  
(n = 3)   

Infected  
(n = 5) 

Total reads 3,862,124 
(4,994,884) 

5,945,559 
(6,538,304) 

5,011,624 
(8,496,866) 

3,412,170 
(3,665,746) 

1,599,366 
(2,723,559) 

7,168,523 
(8,780,109) 

High quality reads 3,696,777 
(4,802,151) 

5,195,779 
(5,587,832) 

4,777,937 
(7,665,433) 

3,023,290 
(3,447,559) 

1,325,089 
(2,288,593) 

6,324,530 
(7,786,544) 

% High quality 
reads 

95.72%  
(96.06%) 

86.45%  
(87.39%) 

95.16%  
(95.25%) 

90.07%  
(92.96%) 

82.85%  
(83.69%) 

88.23%  
(88.68%) 

M. musculus reads 2,709,665 
(3,404,703) 

3,014,914 
(3,021,699) 

3,260,851 
(4,265,803) 

2,025,732 
(2,068,098) 

758,211  
(1,372,950) 

4,360,474 
(5,982,157) 

L. sigmodontis reads 3,272  
(3,722) 

60,750  
(81,492) 

3,302  
(6,226) 

4,429  
(6,709) 

4,411  
(6,943) 

6,910  
(8,134) 

% L. sigmodontis 
reads 

0.058%  
(0.131%) 

1.443%  
(1,568%) 

0.087%  
(0.093%) 

0.167%  
(0.260%) 

0.333%  
(0.371%) 

0.110%  
(0.215%) 

rRNAs2 2,385 (2,668) 3,099 (3,306) 1,897 (3,602) 2,331 (3,396) 553 (819) 502 (524) 
tRNAs2 18 (128) 4,569 (6,810) 31 (250) 244 (630) 13 (15) 114 (155) 

miRNAs2 31 (58) 41,781 (66,088) 187 (463) 237 (290) 3,577 (5,401) 4,629 (6,800) 
Other Rfam2 85 (92) 1,088 (1,344) 117 (143) 141 (218) 202 (307) 457 (644) 

1 The median and the upper limit for the 75% of the total reads (in bracket) are shown for all the biofluids tested. 
2 Rfam classification using sequencing reads mapping unambiguously and perfectly to the L. sigmodontis genome draft.  
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Table 5.2 Top 10 most abundant L. sigmodontis-derived miRNAs identified in biofluids and adherent cells from naive and infected 
gerbils.  
   Serum2 Body cavity exudates 

(PEC/PLEC)2 
Adherent cells2 

miRNA Mature RNA Sequence  
(5’ – 3’) 

RPM1 Naïve 
(n = 3) 

Infected 
(n = 5) 

Naïve 
(n = 3) 

Infected 
(n = 5) 

Naïve 
(n = 3) 

Infected 
(n = 5) 

miR-71-5p ugaaagacauggguagugagacg 631,921 2 (43) 50,569 (65,511) 3 (47) 0 (7.5) 0 (1) 171 (475) 
miR-92-5p uauugcacucgucccggccuga 194,873 0 (0) 13,621 (17,629) 21 (112) 84 (126) 0 (0) 133 (184) 
Let-7-5p ugagguaguagguuguauaguua 116,594 2 (14) 3 (52) 185 (302) 132 (195) 3,564 (5,377) 2,932 (3,590) 
miR-100a3 aacccguaguuucgaacaugugu 17,318 0 (0) 1,262 (1415) 0 (8) 0 (0) 0 (0) 30 (63) 
miR-34-5p uggcagugugguuagcugguugu 16,136 0 (0) 1007 (1638) 0 (0)  0 (0) 0 (0) 26 (67) 
miR-100d-5p uacccguagcuccgaauaugugu 6,985 0 (0) 293 (543) 0 (12) 0 (0) 0 (0) 0 (2) 
miR-50-5p ugauaugucugauauucuuggguu 3,282 0 (0) 145 (279) 0 (0) 0 (0) 0 (0) 2 (4) 
miR-1 uggaauguaaagaaguauguag 3,098 0 (0) 193 (256) 0 (0) 0 (0) 0 (0) 7 (7) 
miR-6077-3p uggaagagauaggaacagagc 2,242 0 (0) 119 (144) 0 (11) 0 (0) 0 (0) 0 (2) 
miR-87a-5p gugagcaaaguuucagguguu 1,501 0 (0) 127 (142) 0 (0) 0 (0) 0 (0) 0 (3) 
1 miRNA reads normalized per million of total miRNA reads detected by miRDeep2 
2 The median of the sequencing reads and the upper 75% limit of the distribution (in brackets) of the total reads is reported for each experimental condition 
3 A shorter miR-100a, lacking the first four nucleotides (“aacc”) in the 5’ end, was also abundantly detected in our datasets. 
 



Chapter 5 

 140 

 
Figure 5.1 Co-localization of L. sigmodontis-derived miRNAs in vivo. Parasite 
derived miRNAs were screened by deep sequencing in matched serum, 
pleural/peritoneal exudates and macrophages from both naïve (n = 3) and L. 
sigmdontis-infected (n = 5) gerbils. The heat map represents the log2-transformed 
reads per million (RPM) in columns, and samples from naïve (N) and Infected (Inf) 
samples in rows. Log2 RPM of “0” indicates no detection in that sample. The infected 
samples were organised from low to high infection intensity, defined as the number of 
microfilariae counted in the body cavity (PEC/PLEC) exudates (Supplementary 
table 5.2).  
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5.3.2 Parasite-derived miRNAs are found in murine 
pleural/peritoneal macrophages during infection 

Several reports have demonstrated that the parasite-derived extracellular vesicles 

(EVs) can be actively internalised by macrophages, thereby affecting their 

polarisation during infection (Buck, Coakley, Simbari, McSorley, et al., 2014; 

Coakley, McCaskill, et al., 2017; Zamanian, Fraser, Agbedanu, & Harischandra, 

2015). Moreover, it has been shown that the parasite-derived miRNAs found within 

EVs can manipulate the expression of genes important for the establishment of an 

adequate innate immune response, including dusp1 and il33r (Buck, Coakley, Simbari, 

McSorley, et al., 2014). However, these studies have been conducted in vitro; hence, 

evidence of a potential interaction between the parasite-derived miRNAs and 

macrophages in vivo is still lacking. To examine this further in a model where we 

could phenotype the cells, we analysed macrophages of L. sigmodontis-infected 

BALB/c mice by adhesion to plastic (as described by Helgason, & Miller, 2005), 

followed by qRT-PCR analysis. Our results show a recovery of between 60% to 100% 

of CD11b+/F480+ from the PLEC/PEC of naïve and infected BALB/c mice (Figure 

5.2 A and B). Moreover, we found that the signal of several female-derived miRNAs 

was significantly enriched in macrophages from infected animals but not in naïve 

controls (Figure 5.2C), indicating that the macrophages inside the body cavities are 

likely to internalize the parasite-derived miRNAs in vivo.  

BALB/c mice are also susceptible to the infection by L. sigmodontis (Maréchal, Le 

Goff, et al., 1997). Therefore, we hypothesized that, as shown in serum from infected 

gerbils, we are likely to detect parasite-derived miRNAs in serum from infected 

BALB/c mice but not from naïve controls. To test this, we prepared small RNA 

libraries from total RNA purified from naïve and infected sera, and sequencing results 

analysed as described in chapter 2. A total of 1,188 reads mapped perfectly and 

unambiguously to the L. sigmodontis draft genome and 761 of these derived from 16 

nematode miRNAs, found exclusively during the patent stage of the infection (Table 

5.3). The most abundant miRNAs in serum from infected animals included several 

members of the miR-10 family (miR-100a, miR-100b, miR-100c), miR-86, bantam 

(Bantam-a, -b and –c). Interestingly, most of the abundant miRNAs detected in 

infected gerbil and mouse sera are homologues of those found in extracellular vesicles 

derived from H. polygyrus, including miR-100, bantam, miR-71 and miR-263 (Buck, 

Coakley, Simbari, McSorley, et al., 2014), and were shown to be enriched in adult and 
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female secretomes in chapter 3. 

 

 
Figure 5.2 L. sigmodontis-derived miRNAs in pleural/peritoneal macrophages in 
vivo. A) Flow cytometry gating strategy to phenotype macrophages, B) BALB/c-
derived macrophages were purified by adhesion to plastic and phenotype based on 
expression of surface markers CD11b+/F480+ (Naïve = 6 animals; Infected = 6 
animals), C) The signal of several female-derived miRNAs were significantly 
detected in adhered macrophages after extensive washes. (* p<0.05; Boxplots 
represents median ± 95% range; Mann-Whitney test) 
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Table 5.3 L. sigmodontis-derived miRNAs found in mouse serum during the 
patent stage of the infection (day 60 post-infection)1 

 
miRNA  
name 

 
RNA Mature sequence 
(5’ – 3’) 

 
Number of reads 

(Infected) 

 

miR-100d-5p2 uacccguagcuccgaauaugugu 479  
miR-86 uaagugaaugcuuugccacagucu 57  
Bantam-a-3p ugagaucauugugaaagcuauu 45  
Bantam-b ugagaucacguuacauccgccu 45  
miR-100a2 aacccguaguuucgaacaugugu 40  
miR-71-5p ugaaagacauggguagugagacg 32  
miR-100c aacccguagaauugaaaucgugu 22  
miR-50-5p ugauaugucugauauucuuggguu 10  
miR-34-5p uggcagugugguuagcugguugu 8  
miR-228-5p2 aauggcacuagaugaauucacgg 7  
Bantam-c ugagaucaugccacauccgucu 4  
miR-50-3p ccagcaucucagacguaucggc 3  
miR-153 uugcauagucacaaaagugaug 3  
miR-87-5p cgccugggacuucgacucaaccu 2  
miR-2 uaucacagccagcuuugaugu 2  
miR-5866-5p uuaccauguugaucgaucucc 2  

 

