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ABSTRACT

Since its first characterization in 1998 in the free-living nex@Caenorhabditis elegans
RNA interference has been considered a powerful reverse getwildo investigate nematode
biology. But to date, current RNAI protocols for parasitic nematbees proven unreliable and

inconsistent.

We established an alternative RNAI protocol targeting tlaeidil nematodddrugia malayi
in-host whereby the parasites are exposed to RNAI triggertheas develop within the
intermediate host, the mosquAedes aegyptiUsing thisin vivo RNAI protocol, we successfully
guantified the suppression of fiBe malayigenes associated with known or putative drug targets.
Administration of a random exogenous dsRNA resulted in no phenotypic addit@sn

demonstrating the specificity of tihe vivo RNAI protocol.

In vivo RNAI experiments revealed that the cathepsin L-like cystpino¢easeBm-cpl-1
plays a role in worm migration, survival and overall health. Supipress Bm-cpl-1resulted in
inhibited worm motility and capacity to properly navigate to thadhéor transmission thus
abolishing the transmission potential of the woBm-cpl-1 suppression also affected worm

development as evident by a reduction in worm lengthBwstpl-1suppression.

The potential of then vivo RNAI protocol to aid drug development was further validated
using four known or putative drug targets of inter@stubulin Bm-tub-J, a glutamate-gated
chloride channel alpha subunBri-GluClu3A), a G protein-coupled acetylcholine receptor
(Bm-gar-3, and a FMRFamide-like peptidBra-flp-21). Suppression of these genes resulted in a

combination of decreased motility, worm survival, migration, and wgyhysiological

www.manaraa.com



Xi

abnormalities verifying or validating each of the four drugegs potential for anthelmintic drug

development.
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CHAPTER 1. INTRODUCTION

I. BRIEF OVERVIEW OF THE CURRENT SITUATION IN PARASITIC

NEMATODES

Parasitic nematodes pose major economic and health problems to humarads,aand
plants globally. It is estimated that over 2 billion people, mamlghe developing regions, are
infected with one or more species of parasitic nematode [1]. Hunmasitm@infection leads to
varying degrees of morbidity for the infected individual. In the aafsthe filarial nematode
Onchocerca volvulysthe circulating microfilariae beneath an infected individuaks san
causes debilitating adverse effects ranging from itchingvers dermatitis and vision loss [2].
Persistent infection with gastrointestinal parasitic nematadesumans is associated with
chronic and long term health problems such as anemia, stunted gnoamvitipnal deficiency
and cognitive deficiencies [3, 4] which can lead to lifelong esbseffects. Pre- and school aged
children tend to harbor the greatest parasite burden than anyrage [@]. As a result, the
negative health impact for these children can be chronic and ldimggld%]. For example,
hookworm infection in children can lead to reduced memory and cognitiore$d]ting in
diminished educational performance, school attendance [5], and ulynaatelduction in the

future wage-earning capacity [6].

Aside from the detrimental effects parasitic nematodes haveiman health and quality of
life, they also inflict a heavy toll on economics. For example pdrasitic roundwormfscaris
suum which inhabits the pig intestine, results in an estimated $1550mi#iconomic loss
annually in the US swine industry alone [7, 8]. In agriculture, ¢osp due to plant parasitic

nematodes is estimated to be over $100 billion annually [9].
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The health implications associated with parasitic nematoedesgnificant. In the absence of
effective vaccines to prevent and guard against infection in both humdasnanals, the burden
of controlling parasite infection and alleviating symptoms fall€lmemotherapeutic drugs [10].
Although a variety of anthelmintic drugs are currently availableh as ivermectin,
benzimidazoles, and levamisole [11], in comparison to the number and tgivargarasitic

nematodes, the available drugs are few.

To further complicate the matter, the development of new anth@ndnigs is slow in
coming. Of the 1,556 new chemotherapeutic compounds brought to market b&8véeand
2004, only two, albendazole and ivermectin, were developed to treat humaaitipaematodes

[12, 13].

The limitation mentioned above is evident in lymphatic filasar which available
chemotherapeutic options are limited to two drugs, ivermectin attytbarbamazine (DEC)
[14]. While both drugs are efficient in eliminating the micrafde from the host body, neither

can eliminate the adult parasite from the host [15 - 17].

Intensive use of the limited drug types in veterinary health havego instances of drug
resistance with resistance reported for broad spectrum anttiesnsuch as albendazole,
levamisole, and ivermectin as well as to narrow spectrum anttigssuch as closantel [18].
Although to date no anthelmintic drug resistance has conclusivety dm®imented in human
health, the potential is a continual concern. For example, the nicatieiylcholine receptor
targeted drug, levamisole, was introduced in 1970 and resistaregeparted in 1979 in

Trichostrongylus colubriformisnd Ostertagia circumcinctg10, 301]. Similarly, one of two
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available drugs for filarial worm control, ivermectin, was intraetban 1981 and resistance was

reported seven years later in 198&@memonchus contorty40, 302].

Similar situations have been documented for the various othersperum anthelmintics

such as benzimidazole and a relatively recently introduced macrocyclic lattoxieectin [10].

The limited number and effectiveness of available anthelmintigsdragainst parasitic
nematodes, along with the potential for drug resistance, brinlgghtahe urgent need for new
and more effective anthelmintic drugs. But the development of new nam@ -efficient
anthelmintic drugs requires a thorough understanding of both parasitatote biology and the

mode of action of currently available drugs.

The paucity of understanding of the mechanism of action for amithted drugs is evident in
the case of the filarial worms where the pharmacologicalerf action for ivermectin and DEC
is not fully understood [19]. Although ivermectin has been found to scharaagonist at
invertebrate glutamate-gated chloride channels [20], paradoxidalyn vitro treatment of
cultured microfilariae with ivermectin at pharmacologicalBlerant concentrations did not
produce an effect consistent with our understanding of this channelTRa$ the effect of
ivermectin on filarial worms may not be primarily a result astion mediated through the
glutamate-gated chloride channels as is more likely the gasadult and larvae of other
gastrointestinal and lung worms that exhibited inhibition of both bodyomaind feeding when
treated with the drug [19]. Similarly, the mode of action for D&&r over 60 years of use
remains a mystery [19]. To date no candidate receptor for DEsChéen found [19]. In 2005,

McGarryet al.found pharmacological and genetic evidence that implicates DE Ccitberavith
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both host arachidonate- and nitric oxide- dependent pathways in elitigranti-filarial effect,

but how DEC interacts with these pathways remains unknown [22].

In conclusion, parasitic nematodes inflict debilitating and poteyntigédlong morbidity and
mortality on infected individuals as well as cause global econlmsses [8, 9]. With the limited
guantity and effectiveness of available drugs, new drugs needdevieéoped. In order for the
efficient development of new and novel anthelmintic drugs to combasiparaematode
development, better understanding of parasitic nematode biology and pblaggaaf current
anthelmintic drugs is needed. One family of parasitic nematb@ésstin need of more potent

and efficient anthelmintic chemotherapeutic agents is filarial nematodes
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[I. BRIEF INTRODUCTION TO THE LYMPHATIC FILARIASIS PROBLEM

Lymphatic filariasis (LF) is a disease caused by flariematodes, primarilyWuchereria
bancrofti (90% of cases) anBrugia malayi(10% of cases) [23], which are transmitted through
the bite of infected mosquitoes. In 1997, the World Health Organizationifide lymphatic
filariasis as the second leading infectious cause of permanénomrg-term disability [24], and
the World Health Assembly’s International Task Force for Riee&radication identified

lymphatic filariasis as one of six potentially eliminable diseases [25]

It has been estimated that 120 million people, or approximately 2Be @flobal population,
are infected with LF and 1.2 billion at risk of infection in 81 enidgerountries [24, 26]. LF is a
health problem that has accompanied humans throughout history [27] caugiping

morbidity and debilitating stigmatization that perpetuates socioeconortabiiity.

A. Pathogenesis of Lymphatic Filariasis

Filarial worm infection causes damage to the individual’'s lympkeaysand induces lymph
vessel dilation [28-35]. Damage to the lymphatic system isedadsy a combination of
mechanical [36, 37] and induced [28-35] damage. The subsequent releaseoblani larvae
further stimulates lymph vessel dilation as the host innate immes@onse is triggered by
phagocytosis of degenerating microfilariae [28, 32, 35]. Furthernantegen from the filarial
worm endosymbionWWolbachia also contributes to the pathogenesis of lymphatic filariasis

through stimulation of host immune responses [38].

Despite damage to the lymph system, most infected individuals do welogeclinical
symptoms and in many cases, these individuals are unaware thaaréha@yfected [23]. In

general, these individuals tend to have high parasitemia (as medsucirculating microfilariae,
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the stage of the parasite that is taken up by the vector) dadraregulated immune response

associated with the significant lymph damage, despite a lack of visibleatbyimptoms [39-43].

Among infected individuals in endemic regions, approximately 12.5% exbiinical
symptoms, primarily lymphedema [44], where the lymph vessels bedibabed and inefficient
at transporting lymph leading to fluid extravasation into the surroundisgues [38].
Lymphedema can occur in the legs and arms of the infected indiviudt can also occur in
the breast as well [45]. In addition to the accumulation of fluichedrm, leg, breast and/or
scrotum resulting from an impaired lymph system, bacterial tiofe®f the skin and lymph
system readily takes place resulting in pachyderma, the thickanid hardening of the affected

skin [52].