(1Reported in Buck, Coakley, et al., 2014). 2 Some of the miRNAs reported in this 
table have been re-named from the published version to maintain consistency with the 
sequences and nomenclature used in chapter 2, 3, and 4.  
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5.3.3 Two parasite-derived miRNAs discriminate L. 
sigmodontis infected BALB/c mice from naïve controls 
with high sensitivity and specificity 

Our in vivo data in gerbils show the presence of parasite-derived miRNAs in multiple 

biofluids, including serum and body cavity exudates, as well as in adherent cells 

recovered from the site of infection. These results were further confirmed in 

macrophages from infected BALB/c mice, where the signal of several parasite-

derived miRNAs were statistically enriched in these cells when compared to those 

harvested from naïve controls (Figure 5.3). Importantly, we have demonstrated the 

presence of 16 circulating, parasite-derived miRNAs in serum from infected BALB/c 

mice during the patent stage of the infection (Table 5.3) (Buck, Coakley, Simbari, 

McSorley, et al., 2014), including several miRNAs that are enriched in the secretome 

of gAF worms (Chapter 3). However, our data does not provide enough evidence to 

propose a hypothesis to explain how these parasite-derived miRNAs reach different 

tissues, biofluids and even body compartments during an infection. It is tempting to 

speculate that the migration of mf from the body cavities (e.g. pleural cavity) to the 

bloodstream, as well as potential migratory antigen-presenting macrophages, may all 

function as “vehicles” to facilitate the distribution and dissemination of female-

derived miRNAs into the bloodstream. Nevertheless, as discussed in the introduction, 

there is a need for diagnostic tools that can help to determine the presence of gAF 

worms during infection. Therefore, to determine the biomarker potential of these 

filarial-derived miRNAs, we decided to measure the signal of several parasite 

miRNAs in serum from naïve and infected BALB/c animals by qRT-PCR in two 

independent experiments. We did not observe differences in the relative abundance of 

endogenous host miRNAs (miR-16-5p and miR-21-3p) (Figure 5.3A and table 5.4). 

Similarly, the signal of the synthetic miRNA cel-miR-39, spiked at the reverse 

transcription step to monitor potential inhibition, was not different between naïve and 

infected samples and was comparable to the spiked water control (Figure 5.3A and 

table 5.4). Receiver Operating Characteristic (ROC) curve analyses were used to 

statistically assess the performance of the parasite miRNA-diagnostic test, including 

parameters such as specificity, sensitivity and accuracy of the platform (Florkowski, 

2008). Statistical analysis shows that miR-71 and miR-100d can discriminate between 

infected and naïve animals with high sensitivity (>80%) and specificity (100%) 

(Figure 5.3.B). Moreover, a combination of these two miRNAs robustly 
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discriminated both experimental groups (>90%/100% Sensitivity/specificity) (Figure 

5.3B). The results presented in chapter 3 demonstrated that miR-71 is commonly 

detected in the secretome of multiple developmental stages, whereas miR-100d was 

enriched in the secretome of gAF worms. However, we failed to observe a correlation 

between the parasite burden (number of AM, gAF or mf) and the signal of the 

parasite-derived miRNAs in serum (Table 5.4). These results highlight the robustness 

of the circulating filarial-derived miRNAs as biomarkers for infection.
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1 ND = not detected due to the presence of granulomas.  
2 Number of microfilariae in 30 µL of blood 
3 Fold change compared to the average of the naïve group 

 
Table 5.4 In vivo detection of circulating L. sigmodontis-derived miRNAs in BALB/c during the patent stage of the infection (day 60 post-infection) 
Experiment 1 
Naive 

 
Adult males 

Adult 
females 

 
Mf2 

 
mmu-miR-16-5p3 

 
mmu-miR-21-3p3 

 
Filarial miR-713 

 
Filarial miR-100d3 

1 0 0 0 1.22 0.78 1.41 1 
2 0 0 0 0.51 1.16 0.73 1 
3 0 0 0 0.38 0.53 0.65 1 
4 0 0 0 1.86 1.61 0.93 1 
5 0 0 0 1.66 1.43 1.43 1 
6 0 0 0 0.35 0.47 0.81 1 
Infected        
1 ND1 ND1 0 1.84 4.04 0.47 10.37 
2 4 4 67 0.029 0.39 127.5 29.04 
3 ND1 ND1 0 1.92 3.99 10.36 4138.8 
4 0 4 10 0.15 1.20 495.9 260333.2 
5 2 1 10 0.54 4.64 23.7 84110.6 
6 4 8 53 0.11 0.85 22.01 56.89 
Experiment 2 
Naive 

 
Adult males 

Adult 
females 

 
Mf2 

 
mmu-miR-16-5p3 

 
mmu-miR-21-3p3 

 
Filarial miR-713 

 
Filarial miR-100d3 

1 0 0 0 0.56 0.70 0.19 0.92 
2 0 0 0 0.60 0.50 0.20 0.99 
3 0 0 0 0.52 0.53 0.20 0.97 
4 0 0 0 2.05 2.32 0.21 1.04 
5 0 0 0 1.64 1.38 0.21 1.04 
6 0 0 0 0.61 0.59 0.21 1.01 
Infected        
1 5 3 13 0.58 0.71 39.23 0.88 
2 1 4 0 0.47 0.52 0.17 0.84 
3 0 3 14 2.39 2.30 594.5 7767.4 
4 1 4 89 0.49 0.61 146.5 783.4 
5 0 5 25 0.89 0.90 2855.3 24019.2 
6 3 5 3 0.91 1.58 0.21 1.06 
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Figure 5.3 Biomarker potential of two L. sigmodontis-derived miRNAs. Serum 
from naïve (n = 6) and infected (n = 6) animals were obtained at day 60 post-infection 
and the signal of two parasite-derived miRNAs was measured by qRT-PCR. A) 
Signal of the synthetic cel-miR-39, as well as endogenous host mmu-miR-16-5p and 
mmu-miR-21-5p suggest a similar amplification efficiency and relative total RNA 
content between naïve and infected samples. B) Using either miR-100d or miR-71, or 
a combination of both parasite miRNAs, it is possible to discriminate between 
experimental groups with >80% sensitivity and 100% specificity. (* p <0.05; ** p 
<0.005; *** p < 0.0005; Kolmogorov-Smirnov test) 
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5.3.4 O. ochengi small RNAs are present in bovine nodule 
fluids 

Widely distributed in west Africa, Onchocerca ochengi is a closely related species to 

the human pathogen O. volvulus, and is the causative agent of bovine onchocerciasis 

(Trees, 1992). Owing to their geographical distribution, vector transmission and 

morphology of mf and infective stage, O. volvulus and O. ochengi were considered 

sister species, with some evidence of sympatric speciation within the Onchocerca 

genus (Morales-Hojas, Cheke, et al., 2006). Indeed, both O. volvulus and O. ochengi 

exhibit similar biological features, including genomes (Cotton, Bennuru, et al., 2016), 

proteomes (Armstrong, Xia, et al., 2016), and reproductive behaviour. In this regard, 

O. ochengi adult worms induce the formation of subcutaneous nodules 

(onchocercomata), as observed in O. volvulus infections (Hildebrandt, Eisenbarth, et 

al., 2014). For these reasons, O. ochengi offers an attractive opportunity to study 

specific aspects of the biology of Onchocerca spp infections that, for ethical reasons, 

are not possible to test in O. volvulus (Trees, 1992).   

The onchocercoma fluid is a rich source of parasite material and can be regarded as a 

source of ES products secreted by worms under physiological conditions (Armstrong, 

Xia, et al., 2016). Given the biological relevance of this material, we wanted to 

address what is the parasite-specific small RNA content of onchocercomata fluids.  

As discussed in chapter 2, total RNA from 20 µL of O. ochengi nodular fluid was 

purified using miRNeasy mini kit (Qiagen) and analysed for total small RNA content 

using the Agilent Bioanalyzer. Two populations were observed between 20-30 nt and 

50-70 nt (Figure 5.4), similar to the small RNA profile previously observed for the in 

vitro ES products from larval and adult stages of L. sigmodontis (chapter 3), and in 

vitro secretion products of the gastrointestinal nematode H. polygyrus (Buck, Coakley, 

Simbari, McSorley, et al., 2014). Small RNA libraries were prepared using total RNA 

as input, sequenced to identify the small RNAs between 17 and 40 nt and analysed as 

described in chapter 2. To further increase confidence and stringency of our 

bioinformatics pipeline, we required that only reads containing the 3’ adapter and 

aligned along their full length to the bovine or O. ochengi draft genomes were 

included. Since some small RNA sequences can be post-transcriptionally edited this 

method may miss true positives (Ebhardt, Tsang, et al., 2009). Following these 

criteria, a total of 15,022,278 reads were analysed of which 11,912,199 aligned to the 

bovine genome and 157,633 aligned to the O. ochengi genome (Table 5.5). A total of 
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6,301 reads that could be equivalently aligned to both genomes were not included in 

the analysis since their origin could not be determined.  