B. Socio-Economic Impact of Lymphatic Filariasis

It is estimated that 5 million Disability Adjusted Life Yea(DALY) are lost yearly to
lymphatic filariasis [53]. The annual economic loss due to LF disalis estimated to be
approximately $1 billion but these estimates are likely underattd [53]. A study comparing
the productivity of male weavers in rural India determined that a 2pdiuctivity loss is

attributed to chronic LF [54].

In addition to the economic loss associated with chronic filar@am infection, the infected
individual also faces significant social stigmatization. Sshame, fear, and embarrassment are
common psychological traumas endured by infected individuals [55]. Indisidugport
suffering from shame and suicidal thoughts, and marriages aredst/oid of physical intimacy

[55].
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In conclusion, LF causes significant morbidity as a result of dan@the lymph system of
infected individuals, and significant economic losses to the communigddition, for the 40
million infected individuals that exhibit clinical symptoms of lymapib filariasis such as

elephantiasis and hydrocele, social stigmatization is a daily burden.

C. Biology / Life Cycle ofBrugia malayi

The development of juvenile microfilaria to the infectious L3 attakes place within the
mosquito intermediate host while maturation and propagation occur in hamdaa few other
mammalian definitive hosts [56]. There are several genarosfjuitoes that are natural vectors

for the filarial worms that cause LF, includindedes, Anopheles, CulendMansonia[56].

Larvae Development within the Mosquito Intermediate Host

Susceptible mosquitoes become infected with filarial worms ityesting juvenile
microfilariae during the blood meal. Once ingested, the micrizfdasense temperature and
environmental changes [57-60] and quickly penetrate the midgut epithslich that they gain
access to the hemocoel within hours of ingestion [25]. Once thefil@ioae penetrate through
the midgut epithelium, they migrate in the hemolymph toward the ticaragsculature [56]. At
the thoracic musculature, the microfilariae penetrate anduakerborage within indirect flight
muscle cells and differentiate into non-feeding sausage-shapdanlae [56, 62]. Within the
infected indirect flight muscle cell, the parasite undergoesLihéo L2 molt. The L2 stage
parasites actively ingest mosquito cellular components and mulépéra times in size before
undergoing one more molt into the L3 infectious stage and exit th@~mure 1) [61]. Filarial
worm parasites within the mosquito host grow several times énfom a microfilaria of ~200

um to the infectious L3 larva of ~ 1,3%@n in length [62]. The development from microfilariae
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to L3 infectious parasite within the mosquito takes approximdt@lyo 12 days depending on

environmental factors such as temperature [56].

Ultrastructural studies of infectefledesflight muscle cells reveal that the cell undergoes
nuclear enlargement, indicative of a repair response, while thasifgadevelops within the cell
[61]. But once the developing larvae mature to the L3 stage atsl thei cell, the severely
compromised cell undergoes degeneration [61]. Upon exiting the infligihdétmuscle cell, the
L3 infectious parasites migrate to the head and proboscis of the toostpere they wait until
the mosquito takes a blood meal [56]. During the blood meal, the L3xiilby penetrating
through the labellum of the mosquito proboscis onto the host skin residinigp \&i drop of
mosquito hemolymph [56]. The infectious L3 parasites then infect th@mimammalian host

through entry by the mosquito puncture hole [56, 62].

Filarial Worm Development within the Mammalian Host

Within the human/mammalian host, the infectious L3s migrate tdythphatic vasculature
where they undergo two additional molts into L4 then adult worms ¥8thin the lymphatics,
the mature male and female filarial worms, whose life gpaB-15 years, mate. The mated
female worms then produce large quantities of immature progergfilariae that are released
into the blood stream for a new mosquito host to take up and perpetuatengmission cycle

(Figure 1) [63].

In summary, microfilariae released by adult female filamsorms are taken up by
mosquitoes during a blood meal. Microfilariae develop into infectiousnLhe course of
roughly two weeks within the mosquito intermediate host. Upon blood feedan@mfectious L3

exit through the proboscis of the mosquito and enter the mammalianshasthe puncture hole
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made by the mosquito. Once inside the mammalian host, worms develdpeiaidult lymphatic
filarial worm and reside within the host lymphatic systemupwards of 15 years. Within the

host lymphatic system, mated female filarial worms withduce progeny and perpetuate the

cycle.
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Figure 1: Brugia malayi life cycle. (1) The infective mosquito carrying infectious

L3 Brugia malayilarvae (~1,35@m in length) takes a blood meal. The L3 larvae
burrow out of the mosquito’s proboscis onto the host skin and reside in a pool of
mosquito hemolymph. The L3s enter the host via the mosquito puncture hole and
migrate to the host lymphatic system where they undergo ddai@al molts

into L4 and finally adult parasites. (2) Within the lymphatics,ttade and female
Brugia malayimate and the female produce microfilariae (mf) of approxipat

200 um in length. (3) The mf migrates into the lymph and blood streanAr{4)
uninfected mosquito takes a blood meal from a microfilariamic indiVigikéng

up the mf. (5) The ingested mf rapidly penetrates through the migghekum

within 2 hours and migrates toward the thoracic musculature. (&ofiliciae
penetrate and take harborage within the indirect flight muscle arel
differentiate into non-feeding L1 larvae 6 hrs to 3 days post mosauéoction.

The L1 larvae molts into the L2 larvae, which actively feed bffaicellular
component 3 to 5 day post mosquito infection. (7) The L2 larvae molt into
infectious L3 larvae. (8) The developmentally arrested L3 lagxéethe indirect

flight muscle cell and migrate into the head and proboscis of thentmsuito
starting as early as 8 days post infection depending on environmentition.
Images from Ericksonet al. (2009) [62] and CDC (2010) [76]. Images

reproducible under the Open Access Creative Commons Attribution License.
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D. Global Effort in the Control of Lymphatic Filarial Infection

Despite decades of effort and promising research results [64-68fcine against a filarial
worm has yet to emerge. Vector controls have been considered and pffaative in certain
geographically isolated locations such as the Solomon Islands Wwb#ranalaria and filarial
worm transmission have been reduced, with prevalence of miceofilareduced to less than 2%
[70]. Unfortunately, vector control is both labour intensive and costly [The rapid
development of insecticide resistance further challenges thessuo€ vector control programs
[72]. Despite its draw backs, vector control when accompanied with cherapeutic drug
treatment have been shown to be significantly more effedtiveearupting transmission than to
vector control alone [300]. Thus it would appear chemotherapy will contpky an integral

role in transmission control [68, 300].

Chemotherapeutic Efforts

Prior to the Global Programme to Eliminate Lymphatic Filasid&PELF) and associated
Mass Drug Administration (MDA) programs, chemotherapeutic cordfdlymphatic filarial
worm transmission for mass population in endemic regions relied oansthef 0.1 to 0.4%
diethylcarbamazine (DEC) fortified salt. This concept west firtroduced in 1967 and employed
in Brazil when Hawking and Marques found that DEC is stable even @bking [73]. This
method has since been successfully carried out in parts of ChimagnTrand India [74]. In one
county in Shandong, China, the use of 0.24% DEC fortified salt reduced didilaiemia rate
from 9% to less than 1% after 6 months of use [74]. The succeds@fdtified salt programs
requires considerable effort to ensure the cooperation of salt mamataand local officials as

well as the effective prevention of individuals acquiring non-medica#dt, as in the case of
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Papua New Guinea where food is often prepared using seathatehy rendering the use of

DEC fortified salt ineffective [72].

DEC, which has been used to treat filarial infection since 1947 [75], is widelyrusegions
not co-endemic with other filarial worms such @schocerca volvulusvhere its useis
contraindicative as it can lead to severe and fatal post-weatmeactions [72]. DEC
administration to patients who also have onchocerciasis have ledlde tavorsening of
onchocerciasis related vision-loss [76]. In co-endemic regionsnéecatin is used in place of
DEC [45]. The use of ivermectin on patients co-infected Witlvolvulusis generally safe but in
rare incidences serious and sometimes fatal adverse reabwesoccurred [19], but the

pathogenesis for this toxic syndrome in humans has yet been resolved [77, 78].

The current Global Programme to Eliminate Lymphatic Filari@SRELF) effort to alleviate
morbidity and eliminate transmission of the lymphatic filawarms uses annual administration
of oral anti-filarial drug combinations to endemic or at risk comtesithrough the MDA
program [79]. Depending on the co-endemic situation, either DEC or iggnnie given in
conjunction with the benzimidazole anthelmintic, albendazole [24]. Albetelamministered
alone to infected individuals appears to be ineffective as eitheniaofilaricide or
macrofilaricide, but when administered together with ivermectiDEeC, albendazole appears to

enhance the effectiveness of the two drugs [80].