The small RNA content was initially classified based on sequence identity (assessed 

using BLAST (Altschul, Gish, et al., 1990) to known RNA classes in Rfam and 

revealed a predominance of tRNA fragments (Table 5.5), as previously observed in 

other extracellular fluids (Dhahbi, Spindler, et al., 2013; Hoy, Lundie, et al., 2014; 

Yeri, Courtright, et al., 2017). Identification of miRNAs was carried out using 

miRdeep2 which not only identifies matches to miRNAs already present in miRBase 

but also identifies novel miRNAs based on the ability of the reads to map to potential 

hairpins in the genome (Friedländer, Mackowiak, et al., 2012). From this analysis, a 

total of 62 mature miRNAs were identified including 23 that are identical to 

previously described nematode miRNAs (primarily Ascaris suum and Brugia malayi), 

18 that are only identical in their seed sites (nucleotides 2 to 8) to other nematode 

miRNAs, and 21 of which did not share homology in their seed sites (Supplementary 

Table 5.1). These 21 derived from 16 novel pre-miRNA candidates that are not 

conserved in other nematodes. The top 20 most abundant O. ochengi miRNAs 

detected in nodular fluids are reported in Table 5.6. Six of these have reads mapping 

specifically to both arms of the hairpin with 3’ overhangs (Figure 5.5) and we 

therefore assigned confidence to their classification as Dicer-derived miRNAs. To 

determine whether these small RNAs are conserved in the closely related human 

parasite O. volvulus, miRdeep2 analysis of the reads sequenced in the O. ochengi 

nodule material was carried out using the O. volvulus draft genome as the mapping 

substrate, allowing for up to 2 mismatches. All sequences aligned perfectly and were 

derived from hairpins, apart from three miRNAs (Ooc-novel-3-3p, Ooc-novel-15, 

Ooc-miR-49) where a 1 nt mismatch was present (Supplementary Table 5.1). The 

most abundant miRNAs detected in the nodular fluids belong to several miRNA 

families, including bantam, miR-279, lin-4/miR-125 and miR-10 (Table 5.5), 

accounting for more than 95% of the total miRNA reads in nodular fluids.  
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Figure 5.4 Small RNA profile of onchocercoma fluids from cattle infected with O. 
ochengi. Gel and electropherogram of total RNA (1µL) from nodule fluids based on a 
Agilent Bioanalyzer small RNA chip (Reported in Quintana, Makepeace, et al., 2015). 
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Table 5.5 Classification of small RNAs from onchocercoma fluids from cattle 
infected with O. ochengi infection1 

 

Trimmed reads 15,022,278 

B. taurus genome match 11,912,199 

Unambiguous reads 11,905,898 

rRNAs 20,836 

tRNAs 11,335,037 

miRNAs 382,791 

Other Rfam 25,716 

O. ochengi genome match 157,633 

Unambiguous 151,332 

rRNAs 2,616 

tRNAs 120,733 

miRNAs 11,455 

Other Rfam 2,344 

 

(1Reported in Quintana, Makepeace, et al., 2015).
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Table 5.6 Top 20 most abundant miRNAs detected in onchocercoma fluids from cattle infected with O. ochengi 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Based on DESeq2 results presented in chapter 3. Lifecycle stage enrichment was established based on differential expression, as discussed in chapter 2 and 3. gAF = gravid 
adult females, AM = adult males, Multiple = miRNAs that were similarly detected in multiple secretomes (e.g. adult worms and mf). ND = not detected as differentially 
enriched by DESeq2. Note: miR-100d has been re-named from the published version to maintain consistency in the miRNA nomenclature used in chapters 2, 3, and 4.

miRNA RNA Sequence 
(5’ – 3’) 

miRDeep 
score 

O. ochengi genomic scaffold Total reads Enrichment 
in L. sigmodontis in vitro 

secretome1 

ooc-bantam-a-3p ugagaucauugugaaagcuauu 5 >nOo.2.0.Scaf00917_323 4,924 gAF 
ooc-miR-279a ugacuagaaccauacucagcu 5.3 >nOo.2.0.Scaf00355_160 1,822 ND 
ooc-novel-7 uuaccugauuagacucuucgc 5.1 >nOo.2.0.Scaf03280_769 1,276 ND 
ooc-lin-4-5p ucccugagaccucugcugcga 272.4 >nOo.2.0.Scaf01957_508 524 Adult worms 
ooc-miR-100d-5p uacccguagcuccgaauaugugu 5.3 >nOo.2.0.Scaf01476_420 375 gAF 
ooc-miR-5364-5p cgagguauuguuuauuggcuga 5.3 >nOo.2.0.Scaf02997_686 341 gAF 
ooc-novel-1-5p acuguaucgguugugacaugu 129 >nOo.2.0.Scaf19423_1506 247 ND 
ooc-miR-5360 acgaaucgucgaaucggaugucu 5.1 >nOo.2.0.Scaf00322_144 203 Adult worms 
ooc-miR-2a uaucacaggccugaugcagcuagc 5.2 >nOo.2.0.Scaf06237_1056 165 ND 
ooc-novel-8 augcaauuguaguucagaucauu 5.2 >nOo.2.0.Scaf00261_135 163 ND 
ooc-bantam-b ugagaucacguuacauccgucu 5.1 >nOo.2.0.Scaf11849_1321 157 ND 
ooc-bantam-c ugagaucaugucacauccgucu 3 >nOo.2.0.Scaf10764_1296 147 ND 
ooc-miR-239 uuuguacuucggcuaaggugcug 5.1 >nOo.2.0.Scaf02964_682 128 gAF 
ooc-novel-9 ucacuuggaguacuauucacu 4.3 >nOo.2.0.Scaf09890_1264 109 ND 
ooc-novel-2-5p ugaaucgugauuuuauuugaucu 46.1 >nOo.2.0.Scaf00874_319 80 ND 
ooc-novel-3-5p aggaauaguuguucacgguagagc 41.3 >nOo.2.0.Scaf06237_1053 75 ND 
ooc-miR-71-5p ugaaagacauggguagugagacg 5.2 >nOo.2.0.Scaf00541_22 49 Multiple 

ooc-miR-240 uacuggccuuucaaacucuggga 5 >nOo.2.0.Scaf00527_220 48 ND 
ooc-novel-10 aucccgacucguggcaccaaauc 5.5 >nOo.2.0.Scaf01927_501 48 ND 
ooc-miR-5838 ugaguauuuucgguuucgcauc 

 
4.4 >nOo.2.0.Scaf02307_562 

 
43 AM 
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Figure 5.5 Novel O. ochengi miRNAs identified in bovine onchocercoma fluids 
and their predicted pre-miRNA secondary structure. Predicted secondary 
structures of the novel pre-miRNAs identified by presence of reads mapping to both 
5p and 3p arms (indicated in brackets). The minimum free energies (MFE) are 
indicated according to prediction by RNAfold (Reported in Quintana, Makepeace, et 
al., 2015). 
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5.3.5 Six parasite-derived miRNAs are detected in serum or 
plasma of humans infected with O. volvulus 

To date very little is known about the factors that dictate the stability of extracellular 

RNA in fluids or whether and how these molecules traffic within the body. The 

nodules are highly vascularized (George, Palmieri, et al., 1985) and provide a direct 

route to the blood system for parasite-derived molecules. To determine whether O. 

volvulus-derived miRNAs are present in serum and plasma, we carried out two 

parallel analyses of samples pooled from infected humans obtained from two 

geographically relevant regions in Africa, Cameroon (Zouré, Noma, et al., 2014) and 

Ghana (Turner, Osei-Atweneboana, et al., 2013), and compared these to pooled 

endemic or European controls. Small RNA sequencing libraries were prepared, 

sequenced and analysed as above. A total of 10-25 million reads were analysed per 

sample, of which 39-51% mapped to the human genome and 1.0-1.5% mapped to the 

draft O. volvulus genome (Table 5.7). Most of the reads from human serum that 

mapped to O. volvulus were identified as rRNA fragments, but these were detected at 

comparable levels in European control and infected samples (Table 5.7). It is possible 

these are of human origin but are edited or that they derive from other organisms or 

dietary sources as shown in several systems (Beatty, Guduric-fuchs, et al., 2014; 

Wang, Li, et al., 2012). Similarly, the source of many reads that map to O. volvulus 

genome and are annotated as tRNA fragments (Dhahbi, Spindler, et al., 2013) cannot 

be reliably assigned (Table 5.7).  

Here we focus on the miRNAs detected in the serum from humans testing positive for 

O. volvulus that can be assigned a nematode origin. From the combined datasets, we 

identify a total of six O. volvulus miRNAs (Table 5.8). The nematode origin of these 

is evident from several criteria: 1) they map perfectly to regions that fold into hairpin 

structures within the O. volvulus genome; 2) they are not other classes of sncRNA and 

3) they are not present in the sera of European controls. Of the six miRNAs identified, 

all were identical to the O. ochengi miRNAs found in nodules (Table 5.6, Table 5.8 

and supplementary figure 5.1). Two of the miRNAs, miR-71 and lin-4, are detected 

in infected samples from both Ghana and Cameroon but neither endemic nor 

European controls. Two are detected only in the infected pooled sample from Ghana 

(miR-100d, miR-87) and two of these are present in infected and endemic control 

samples from Ghana (miR-100a, bantam-a). Of note, the sequences of miR-100a and 



Chapter 5 

 155 

miR-100d are identical to the members of the miR-100s sequence found in ES 

products from L. sigmodontis, serum and adherent macrophages from L. sigmodontis-

infected BALB/c mice, serum from L. sigmodontis-infected gerbils, and nodule fluids 

from O. ochengi onchocercomata. Similarly, As the endemic control sample was a 

pool of 13 individuals, it is possible that these miRNAs could derive from an 

individual misdiagnosed as negative for onchocerciasis or co-infected with other co-

endemic nematode parasites in these regions. As mentioned in previous sections, 

miR-92 and let-7 are highly conserved across the animal kingdom (including 

vertebrates and nematodes) and therefore cannot be confidently assigned as 

exclusively derived from nematodes.  
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Table 5.7 Classification of small RNA reads in human serum and plasma from 
uninfected and infected individuals1 

Human 
serum/plasma 

Uninfected 
serum 

(European 
control) 

Infected 
serum 

(Cameroon) 

Uninfected 
plasma 

(Ghana) 

Infected 
plasma 

(Ghana) 

  

Trimmed reads 25,519,512 23,734,119 24,992,446 10,015,190   
Human genome 
match 

9,998,552 9,331,113 12,936,180 4,791,645   

Unambiguous 9,937,398 9,102,817 12,846,400 4,742,963   
rRNA 15,854 26,512 13,022 6,744   
tRNA 2,568,803 82,382 6,442,858 1,724,586   

Y RNA 1,149,988 2,408,124 1,004,222 476,464   
other Rfam 198,310 33,516 8,497 3,791   

miRNA 5,589,367 5,924,748 5,266,797 2,472,450   
 

O. volvulus 
genome match 

 
304,991 

 
583,693 

 
328,590 

 
157,005 

  

Unambiguous 243,837 355,397 238,810 108,323   
rRNA 140,174 108,351 132,900 49,797   
tRNA 358 400 1,884 1,929   

Y RNA 50 0 0 0   
other Rfam 2,434 2,712 3,013 688   

miRNA 0 75 344 743   
 

(1Reported in Quintana, Makepeace, et al., 2015) 
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Table 5.8 Nematode-derived miRNAs detected in serum and plasma from individuals who tested positive for O. volvulus1  

 
 
 
 
 
 

 

 

 

 
1 Numbers indicate read counts for each miRNA within each dataset (Reported in Quintana, Makepeace, et al., 2015). Brackets in the miR-71 sequence 
indicate heterogeneity in the 3’ terminal nucleotide between datasets. Note: Both miR-100s reported in this table have been re-named from the published 
version to maintain consistency with the sequences and nomenclature used in chapter 2, 3, and 4. 
 