GPELF Progress, Success and complications
In the first 8 years of the GPELF program from 2000 to 2007, appately 570 million
infected and at risk individuals in 48 lymphatic filariasis endernimtries were treated through

the MDA program. Based on the report an estimate of approxyr@&a@imillion newborns were
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spared filarial worm infection [81]. An added benefit of the MDAguemn is that ivermectin
ingested from a treated individual by mosquitoes resulted in dedre#agsquito survival rate

and fertility [82, 83, 84] thus reducing the number of vector hosts for filarial wonsntiasion.

Despite the success of GPELF reported so far, there is no comyiecidence that the
GPELF goal of complete lymphatic filarial worm eliminatiomdse achieved [45]. For one, the
lack of cooperation or inappropriate use of anti-filarial drugstogisk or infected individuals
poses a significant challenge for the success of the GBEigfam. In the case of patients in the
Colombo district of Sri Lanka, only 61% reported taking the recomniemeC treatment
course [299]. Further challenges to the GPELF program effort aiig®n socio-economic
troubles such as regional conflicts and famine force infected pamdat migrate into regions

without MDA coverage.

Problem with Current Chemotherapeutic Drugs

To complicate matters further, at present DEC and ivermaggithe two only drugs safe for
human use without incurring any serious adverse side effects. Unteffubath drugs are only
effective as microfilaricides. Unlike ivermectin, which appeao have little to no
macrofilaricidal activity against adult filarial worms, DHE@s been found to kill up to 40% of
the adult worms [45, 86, 87], but this macrofilaricidal activityD&C is insufficient to cure an

infected individual.

To date, the mechanism of action for ivermectin and DEC remainstaincdvermectin has
been found to act on glutamate-gated chloride channels in free-livingtoges as well as
certain gastrointestinal parasitic nematodes, inhibiting the ityatitd feeding capacity of these

worms [19, 20]. In culture, microfilariae of human lymphatic filarrematodes appear
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unaffected by clinically significant concentration of ivermedf2l, 88, 89]. The reason for this
has yet to be resolved. Thus the pharmacological basis for thefifararidal effect of
ivermectin remains poorly understood. Similarly, the pharmacologasat of DEC, which was
introduced in 1947, remains a mystery. Recent work by McGargy. found pharmacological
and genetic evidence implicating the host arachidonate- and exide-dependant pathways in

the microfilaricidal and limited macrofilaricidal effect of DEC [22]

In conclusion, lymphatic filariasis causes significant socmemic losses and morbidity.
The GPELF effort to eliminate lymphatic filariasis relien the mass drug administration of
either ivermectin or DEC, the two only anti-filarial drugs italde, along with albendazole
which have been found to enhance the potency of the two anti-filkmgls. Due to the
effectiveness of ivermectin and DEC only as a microfilaricite only current option for
eradicating lymphatic filariasis is to prevent worm transioissThis does not do much for the
12.5% of the 120 million infected individuals suffering from lymphadebae to the long
lifespan of adult filarial worms and problems associated withematoncompliance, the
availability of an efficacious microfilaricide would both simplifgontrol and facilitate
eradication. Limited understanding of filarial worm biology andrtiade of action for existing

drugs challenge our ability to develop more effective anti-filariagsiru
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[ll. A BRIEF OVERVIEW OF RNA INTERFERENCE

First characterized by Fiet al.in 1998 on the free-living nemato@aenorhabditis elegans
RNAI allows investigators to suppress specific genes of intessg RNA triggers to mediate
target-specific mMRNA destruction resulting in transcriptiosigbpression [94]. This relatively
new technique provides a simple and inexpensive tool for reverseicgenat difficult to
manipulate organisms such as parasitic nematodes [90-92]. Déspd#ficulty experienced so
far, RNAI in parasitic nematodes has the potential to assitiaidating the biology of parasitic
nematodes and anthelmintic drug mode of action paving the way for telopieent of new and

more efficient anthelmintic drugs.

A. The RNAi Mechanism

RNAI is elicited either when exogenous long double-stranded RNRNAS3 is introduced
into the cell or when endogenous dsRNA / short hairpin RNA (shRMA)produced
intracellularly, and then processed into short interfering RNRNA) duplexes of 21~23 base
pairs (bps) in length, called primary siRNA, by the RNasethidloribonuclease enzyme Dicer.
Synthetic siRNA can also be applied exogenously to bypass Bixkisubstitute for primary
siRNA. Primary siRNA can either be incorporated into the RMéiced Silencing Complex
(RISC) or be used in RNAI signal amplification through RNA Dejent RNA Polymerases
(RARP) to produce secondary siRNAs [95, 96]. Gene specific suppressielicited via
targeting mMRNA cleavage by RISC which consists of the incogpbrsiRNA guide strand and
several other essential components, one of which is a catatgiimaute protein (Figure 2) [95,