 

 

 

miRNA RNA sequence 
(5’ – 3’) 

Genomic 
coordinates 

Uninfected 
serum 

(European 
control) 

Infected serum 
(Cameroon) 

Uninfected 
serum 

(Ghana) 

Infected 
serum 

(Ghana) 

miR-71 ugaaagacauggguagugagac(g) >OVOC.OM1b_40, 
>OVOC.OM1b_58 

0 43 0 98 

lin-4-5p ucccugagaccucugcugcga >OVOC.OM4_217, 
>OVOC.OM4_213 

0 32 0 73 

miR-100a aacccguaguuucgaacaugugu >OVOC.OM1a_27 0 0 121 314 
miR-87 gugagcaaaguuucagguguuc >OVOC.OM2_148 0 0 0 85 
miR-100d-5p uacccguagcuccgaauaugugu >OVOC.OM1a_25 0 0 0 102 
bantam-a-3p ugagaucauugugaaagcuauu >OVOC.OM2_134 0 0 223 71 
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5.3.6 Common and distinct circulating miRNA signatures in 
filarial infections 

So far, we have identified parasite-derived miRNAs in a wide range of host biofluids, 

including nodule fluids from O. ochengi infection, L. sigmdontis infected mouse and 

gerbil serum, and O. volvulus infected human serum and plasma. Of these, four of the 

16 miRNAs detected in infected mouse serum are identical to the O. volvulus 

miRNAs detected in human serum (mir-71, two miR-100 members, and one bantam 

family member) and one is derived from the other arm of the hairpin of a O. volvulus 

miRNA (miR-87). Six of these are identical to O. ochengi miRNAs found in the 

nodule fluid and three (miR-50-3p and Bantam-b, -c) differ by 1 nt outside of the seed 

region (Figure 5.6). Strikingly multiple miR-100 and bantam family members also 

dominated the ES product of L. sigmodontis gAF worms (chapter 3) as well as the 

secretome of the gastrointestinal nematode H. polygyrus (Buck, Coakley, Simbari, 

McSorley, et al., 2014). As demonstrated in chapter 3, the miR-100 and bantam 

miRNAs identified in ES products from several parasites have distinct sequences 

outside of their seed regions from other organisms, including vertebrates. To compare 

relative quantities across the datasets and to qualify our limit of detection, we used 

total host miRNA read counts in the same samples as a normalizer. The individual 

parasite miRNAs are detected at a range of 26 to 12,863 reads per million bovine 

miRNA reads (O. ochengi nodule fluid), 5 to 127 per million human miRNA reads 

(serum/plasma from O. volvulus positive individuals) and 2 to 367 reads per million 

mouse miRNAs (serum from L. sigmodontis infected mice) as shown in Table 5.9. 

We anticipate these relative proportions will vary depending on the intensity of 

infection. Importantly, this provides a baseline for comparing relative levels of 

parasite miRNAs between studies and understanding the limits of detection in each 

study.  

 

 



Chapter 5 

 159 

 
Figure 5.6 Venn diagram depicting overlap in extracellular parasite-derived 
miRNAs identified in filarial infections. Overlapping mature miRNAs sequences 
identified in cattle nodule fluids (O. ochengi), serum/plasma from infected patients in 
Cameroon and Ghana (O. volvulus) and infected mouse serum (L. sigmodontis). 
1These miRNAs differ by 1 nt outside the seed sequence (nt in position 2-8) in L. 
sigmodontis and O. ochengi. 2miR-153-3p is identical to mammalian miR-153-3p 
from nucleotides 1-21. The miRNAs assigned as “identical” are those that showed 
100% homology with miRNAs found in vertebrates, whereas orthologue miRNAs are 
those that shared the same seed sequence and are thought to be functionally similar 
(Reported in Quintana, Makepeace, et al., 2015). 
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Table 5.9 Relative abundance of nematode miRNAs in biofluids in comparison to host miRNAs  

miRNA RNA sequence (5’ – 3’) O. ochengi 
Nodules  

O. volvulus 
(Ghana) 

O. volvulus 
(Cameroon) 

L. sigmodontis 

Ooc-miR-71-5p ugaaagacauggguagugagacg 117.6 39.6 7.3 25.1 

Ooc-lin-4-5p ucccugagaccucugcugcga 1,355.8 29.5 5.4 ND (<0.8) 

Ooc-miR-100a1 aacccguaguuucgaacaugugu 86.2 48.9 ND (<0.3) 31.4 

Ooc-miR-87 gugagcaaaguuucagguguuc 26.1 34.4 ND (<0.3) ND (<0.8) 

Ooc-miR-100d-5p1,2 uacccguagcuccgaauaugugu 979.6 127.0 ND (<0.3) 376.0 

Ooc-bantam-a-3p2 ugagaucauugugaaagcuauu 12,863.4 28.7 ND (<0.3) 35.3 

Ooc-miR-86 uaagugaaugcuuugccacagucu 65.3 ND (<0.8) ND (<0.3) 44.7 

Ooc-miR-228-5p1 aauggcacuagaugaauucacgg 44.4 ND (<0.8) ND (<0.3) 5.5 

Ooc-miR-50 ugauaugucugauauucuuggguu 31.3 ND (<0.8) ND (<0.3) 7.9 

Ooc-miR-34-5p uggcagugugguuagcugguugu 70.5 ND (<0.8) ND (<0.3) 6.3 

Ooc-miR-5866-5p uuaccauguugaucgaucucc(a)3 70.5 ND (<0.8) ND (<0.3) 1.60 

 Total host miRNAs 382,791 2,472,450 5,924,748 1,273,839 
1 Some of the miRNAs reported in this table have been re-named from the published version to maintain consistency with the sequences and nomenclature used in chapter 2, 
3, 4. 
2 Also detected in healthy endemic Ghanaian controls. 
3 Brackets indicate heterogeneity in the 3’ terminal nucleotide between datasets  
ND = not detected; the limit of detection is shown in brackets, based on the number of total host miRNAs sequenced, and assuming that 2 reads are required to identify a 
parasite sequence.  
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5.3.7 Detection of parasite-derived miRNAs in human plasma 
Our analyses demonstrated that several filarial-derived miRNAs can be readily 

detected in human serum and plasma by deep sequencing (Table 5.8). Moreover, we 

have demonstrated that two of these miRNAs, miR-71 and miR-100d, can 

significantly discriminate between naïve and infected animals with high sensitivity 

and specificity in a murine model of infection (Figure 5.3 and Table 5.4). Therefore, 

we next evaluated whether we can detect these two parasite-derived miRNAs in 

human plasma using a standard qRT-PCR detection method (detailed in chapter 2). 

A second goal was to determine whether these two miRNAs can specifically be 

detected in O. volvulus-infected patients compared to other filarial infections. To 

address these questions, we using plasma samples from three non-endemic healthy 

donors, 6 plasma samples from patients infected with L. loa, 7 samples from patients 

infected with O. volvulus, and 5 samples from patients infected with W. bancrofti 

(Table 5.10). Using the Ct values of the synthetic cel-miR-39 spike-in, we did not 

detect the presence of inhibitors in any of the samples tested compared to the spiked 

water control (Figure 5.7A). Similarly, we did not observe differences in the Ct 

values of the human endogenous hsa-miR-16-5p in serum between healthy donors and 

infected patients, although the Ct values for hsa-miR-21-5p were higher in non-

endemic control samples compared to infected samples (Figure 5.7B). Nevertheless, 

we did not detect reliable Ct values for the two parasite miRNAs (miR-71 and miR-

100d) in any of the samples tested (Figure 5.7C). These results are consistent with a 

recent report that describes the challenges of detecting filarial-derived miRNAs in 

human plasma using conventional qRT-PCR-based methods (Lagatie, Batsa Debrah, 

et al., 2017).    
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Table 5.10 Clinical and parasitological information of the human samples used 

in the pilot qRT-PCR study 

 

Subject ID Group Age  Sex Mf count No. nodules 

215 EC1 N/D2 N/D N/D 0 
219 EC N/D N/D N/D 0 
220 EC N/D N/D N/D 0 
38/31 L. loa3 45 Male 740 0 
K/83 L. loa 56 Male 700 0 
38/106 L. loa 40 Female 320 0 
L/11 L. loa 52 Male 34 0 
L/17 L. loa 44 Female 25 0 
L/84 L. loa 49 Female 13 0 
L/42 L. loa 57 Male 17 0 
K/20 O. volvulus4 11 Female 28 0 
K/19 O. volvulus 45 Male 81 3 
K/5 O. volvulus 34 Male 89 1 
K/32 O. volvulus 10 Male 78 0 
38/203 O. volvulus 43 Male 32 2 
38/205 O. volvulus 33 Female 26 0 
K/33 O. volvulus 10 Male 20 0 
39/115 M. perstans3 64 Male 80 0 
39/64 M. perstans 30 Male 20 0 
38/202 M. perstans 26 Female 1 0 
36/51 M. perstans 35 Male 60 0 
 

1 EC = endemic control; 2 N/D = not detected or not recorded; 3 mf counts were 
conducted in blood smears; 4 mf counts were conducted using skin biopsies (“skin 
snips). 
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Figure 5.7 Detection of parasite-derived miRNAs in human plasma. The Ct values 
obtained for different qRT-PCR assays are plotted from healthy endemic controls (n = 
3), L. loa-infected patients (n = 7), O. volvulus-infected patients (n = 7), and M. 
perstans-infected patients (n = 4). A) cel-miR-39 is used to monitor the presence of 
potential inhibitors often found in human plasma, compared to the spiked water 
control. B) Additionally, two endogenous host miRNAs, hsa-miR-16-5p and hsa-miR-
21-5p, are used to determine the relative RNA abundance in the samples. C) 
Similarly, two filarial miRNAs, miR-71 and miR-100d, were also measured in these 
samples. 
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5.4 Summary 
• Parasite-derived miRNAs were simultaneously detected in serum, body cavity 

exudates and adherent macrophage-like cells from gerbils and BALB/c mice 

• A total of 16 L. sigmodontis-derived miRNAs were detected in serum from 

infected BALB/c mice during the patent stage of the infection 

• Two filarial-derived miRNAs (miR-71 and miR-100d) discriminate between 

infected animals from naïve controls with 100% specificity and >80% 

sensitivity. 

• A total of 62 nematode-derived miRNAs, including 16 potentially novel 

miRNAs were detected in O. ochengi onchocercomata fluids from infected 

cattle. 

• Six parasite-derived miRNAs were detected in serum and plasma from O. 

volvulus infected patients from Cameroon and Ghana but not in endemic 

controls. These parasite miRNAs were also detected in nodular fluids from O. 

ochengi infection. 

• Despite of the identification of parasite-derived miRNAs in human 

serum/plasma by deep sequencing, we did not detect reliable signal of 

parasite-derived miRNAs in human plasma by qRT-PCR.  
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5.5 Discussion 
The discovery that RNA is secreted by parasitic nematodes opens many avenues for 

further investigation into their functional properties and diagnostic utility. However, 

the mechanisms or pathways that act as vehicles for dissemination to other tissues or 

body compartments (e.g. bloodstream) are unclear. Here we have demonstrated that 

parasite-derived miRNAs, including several miRNAs enriched in the secretome of 

adult females, are found abundantly in serum of infected animals when compared to 

body cavity exudates or macrophages. Interestingly, our data suggest that during an 

infection macrophages may be physiological targets for the miRNAs secreted by L. 

sigmodontis. In chapter 3, we have demonstrated that gravid adult female worms 

actively release stage- and sex-enriched/specific miRNAs when compared to adult 

males or mf in vitro. Based on these results and the data presented in this chapter, one 

likely hypothesis to explain the accumulation of parasite-derived miRNAs in serum is 

they reach circulation as by-products of mf migration. Alternatively, it is plausible 

that macrophage trafficking to and from the bloodstream can also contribute to this 

effect, although this remains speculative and merits further investigation. Regardless 

of the mechanism underlying trafficking of parasite material to the bloodstream, our 

results also demonstrated that the filarial-derived miRNAs can be readily detected in 

the serum of animals infected with L. sigmodontis. Moreover, we have also 

demonstrated that sncRNAs derived from Onchocerca spp. are present in host tissues, 

both at a concentrated site of infection (nodule fluid) and in the circulatory system 

(serum/plasma) of their hosts. Six O. volvulus miRNAs were identified in human 

plasma, all of which are identical to those found in O. ochengi nodule fluid, and four 

of which are also identical to those found in serum of mice infected with the related 

filarial nematode L. sigmodontis (Figure 5.3). This suggests extensive overlap in the 

identity of extracellular parasite-derived miRNAs in filarial infections and gives 

confidence in the conserved nature of RNA secretion among these pathogens. This is 

further supported by several other reports that identified miRNA candidates of 

potential nematode origin in the biofluids from multiple filarial infections (Quintana, 

Makepeace, et al., 2015; Tritten, Burkman, et al., 2014; Tritten, Neill, et al., 2014): 4 

of the 6 miRNAs that we identify in O. volvulus-infected humans are among the 22 

miRNA candidates found in Loa loa-infected baboons and 2 of the 62 O. ochengi 



Chapter 5 

 166 

miRNAs in nodules are among the 10 candidates found in bovine plasma 

(Supplementary Table 5.1). 

A common feature in all the infections is the presence of miR-71, bantam family and 

miR-100 family miRNAs (where family is defined based on identical seed sequences, 

nucleotides 2-8). We previously identified 5 miR-100 family members within the top 

20 most abundant miRNAs secreted by H. polygyrus (Buck, Coakley, Simbari, 

McSorley, et al., 2014). The factors dictating the expansion of this miRNA family are 

not known; miR-100 is one of the oldest miRNAs, having evolved in the last common 

ancestor of Eumetazoa (Tehler, Høyland-Kroghsbo, et al., 2011). This family has 

expanded in some animal lineages: in C. elegans it is referred to as the miR-51 family 

and is redundantly required for embryonic development (Shaw, Armisen, et al., 2010) 

and also involved in developmental timing and buccal cavity formation (Brenner, 

Kemp, et al., 2012; Shaw, Armisen, et al., 2010). Why members of this family are 

secreted by parasitic nematodes is unknown and raises interesting questions regarding 

whether these would interact with host targets (Figure 5.8). We also identify bantam 

family members in serum of both L. sigmodontis and O. volvulus infected hosts, 

which show some diversity in sequence between these nematodes species (Chapter 3). 

One of the bantam members identified here appears conserved and secreted in all 

Clade III nematodes. We identified this miRNA in O. ochengi nodule fluid, serum 

from O. volvulus-infected individuals and serum from mice infected with L. 

sigmodontis. However, this miRNA sequence was also present in endemic controls 

from the Ghana cohort. This may represent a false negative individual or may occur if 

another parasite in one or more of the control individuals also secretes bantam 

orthologues. The secretion of bantam family members also occurs in trematodes; we 

previously identified a bantam family member (distinct in sequence from those 

identified here, Figure 5.4) in the serum of mice and humans infected with S. mansoni 

(van der Werf, de Vlas, et al., 2003), and demonstrated its utility as a biomarker for 

schistosomiasis (Hoy, Lundie, et al., 2014). 

Recent studies reported putative O. volvulus miRNAs in human serum (Tritten, 

Burkman, et al., 2014), some of which we annotate here as human ribosomal RNAs 

(Supplementary table 5.3). This does not rule out that human sequences could also 

serve as a marker of infection, but it is imperative to compare serum from uninfected 

individuals to avoid false positives and to build a better context for when and why 

these sequences can be detected. As observed in the L. sigmodontis dataset the O. 
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volvulus miRNAs are much less abundant than host miRNAs in serum or plasma: in 

the Ghana samples, we mapped 743 reads to 6 different nematode-derived miRNAs, 

compared to approx. 2.5 million human miRNAs reads in the same library. Low-

abundance is a challenge when detecting any type of parasite-derived molecule in host 

fluid. An advantage of the miRNAs is that these can be amplified by PCR prior to 

detection. However, we failed to detect reliable signals for parasite miR-71 and miR-

100a in human plasma, although these were confidently detected in serum from 

infected mice. These observations may suggest that multiple factors affect the 

detection of parasite-derived miRNAs in biofluids. In this regard, a recent study 

addressed the difficulties of detecting filarial-derived miRNAs by conventional SYBR 

green-based qRT-PCR methods in human serum (Lagatie, Debrah, et al., 2017), 

which is expected given the relative low abundance shown by our studies. We are 

currently testing better conditions for a reliable detection of filarial-derived miRNAs 

in complex human samples, including serum, plasma and urine. We anticipate that 

methods for enriching parasite material are likely to be advantageous in terms of 

maximizing the specificity and sensitivity of detection, as well as to increase the 

robustness for the detection of parasite-derived miRNAs in complex biofluids such as 

serum.  In this regard, in chapter 3 we demonstrated that filarial nematodes are likely 

to secrete miRNAs in association with extracellular vesicles, consistent with other 

reports (Buck, Coakley, Simbari, McSorley, et al., 2014; Zamanian, Fraser, Agbedanu, 

& Harischandra, 2015). Further work is required to understand whether parasite and 

host miRNAs exist in similar or distinct complexes in host fluids, and/or whether 

these can be further purified prior to RNA extraction to reduce the possibility of 

cross-contamination. Other considerations such as costs and training make it unlikely 

to develop a field-friendly, qRT-PCR based diagnostic method for onchocerciasis, 

whereas other cheaper methods (e.g. LAMP-based detection of miRNAs) are more 

suitable platforms to take this work forward (reviewed in Quintana, Babayan, et al., 

2016). Finally, the biology and dynamics of secreted miRNAs remain very open 

topics of research. Our results shed light onto the extent to which different parasite 

life stages secrete miRNAs, as well as their relative localisation in different biofluids 

from infected hosts. Moreover, we have also demonstrated that the serum is an 

attractive and reliable source of material for detection of filarial-derived miRNAs. 

However, it is still unclear exactly what their half-lives are in host tissues including 
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blood, the degree to which RNA secretion is regulated, the mechanism by which the 

small RNAs enter circulation and the stability of each RNA species in different fluids.  

 

 

 

 
 

Figure 5.8 Schematic representation of the potential parasite-to-host interactions 
mediated by EVs and miRNAs in vivo. The functions of the parasite-derived 
miRNAs incorporated by macrophages in vivo remain speculative and merits further 
investigation.
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 Concluding remarks and Future 
Directions 

6.1 Rational and objectives of this thesis 
Filarial infections represent one of the most debilitating diseases in tropical and 

subtropical regions, imposing a tremendous socio-economic burden on many 

economically deprived countries (Taylor, Hoerauf, et al., 2010). Recent estimates 

suggest that nearly 150 million people are either infected or at risk of infection due to 

high endemicity, mostly in sub-Saharan countries (Hotez, Strych, et al., 2016; Taylor, 

Hoerauf, et al., 2010). Depending on the pathogen, these infections can be broadly 

classified into lymphatic filariasis (LF; produced by Brugia malayi, L. loa or 

Wuchereria bancrofti) and onchocerciasis, that in humans is only produced by 

Onchocerca volvulus (Babayan, Allen, et al., 2012; Lawrence, & Devaney, 2001; 

Taylor, Hoerauf, et al., 2010). LF, also known as elephantiasis, is characterised by a 

swelling of the lymphatic system and a concomitant malformation of the lower limbs 

(Babayan, Allen, et al., 2012). Onchocerciasis, on the other hand, is characterised by 

an exacerbated immune response against the mf that normally reside in the skin and 

ocular tissues, leading to skin depigmentation, severe skin rash, visual impairment and 

blindness (Babayan, Allen, et al., 2012). Despite huge progress made towards 

understanding the immunological bases of filarial infections, and the mechanisms by 

which these parasites harmoniously establish a crosstalk with their hosts, little 

progress has been made towards the development of an effective and reliable vaccine 

strategy for prevention (Babayan, Allen, et al., 2012; Hotez, Strych, et al., 2016). 