96].
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Figure 2: RNAI Pathway. Exogenous siRNA or dsRNA is taken up into the cell

whereby DICER processes dsRNA into primary SiRNA. RNA DepenB&A
Polymerase (RdRP) utilizes the primary siRNA or exogendidAias template
for RNAI signal amplification. The amplified siRNA (SecondasiRNA),
Primary siRNA and/or exogenous siRNA is incorporated into tha&-Riduced
Silencing Complex (RISC) to mediate gene specific suppressiacough

cleavage of the target mRNA.
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B. Uptake of RNAI Trigger

The mechanism of dsRNA uptake, or how the exogenous RNAI triggers ehtercell, is
most extensively studied i€. elegans Among the currently identified proteins mediating
dsRNA uptake is Systemic RNA Interference Deficient (2088, 102]. SID-2 deficienC.
elegansmutant are resistant to both RNAI via soaking and feeding, butdufigeptible to both
the microinjection and transgenic RNAI methods [98]. ExpressingelegansSID-2 in C.
briggsae which is refractory to environmentally supplied RNAI triggersstares RNAI
susceptibility, but expression of tl& briggsaeortholog of theC. elegansSID-2 protein inC.

elegansSID-2 mutants does not rescue the dsRNA uptake capability [98].

Several other protein families related to the dsRNA uptake meshamave been found:
Feeding Defective (FED) [103] and RNAIi Spreading Defective (RBD)}]. Both FED and
RSD family mutants are refractory to RNAI induced by fegdim dsRNA-producing bacteria
[103, 104]. Based on the structure and interaction of RSD family psoitewould appear that

ingested dsRNA is endocytosed by vesicles through the gut lumen [105, 106].

C. Dissemination of RNAI Signal

Studies done by Feinberg and Hunter using trans@enetegansxpressing GFP in both the
pharynx and body wall muscles demonstrated the capacity f&MN#n trigger, introduced by
bacteria feeding, to disseminate to the body wall muscles [EQBher experimentation on SID-
1 mutants showed that with SID-1 mutants only GFP expression phéngnx (site of dsSRNA
uptake) was silenced indicating an incapability to dissemim&esitencing signal [108]. Thus

SID-1 is important for the systemic spread of RNAI trigger.
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To determine whether SID-1 is responsible for the export or ingddRiNAI trigger, SID-1
protein was functionally expressedbmosophilacells, which lack both an SID-1 homology as
well as efficient dsSRNA uptake mechanism [109], enabled rapid uptake obeméntal dsSRNA
[109]. The presence of the RNAI trigger cellular export mechamasbeen confirmed [105],

but its identity remains elusive.

D. Primary siRNA Biogenesis

Before RNAI can take place, the internalized dsRNA need tiirdt processed into short
(21 to 30 nucleotide) siRNA duplexes [113-117]. The processing of dsRMASIRNA is
primarily mediated by the Dicer complex which contains the ~20® RNaselll enzyme, Dicer.

[118].

In C. elegansfour components form the Dicer complex [204] to process long dsRNA into
short siRNA [119, 120, 204]: the dsRNA binding protein (dsRBP) Rde-4, thé (PAwi,
Argonaute and Zwille)-PIWI (P element-induced wimpy testeg)oAaute protein Rde-1, the
catalytic enzyme Dicer, and a DexH Box Helicase Drh-iguffe 2). Following siRNA
processing, the PAZ-PIWI Argonaute protein, Rde-1, binds to the proceis86A duplex and

transports it to appropriate downstream RNAI pathway complex [170] (Figure 3).
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Figure 3: Schematic representation of the siRNA synthesimechanism.In C.
elegans exogenously supplied dsRNA is processed into siRNA by the Dicer
Complex consisting of the dsRNA binding protein (dsRBD) Rde-4, the PAZ (Piwi,
Argonaute and Zwille)-PIWI (P element-induced wimpy test@syjonaute
protein Rde-1, the catalytic enzyme Dicer, and a DexH Boxcatsdi Drh-1. The
PAZ-PIWI Argonaute protein, Rde-1 binds to the siRNA products andpwaiss

them to downstream elements of the RNAI pathway.
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The Catalytic Enzyme Dicer

The endonuclease Dicer protein, which functions as a monomer [116], carfSist®
conserved RNase Il domains, a dsRBD located in the carboxwinigs, an amino terminal
DExH/Helicase-box domain, a small domain DUF283 of unknown function, ad& al®main

[125].