Therefore, these diseases are currently treated with the use of anthelminthic 

compounds such as Ivermectin (IVM), normally distributed through several programs 

under a mass drug administration (MDA) scheme (Hotez, Strych, et al., 2016). 

Similarly, cost-effective and reliable diagnostic methods are still lacking, and the 

detection of microfilariae in either blood smears (for LF) or skin biopsies (for 

onchocerciasis) remain the gold standard techniques. These diagnostic methods have 

clear limitations as multiple factors affect the accurate detection of mf in these 

samples (Discussed by Alhassan, Li, et al., 2015; and Quintana, Babayan, et al., 2016). 
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Similarly, IVM has potent microfilaricidal activity but has little effect on adult worms, 

leading to potential misdiagnosis of infection in populations subjected to MDA 

(Wolstenholme, Maclean, et al., 2016). In this regard, it has been proposed that skin 

snips are not useful as a diagnostic method in post-MDA surveillance and will not be 

sufficient to monitor the progress of onchocerciasis elimination programs (Eberhard, 

Cupp, et al., 2017). Consequently, the development of novel biomarker assays is 

paramount to successfully achieve the goals of the African and American programme 

for control and elimination of onchocerciasis and LF (Babayan, Allen, et al., 2012; 

Coffeng, Stolk, et al., 2013; Murdoch, Asuzu, et al., 2002; Zouré, Noma, et al., 2014). 

In the context of these control and elimination programmes, an ideal biomarker for 

filarial infections (or for onchocerciasis) should at least meet two main criteria: 1) It 

should be capable to account for the presence of reproductively competent adult 

female worms, and 2) it should be able to diagnose the presence of adult female 

worms during the sub-clinical stages of the infection (e.g. before the presence of mf in 

skin snips or blood smears is evident).  

An alternative to detect circulating mf in biopsies could be to measure extracellular 

products released by adult worms that are highly stable in biofluids. The study of 

these products, broadly termed Excretory/Secretory (ES) products has led to the 

identification of leading candidates for therapeutic and diagnostic potential (Hewitson, 

Grainger, et al., 2009). More recently, several studies have demonstrated that the ES 

products derived from helminths not only contain protein effectors, but also other 

types of metabolites, including lipids, carbohydrates and microRNAs (miRNAs) 

(Buck, Coakley, Simbari, McSorley, et al., 2014). Interestingly, these small non-

coding RNAs are released within extracellular vesicles and have been shown to be 

stable in biofluids (Buck, Coakley, Simbari, McSorley, et al., 2014). These are an 

attractive prospect as biomarkers, as the mature miRNA sequences are often poorly 

conserved (or absence) between their vertebrate hosts (Alhassan, Li, et al., 2015; 

Quintana, Babayan, et al., 2016). This could help to identify miRNA sequences that 

are uniquely derived from the parasite and not from the vertebrate host. Previous 

studies demonstrated that these circulating parasite-derived miRNAs are readily 

detectable in serum from Schistosoma mansoni infected patients and can discriminate 

between uninfected and infected patients with high sensitivity and specificity (Hoy, 

Lundie, et al., 2014). These studies prompted us to further investigate the potential 

use of miRNAs as novel diagnostics for filarial infections. Using the filarial nematode 
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Litomosoides sigmodontis, this thesis aims to answer three main questions: 

• Can we identify stage- and sex-specific miRNA markers in the secretome of 

larval and adult stages of L. sigmodontis? 

• Does IVM affect the secretion of miRNAs by gravid adult female worms? Is 

the reproductive tissue a likely source for the secretion of the female-

enriched extracellular miRNAs? 

• Can we identify filarial-derived miRNAs in biofluids from vertebrate hosts? 

If so, can they be used to discriminate between naïve and infected individuals? 

6.2  Conclusions 
It is important to stress that at the time of conducting the studies for this PhD thesis, 

there was a paucity of information regarding the presence of filarial-derived miRNAs 

in vitro or in vivo. We demonstrated that both larval and adult stages of L. 

sigmodontis secrete miRNAs in vitro, and that the gravid adult females secrete a 

plethora of miRNAs that, based on statistical analysis with many biological replicates, 

can be assigned as sex-enriched markers (e.g. miR-100a, miR-100d, miR-5866, miR-

228), when compared to adult males and mf. Similarly, other miRNAs were 

commonly detected in the secretome of adult males and gravid adult females, and can 

be viewed as stage-enriched markers (miR-5360 and lin-4) when compared to mf. 

Other miRNAs were detected at a high level in every secretome examined, and could 

be viewed as common markers to larval and adult stages (e.g. miR-71, miR-92, miR-

34). Moreover, we have demonstrated that these extracellular miRNAs are abundantly 

detected extracellular vesicles (EVs) released from the gravid adult females. 

Therefore, we propose that miRNAs are released within EVs in filarial nematodes, as 

demonstrated for many other parasitic nematodes and trematodes (reviewed by 

Coakley, Maizels, et al., 2015). These results are consistent with studies conducted in 

the heartworm Dirofilaria immitis, which is a close relative to L. sigmodontis (Tritten, 

Clarke, et al., 2016). More specifically, the authors found that the gAF have a prolific 

capacity to release proteins and miRNAs in vitro (Tritten, Clarke, et al., 2016). 

Importantly, this study also demonstrated the presence of several proteins linked to 

EVs in the secretomes of larval and adult D. immitis (Tritten, Clarke, et al., 2016), 

further confirming our model in which miRNAs are likely to be released in 

association with EVs by filarial nematodes. Similarly, a separate study revealed that 

the Brugia malayi infective stage secretes EVs containing miRNAs in vitro 
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(Zamanian, Fraser, Agbedanu, & Harischandra, 2015), consistent with our results 

from the infective stage of L. sigmodontis, and we observed a great deal of overlap 

between the miRNAs detected in the secretomes from both nematodes. These results 

highlight the potential regulation of miRNA secretion throughout development, and 

may reflect specific interactions established by each developmental stage. In the case 

of the infective stage, it is tempting to speculate that these miRNAs play important 

roles in mediating communication with the insect vector, whereas other miRNAs from 

the adult worms or microfilariae might be required for a fine-tuned communication 

with the vertebrate host. Whilst experimental evidence is lacking with respect to the 

internalization of miRNAs by host cell in vivo, several studies with other helminths 

have reported that macrophages may be a primary target of the secreted miRNAs and 

EVs in vitro. More specifically, it has been demonstrated that EVs can modulate, and 

in some instances, impair the phenotypic polarisation of macrophages in vitro, and 

may confer protection against infections (Coakley, McCaskill, et al., 2017; Olmos-

Ortiz, Barajas-Mendiola, et al., 2017; Zamanian, Fraser, Agbedanu, & Harischandra, 

2015). The results presented in this PhD thesis also provide in vivo evidence to 

support these in vitro observations, and we propose that, under physiological 

conditions, the EV/miRNA-mediated parasite-to-host communication may require a 

direct crosstalk between parasites and macrophages. It is known that the balance in 

the communication between parasites and immune cells eventually leads to the 

establishment of chronic infections, observed not only in experimental models of 

infection (e.g. Gerbils or Balb/c mice), but also in human populations (Babayan, 

Ungeheuer, et al., 2003). It is intriguing to think that extracellular parasite miRNAs 

could contribute to this chronicity. It is important to mention, however, that these 

studies, including the ones presented in this PhD thesis, did not examine the potential 

role of other immune cells in this dynamic interplay. In this regard, it has been 

demonstrated that granulocytes such as neutrophils and eosinophils are important for 

modulating and eliminating filarial infections (Attout, Martin, et al., 2008; Hansen, 

Trees, et al., 2011; Nfon, Makepeace, et al., 2006; Pionnier, Brotin, et al., 2016; Vatta, 

Dzimianski, et al., 2014). It is also important to mention that miRNAs are not the 

most abundant RNA biotype secreted by parasitic nematodes. Our results 

demonstrated that rRNAs and tRNA fragments are more abundant that miRNAs in the 

secretomes tested in here. Our overarching goal was to understand and to determine 

whether parasite-derived miRNA hold promises as biomarkers for filarial infections, 
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but other RNA biotypes (including other type of small non-coding RNAs such as 

siRNAs) may also actively play a role in other processes, such as communicating and 

manipulating host’s cells. We have not provided further experimental evidence for 

any other type of RNAs, and this merits further investigation.  

One potential application of these extracellular miRNAs is as biomarkers of infection. 