Incorporating Exogenous dsRNA onto DICER Protein

The exogenous dsRNA, which tends to be blunt on both ends, initially undemgoes
nonspecific cleavage to produce 3’ dinucleotide overhangs thus allowwmbetanchored in the
3’ overhang binding pocket of the PAZ domain [12®A]vitro studies on human Dicer indicate
that Dicer produces siRNA unidirectionally from one end of the dsRbdbstrate to the other

through processive dicing [128].

PAZ Domain of Dicer
The PAZ domain, which contains roughly 130 residues, serves to anchoréhd 8f the
dsRNA, rendering it stationary and thus making it possible for subsequiéing of the dsRNA

to produce siRNA of a fixed length [129].

DExH/Helicase Box Domain of Dicer Protein
Kinetic analysis on wild type and mutant human Dicer complex iteScahat the
DExH/Helicase-box domain function to inhibit Dicer catalyticiatt since removal of the

DExH/Helicase-box domain from Dicer increased Dicer production of sijN2% 130].

Internal Molecular Ruler of Dicer
In Dicer the distance between the PAZ and the two RNasellbhi@nacts as a molecular

ruler [127]. InGiardia intestinalisDicer, the distance between the PAZ and the two RNaselll
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active sites is 65A, equivalent to a 25 nucleotide long RNA duplex, vidiekactly the same
length asG. intestinalisDicer's siRNA product length [127, 205]. This was validated using
truncated G. intestinalis Dicer complex lacking the PAZ domain, which resulted in the
production of siRNA products of varying length [127, 205]. This explainsvtretion in

product size across different organism species and Dicer enzymes.

E. Secondary siRNA / RNAI Signaling Amplification

In C. elegansprimary siRNA generated by Dicer is further amplified via a cytopi@RkNA
Dependent RNA Polymerase (RdRP) [131, 132, 135-137]. This amplificatipnvehich occurs
in the presence of target mMRNA, is essential in elicitimegRNAI effect inC. elegansdecause
inhibiting secondary siRNA synthesis resulted in a lack of RNAL-133]. Using transgenic.
elegans over-expressingunc-22GFP chimeric mRNA at the intestine, Jose and Hunter
demonstrated the presence of RNAI signal amplification when22 mutant phenotype was
observes with GFP suppression despite the laaknof22 functions at the site ainc-22GFP

expressionync-22function in the body wall muscles) [100].

In C. elegans, the Argonaute Protein Rde-1 Transports Primary siRNA from Dicer

Complex and Recruit the Formation of RDRP Complex to Make Secondary siRA

In C. elegansthe PAZ-PIWI Argonaute protein Rde-1 selectively binds to tR&lAi strand
that is thermodynamically less stable at the 5 end caledguide strand [138, 139] and
dissociates from the Dicer complex [204]. The dissociated RdesiRMA duplex complex
triggers the formation of the secondary siRNA amplification nreatyi to produce secondary

siRNAs (Figure 4) [140].
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Figure 4: Secondary siRNA SynthesisThe PAZ-PIWI Argonaute Rde-1 binds
to Dicer produced primary siRNA and dissociates from the Dioenflex. Rde-1
triggers the formation of the RNA Dependent RNA Polymerase FRARARP

attaches onto a target mMRNA and produces RNAI signal aogtidn in the form

of secondary siRNAs.
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In the Rde-1 assembly, the passenger strand can be viewed asdthsttand’s first RNA
target [138, 139, 158]. After discarding the passenger siRNA strand@pttiermation of the
Argonaute protein is one where the seed region (bases 2 to 6 fr&retie of the guide strand)
is arranged so that it is fully exposed and protruding outward rtbvlae intracellular

environment [166, 167] allowing for the efficient locating of target mRNA [168].

Upon binding to a target mMRNA, bases 2-8 of the guide strand starting from tict form a
Watson-Crick paired A-form double helix with the complementaryoregf the target mRNA
[168, 169]. Simultaneously, RDE-1 recruits the amplification machifRP to the target
MRNA to perform unprimed RNA synthesis of secondary siRNA [114, I38. secondary
siRNA is characteristically different from primary siRNA that it possess a 5’ triphosphate as
opposed to a 5 monophosphate end [114, 133], it is slightly shorter irhl&émmt primary
siRNA, and it cleaves target mRNA more efficient than prim@RNA [170]. The secondary
siRNA can either re-enter the RARP associated pathway befuanplify the RNAI signals or it

can be incorporated into RISC and facilitate in RNAI mediated mRNA clea%@@é [

Regulation of the Secondary siRNA Synthesis Mechanism

The existence of a secondary siRNA synthesis mechanism appdersan essential step in
the RNAiI machinery, but it needs to be carefully controlled to preadverse problems such as
amplification of off-target silencing signals in the absencamfet mMRNA. To guard against this,
the RARP amplification mechanism only takes place in the presémaeyet mRNA [133, 171].
To prevent the exponential growth of RNAI triggers leading toigtert gene suppression, a
class of argonaute proteins called Secondary Argonaute Pro@iG(Q), which lack the

catalytic residues for cleaving target mRNA, bind to and rethue@umber of available siRNA
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for further amplification [172]. Other RNAI control mechanismgsexo prevent escalating

RNAI signal amplification and they will be discussed later.