In this regard, we have demonstrated in this PhD thesis that filarial-derived miRNAs 

can be detected in a wide range of biofluids, including O. ochengi onchocercomata 

fluids, serum and plasma from patients infected with O. volvulus, as well as serum 

from gerbils and mice infected with L. sigmodontis. Our results are consistent with 

similar reports demonstrating the presence of filarial-derived miRNAs in serum and 

plasma from baboons infected with L. loa, serum from cattle infected with O. ochengi, 

dog serum infected with B. pahangi and D. immitis, and human patients infected with 

O. volvulus (Tritten, Burkman, et al., 2014; Tritten, Neill, et al., 2014). Moreover, we 

have demonstrated that several of the L. sigmodontis-derived miRNAs are likely to 

derived from gravid adult females or from adult worms, and these can discriminate 

infected mice from naïve controls with high sensitivity and specificity. Using mouse 

serum, these parasite-derived miRNAs performed similarly, or even better than the 

reported specificity/sensitivity for the gold standard technique for filarial detection 

(mf in skin biopsies or blood smears), or for alternative diagnostic methods (Boatin, 

Toé, et al., 2002; Guzmán, Awadzi, et al., 2002; Taylor, Keyvan-Larijani, et al., 1987; 

Thiele, Cama, et al., 2016). However, we and others have encountered difficulties in 

further developing a miRNA-based diagnostic assay for human samples (Lagatie, 

Batsa Debrah, et al., 2017). According to a recent report, the relative abundance of 

these miRNAs is simply too low to be accurately detected by RT-qPCR (Lagatie, 

Batsa Debrah, et al., 2017), although we could readily detect them by more sensitive 

approaches such as deep sequencing. Nonetheless, neither next gen sequencing or 

qRT-PCR are particularly field-friendly and further technological developments are 

clearly required to take these ideas forward. One possibility to overcome these issues 

could the development of Loop-mediated Isothermal Amplification (LAMP) for the 

detection of miRNAs, as shown for the detection of other nucleic acids in infected 

samples (Alhassan, Makepeace, Lacourse, et al., 2014; Drame, Fink, et al., 2014; 

Notomi, Mori, et al., 2015; Poole, Tanner, et al., 2012). This method is cost-effective, 

does not require advanced infrastructure or equipment, and could be conducted by 

medical or laboratory personal without the need of advanced training (Alhassan, Li, et 
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al., 2015). One outstanding question is how and when do L. sigmodontis-derived 

miRNAs reach the bloodstream? Our data suggest that L. sigmodontis-derived 

miRNAs are detected in circulation during the patent stage of infection (e.g. when mf 

are detected in blood) but not during pre-patent stages of infection (e.g. when no mf 

are detected in blood). However, this was done with a limited number of samples and 

a relatively low depth of coverage. Given that most of the miRNAs detected in 

circulation are either enriched in the secretome of adult worms or gravid female 

worms, it is possible that one likely route for dissemination requires mf migration 

from the pleural space, where the adult worms reside, to the bloodstream. However, 

we have not provided experimental evidence to mechanistically support this 

hypothesis and remains speculative based on the data presented in this thesis. 

Interestingly, we demonstrated a comparatively lower abundance of parasite-derived 

miRNAs in the pleural space when compared to serum from infected gerbils. Based 

on our findings, we also propose that at the site of tissue residency of adult worms, 

macrophages (and perhaps other immune cells) are either actively involved in 

mediating the clearance of these products, or are being targeted by the parasites. 

Nevertheless, this may explain why the parasite-derived are less abundant in the body 

cavity exudates than in serum. It is unclear, however, if these cells can also act as 

“vehicles” for dissemination to the bloodstream. Importantly, little is known about the 

half-life of the parasite-derived miRNAs in circulation, which can be helpful for 

discrimination between past and ongoing infections. Further investigation into these 

aspects will shed light into the dynamics of parasite-derived miRNA detection in 

specific biofluids, and will help to determine whether these can be used to diagnose 

infections at early time points. Lastly, we have provided important insights into the 

influence of anthelminthic chemotherapy over miRNA secretion by gravid adult 

worms. Our data suggest that sub-lethal concentrations of IVM partially impair mf 

output, as well as protein and miRNA secretion by gravid adult female worms, as 

soon as 24h of exposure to the drug. We propose that the uterine fluid/reproductive 

tissue is a likely route for secretion of miRNAs, but not the only one, thus explaining 

the partial impairment observed in miRNA secretion mediated by IVM. These results 

also have important implications for diagnostics, and might suggest that at the 

plasmatic concentrations typically achieved in patients receiving anthelminthic 

treatment (~50 pM) should not pose a problem for the detection of parasite-derived 

miRNAs in serum from treated patients. We foresee that a miRNA-based diagnostic 
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platform for filarial infections might be developed in a post-MDA context, as an 

alternative to skin snip examinations. However, additionally to the technical 

limitations for the detection of parasite-derived miRNAs in human biofluids, it is 

important to test whether other anthelminthic compounds (e.g. Flubendazole, 

Levamisole, and Doxycycline) influence miRNA secretion by adult worms.  

6.3 Limitations and caveats 
6.3.1 Chapter 3 
In this chapter, we demonstrated that adult female worms secrete a myriad of 

miRNAs associated with extracellular vesicles. Further statistical analyses 

demonstrated that a subset of these extracellular miRNAs are enriched in the 

secretome of adult female worms, whereas a second subset was differentially enriched 

in adult worms (both male and female) when compared to mf. However, given the 

lack of enough replication, we could not address whether the reproductive status of 

the adult female worms (“virgin” female vs. gravid females) could be linked to a 

subset of extracellular miRNAs. This is relevant to identify miRNAs that are 

particularly enriched in reproductively active female worms. Although the EV 

purification method used in this PhD thesis, that is based on solvent-based 

purification of EVs using cold acetone, rendered reliable results that are consistent 

with previous publications in extracellular miRNAs secreted by helminths, it is not a 

gold standard technique used to purify EVs. Importantly, we tried different EV 

purification methods, including ultracentrifugation, size exclusion, and molecular 

crowding, but failed to obtain reliable EV preparations with these methods (data not 

shown). We therefore anticipate that further work is required to improve the method 

by which EVs are purified from L. sigmodontis ES products. This would also enable 

proteomic analysis on purified EVs, and may lead to the development of antibody-

based capture system for cleaner EV purifications in future.  

6.3.2 Chapter 4 
In this chapter, we demonstrated that sub-lethal concentrations of Ivermectin (IVM), 

induce an overall impairment in mf output and protein secretion but only partially 

impair miRNA secretion in vitro. However, we did not determine whether the 

detection of parasite-derived miRNAs is not impaired in vivo between untreated and 

IVM-treated infected mice with L. sigmodontis. Based on our in vitro results, we 

hypothesise that IVM will not affect the detection of parasite miRNAs in serum, but 
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this clearly needs to be tested. Furthermore, the studies presented in this chapter were 

limited to address the effect of IVM upon miRNA secretion. Other anthelminthic 

drugs are currently used as part of the mass drug administration (MDA) programmes 

in Africa and America, including Albendazole and Flubendazole (Fischer, King, et al., 

2017; Mackenzie, & Geary, 2011; Taylor, Hoerauf, et al., 2010). Therefore, it 

becomes important to address whether any of these compounds have a detrimental 

effect on miRNA secretion. Understanding this aspect is beneficial for the 

development of a miRNA-based diagnosis platform that is suitable for post-MDA 

surveillance and control.  

6.3.3 Chapter 5 
In this chapter, we demonstrated that parasite-derived miRNAs can be readily 

detectable in macrophages purified from the site of infection in vivo. However, from a 

parasite-to-host crosstalk point of view, we showed limited experimental evidence 

regarding the functional capacity of parasite-derived miRNAs in macrophages in vivo. 

Therefore, it remains elusive whether the filarial miRNAs detected in macrophages 

are functionally relevant. A recent report demonstrated that helminth-derived EVs can 

be internalised by macrophages, impairing the onset of classical and alternative 

activation macrophages in vitro (Coakley, McCaskill, et al., 2017). It is not clear, 

however, if the parasite-derived miRNAs function in the same manner in both cell 

subsets, or if their function is dependent upon the context of the cell they target (e.g. 

classically vs. alternatively activated macrophages). Moreover, we did not extend our 

studies into other types of immune cells important for the immune response against 

helminths, such as neutrophils and eosinophils. It would be important to clarify if the 

macrophages are the sole targets of these extracellular miRNAs, and if so, what host 

genes are likely to be targeted.  

We also demonstrated that parasite-derived miRNAs are found in a wide range of host 

biofluids, including nodular fluids, serum and plasma. Using the L. sigmodontis 

model, we also demonstrated that two parasite-derived miRNAs, including one 

miRNA enriched in the secretome of adult female worms (miR-100d), significantly 

discriminate between naïve and infected animals with high sensitivity and specificity 

(>80% / 100%). Importantly, we failed to observe a correlation between parasite 

burden, L. sigmodontis-specific antibodies in serum, and signal of parasite miRNAs in 

serum by qRT-PCR, consistent with previous results in dogs infected with B. pahangi 
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(Tritten, Burkman, et al., 2014). Unfortunately, our qRT-PCR data in human plasma 

RNA was not as promising as the results obtained in the mouse model, illustrating the 

technical challenges of detecting lowly abundant parasite material in biofluids. This 

has been recently discussed by Lagatie, et al. (Lagatie, Debrah, et al., 2017). However, 

this report did not provide hypotheses to explain these challenges, or solutions to 

overcome these issues. We propose that one potential explanation for the low 

abundance of parasite miRNAs in human samples compared to other filarial 

infections (including L. sigmodontis and B. pahangi) may be associated with overall 

parasitic burden, tissue localisation of the adult stages within the host (lymphatic 

system vs skin), among others. Alternatively, the issues could also be technical, 

requiring the development of alternative ways to improve the detection of these 

molecules in complex samples such as serum or plasma. The detection in other 

biofluids (e.g. such as urine,), as well as the development of other detection platforms 

(e.g. LAMP) could improve the detection. We foresee that coupling antibody-based 

capture assays to purify EVs with LAMP methods to detect and amplify RNAs (“IP-

LAMP”) could improve the detection in human serum and/or plasma.  

Using parasite miRNAs as biomarkers, could it be possible to discriminate between 

filarial species that are co-endemic with O. volvulus, or even with other helminth 

infections that are highly prevalent in the field (e.g. schistosomiasis)? As mentioned 

before, we could not address this question owing the technical limitations using 

human plasma. Nevertheless, there is evidence that demonstrates that some parasite 

miRNA families (e.g. miR-10, Bantam) are also in serum from patients infected with 

S. mansoni (Hoy, Lundie, et al., 2014), and in serum from other filarial infections 

(Tritten, Burkman, et al., 2014; Tritten, Clarke, et al., 2016; Tritten, Neill, et al., 2014). 

However, these sequences display heterogeneity in the mature miRNA sequence 

between parasites (Quintana, Makepeace, et al., 2015). Moreover, it not clear yet if 

parasite miRNAs can be detected in during soil-transmitted helminth infections (Buck, 

Coakley, Simbari, McSorley, et al., 2014), but given the high prevalence of these 

types of infections in the field (Boatin, Basáñez, et al., 2012; Boon, & Vickers, 2013; 

Padmasiri, Montresor, et al., 2006), this warrants further investigation. Based on the 

reports thus far describing the parasite miRNA component in biofluids from infected 

hosts, several of the most abundant miRNAs (e.g. miR-71, miR-100a, miR-100d, lin-

4, among others) are commonly detected in several of these infections. Therefore, we 

foresee that these miRNAs are not likely to robustly discriminate between filarial 
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species. One possibility would be to develop a “pan-filarial” detection assay, but this 

approach would not fit the goals of the current control and elimination programmes. 

Alternatively, we could turn our attention to either RNA sequences classified in here 

as “novel miRNAs”, not reported in other filarial species or vertebrate hosts, or to 

host miRNAs that could be dysregulated upon filarial infection. We did not address 

any of these two possibilities but acknowledge that these could also be attractive 

candidates to put forward towards subsequent studies.  

6.4 Future directions  
The findings presented in this PhD thesis provide a solid rational for the development 

of miRNA-based diagnostic platforms for filarial infections of medical and veterinary 

importance. Moreover, based on the detection of gravid adult female-derived miRNAs 

in serum, these studies also provide an alternative diagnostic method to mf detection 

in blood or skin biopsies. We anticipate that this technology could help to monitor the 

presence of ongoing infections, especially in situations where the mf counts are low or 

undetectable due to treatment with IVM. These studies also open multiple avenues for 

research, and thus there are many questions yet to be addressed: 

Regarding parasite tissue origin, small RNA trafficking and secretion: 

• What factors determine the fate of miRNAs for transport to the extracellular 

space? 

• Which RNA-binding protein partners are necessary for sorting and transport? 

• Which specific tissues are involved in release of small RNAs and extracellular 

vesicles in filarial nematodes? 

Regarding parasite-to-host communication: 

• Are the parasite-derived miRNAs functional in host cells under physiological 

conditions? If so, how do parasite-derived miRNAs operate upon 

internalization by the host cell?  

• Do parasite-derived miRNAs require endogenous host factors for functional 

activity? 

• What is the turnover of the parasite-derived miRNAs upon internalization by 

the host cell? 

• Are there other classes of small non-coding RNAs also being secreted by 

parasites and internalised by host cells?  
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Regarding diagnostic application of filarial-derived miRNAs: 

• What is the half-life of parasite-derived miRNAs in serum? 

• Apart from qRT-PCR, which other methods are well suited for a field-friendly 

miRNA-based diagnostic platform for filarial infection?  

• Does the level of parasite-derived miRNA decrease upon infection clearance? 

• Is it possible to detect parasite-derived miRNAs in other biofluids such as 

urine or saliva? 
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 Appendices 

7.1 Chapter 3 
7.1.1 Supplementary table 3.1 Diversity of RNA biotypes 

detected in L. sigmodontis in vitro ES products by deep 
sequencing 

Supplementary file 3.1.xlsx is available on the CD 
This table shows all the RNA biotypes detected in the small RNA libraries prepared 
from total RNA purified from in vitro ES products from larval (A) and adult stages (B) 
of L. sigmodontis using the Rfam package. The reads were first mapped against the L. 
sigmodontis genome draft, the M. musculus genome and the Wolbachia genome draft, 
as described in chapter 2 - Materials and methods. The RNA diversity was determined 
on the reads that mapped perfectly and unambiguously to the L. sigmodontis genome 
draft. The table contains the following samples for the ES from larval stages: two 
biological replicates for vector-derived L3s (vL3s), two biological replicates host-
derived L3s (hL3), two biological replicates of L4 stage (L4s), eight biological 
replicates of microfilariae (mf). The following samples for the ES products from adult 
stages are also included in this table:  two biological replicates of juvenile adult males 
(jAM), two biological replicates of pre-gravid adult females (pgAF), ten biological 
replicates of adult males (AM), and twelve biological replicates of gravid adult female 
worms (gAF). 
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7.1.2 Supplementary table 3.2 – Prediction of known and 
novel L. sigmodontis miRNAs in ES products obtained 
in vitro 

Supplementary file 3.2.xlsx is available on the CD 
This table shows all the predictions (only predictions with a miRDeep2 score > 0 and 
with > 2 copies are included in the text). The prediction of miRNAs was conducted 
with reads that mapped perfectly and unambiguously to the L. sigmodontis genome 
draft. We set up an arbitrary cut-off of 100,000 L. sigmodontis-specific reads for a 
robust miRNA identification. Some libraries did not meet this cut-off and were 
therefore excluded from miRNA identification. The table contains the following 
samples for the ES from larval stages: two biological replicates for vector-derived L3s 
(vL3s), and eight biological replicates of microfilariae (mf). The following samples 
for the ES products from adult stages are also included in this table: two biological 
replicates of pre-gravid adult females (pgAF), ten biological replicates of adult males 
(AM), and twelve biological replicates of gravid adult female worms (gAF). 
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7.2 Chapter 4 
7.2.1 Supplementary table 4.1 – RNA diversity and Prediction 

of known and novel L. sigmodontis miRNAs in gravid 
adult female ES products obtained in vitro at early (0 - 
24h) and late time points (48 - 72h) 

Supplementary file 4.1.xlsx is available on the CD 
This table contains two sections:  

1) RNA diversity in the in vitro ES products from gravid adult female worms 
harvested at early (0 -24h) and late (48 – 72h) time points, five replicates in 
total for each time point. The reads were first mapped against the L. 
sigmodontis genome draft, the M. musculus genome and the Wolbachia 
genome draft, as described in chapter 2 - Materials and methods. The RNA 
diversity was determined on the reads that mapped perfectly and 
unambiguously to the L. sigmodontis genome draft. 

2) Prediction of known and novel miRNAs in the in vitro ES products from 
gravid adult female worms harvested at early (0 -24h) and late (48 – 72h) time 
points, five replicates in total for each time point. This table shows all the 
predictions (only predictions with a miRDeep2 score > 0 and with > 2 copies 
are included in the text). The prediction of miRNAs was conducted with reads 
that mapped perfectly and unambiguously to the L. sigmodontis genome draft. 
We set up an arbitrary cut-off 100,000 L. sigmodontis-specific reads for a 
robust miRNA identification. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 7 

 183 

7.3 Chapter 5 
7.3.1 Supplementary table 5.1 - Diversity of RNA biotypes 

detected in serum, body cavity exudates (PEC/PLEC), 
and adherent cells from naïve and infected gerbils  

Supplementary file 5.1.xlsx is available on the CD 
This table shows all the RNA biotypes detected in the small RNA libraries prepared 
from total RNA purified from serum, body cavity exudates (PEC/PLEC) and 
macrophages form naïve (n = 3) and L. sigmodontis-infected (n = 5) gerbils, using the 
Rfam package. The reads were first mapped against the L. sigmodontis genome draft, 
the M. musculus genome and the Wolbachia genome draft, as described in chapter 2 - 
Materials and methods. The RNA diversity was determined on the reads that mapped 
perfectly and unambiguously to the L. sigmodontis genome draft. 
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7.3.2 Supplementary table 5.2 – Prediction of known and 
novel L. sigmodontis miRNAs in serum, body cavity 
exudates, and adherent cells from naïve and infected 
gerbils 

Supplementary file 5.2.xlsx is available on the CD 
This table shows all the predictions (only predictions with a miRDeep2 score > 0 and 
with > 2 copies are included in the text). The prediction of miRNAs was conducted 
with reads that mapped perfectly and unambiguously to the L. sigmodontis genome 
draft. We set up an arbitrary cut-off of 10,000 L. sigmodontis-specific reads for a 
robust miRNA identification. Some libraries did not meet this cut-off and were 
therefore excluded from miRNA identification. The samples included in here are 
derived from total RNA purified from serum, body cavity exudates (PEC/PLEC) and 
macrophages form naïve (n = 3) and L. sigmodontis-infected (n = 5) gerbils. 
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7.3.3 Supplementary table 5.3 – miRNA candidates found in O. 
ochengi nodules and comparison to Loa loa and O. 
ochengi miRNA candidates reported by Tritten, et al. 
Molecular & Biochemical Parasitology, 2014.  

Supplementary file 5.1.xlsx is available on the CD, or at: 
https://static-content.springer.com/esm/art%3A10.1186%2Fs13071-015-0656-
1/MediaObjects/13071_2015_656_MOESM2_ESM.xlsx 
This table shows all the predictions (only predictions with a miRDeep2 score > 0 and 
with > 2 copies are included in the text). 
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7.4 Extracellular Onchocerca-derived small RNAs in 
host nodules and blood 

Juan F. Quintana, Benjamin L. Makepeace, Simon A. Babayan, Alasdair Ivens, 
Kenneth M. Pfarr, Mark Blaxter, Alexander Drebrah, Samuel Wanji, Henrietta F. 
Ngangyung, Germanus S. Bah, Vincent T. Tanya, David W. Taylor, Achim Hoerauf, 
Amy H. Buck 
Parasites & Vectors (2015), 8(1): 58 
Available at: https://parasitesandvectors.biomedcentral.com/articles/10.1186/s13071-
015-0656-1#Sec8 
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7.5 Small RNAs and extracellular vesicles in filarial 
nematodes: From nematode development to 
diagnostic applications 

Juan F. Quintana, Simon A. Babayan, Amy H. Buck 
Parasite Immunology, (2017) 39(2): e12395. DOI: 10.1111/pim.12395 
Available at: http://onlinelibrary.wiley.com/doi/10.1111/pim.12395/abstract 
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