F. RNAI — induced Silencing Complex (RISC)

RISC is the heart of the RNAi machinery. RISC identifies amd$io target mRNA using
the incorporated siRNA guide strand and carries out endonucleolydicage of target mRNAs.
The cleaved mRNA is then released and degraded through exonudieasg eesulting in the

reduction of post-transcriptional gene expression [118].

As with secondary siRNA synthesis, siRNA duplexes are bbawnlea selective orientation
based on the asymmetry rule [173], allowing the strand with the dlggmamically less stable 5’
end to serve as the guide strand [138, 139]. The asymmetry rule ih thieigguide stand is
selected depends on the thermodynamic stability of the firssdsbaf each strand [138, 139].
The incorporation of the siRNA duplex requires the aid of the RI8&ing Complex (RLC)

[174, 175].

G. RISC Loading Complex (RLC)

At the heart of RLC is the Dicer + dsRBP heterodimer [160, 161, 1@&he case of
Drosophila the absence of Dicer-2 and dsRBP R2D2 results in a deficieAt Rbichinery in
both in vivo and in vitro models [177, 178]But when Dicer-2 is restoretth vivo through
transgenic expression or supplemented with Dicer-2 and R2D2, the Rathimary is restored
[177, 178]. In addition to the Dicer-2 + R2D2 heterodimer,@nesophilaRLC appears to be
comprised of several other factors based on the slower migratioth gpertracteddrosophila

RLC on native gels [161, 162]. However, what these additional factors are remaigtesym
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Sontheimer and colleagues demonstrated that during SiRNA loading ddrésephila
Argonaute (Ago)-2, the Argonaute protein associates with Dicer-2R&RP in forming the
RISC complex [179]. The unique binding feature of the Dicer-2 + R2D&ddimer allows for
the preferential incorporation of the guide strand onto the Argonaateirp{138, 139, 180].
Dicer-2 holds the 3’ dinucleotide overhang of the passenger sttendt{and with the 3’ end at
the thermodynamically less stable end of the siRNA duplexjngahe 5 end of the guide
strand free to be incorporated onto the argonaute protein. At treetsae) R2D2 binds to the

more stable 5’ end of the passenger strand [138, 139, 180].

All Argonaute proteins identified to date contain a PAZ domain, whishahiarge binding
pocket for the 3’ dinucleotide overhang insertion [129]. Thereforamiost likely that in loading
the siRNA duplex onto Argonaute, the 3’ overhang of the guide stradhthevioaded into the
Argonaute PAZ domain which requires the 5’ end of the passenged strdoe immobilized by
R2D2. Similarly, the 5’ end of the guide strand whose complementasyh@ld by Dicer-2 is
incorporated into the deep pocket between the Argonaute MID andd®Wéin (Figure 5) [149,

150].
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Figure 5: Loading of siRNA duplex onto Argonaute.Dicer-2 of RLC binds to

the 3 end of the passenger strand (strand that does not have the %
thermodynamically less stable end) and R2D2 binds to the passéageliss5’

end. The Argonaute PAZ domain binds to the 3’ end of the guide strand and the
thermodynamically less stable 5’ end of the siRNA duplex id aethe pocket

between the MID and PIWI domain.
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H. RISC Function
As in secondary siRNA synthesis, once the guide strand isdaade the argonaute protein
of RISC, the passenger strand acts as a RNA target [158]. Bmpadsenger strand is cleaved

and discarded, the RISC complex is ready to actively seek out target mRN¥&stiarction.

The “seed region” of the guide strand, base pairs 2 to 6 frerd’tend, is arranged in a near
A-form conformation in the RISC complex protruding outward in an exposedtation [166,
167]. Upon complementary binding to a target mRNA, the PIWI domain oRAthenaute
protein initiates target RNA cleavage through nucleophilicktetween bases 10 and 11 of the

guide strand from the 5’ end [95, 154].

|.  Regulating the RNAiI Mechanism

While much has been pieced together about the mechanism leading uRiAtheediated
MRNA cleavage, very little information is known about how RNAI igutated. All
experimental data indicate that RNAI is transient with theeption of certain targeted genes in
C. eleganswhereby gene suppression is hereditary. At present, only bits anes poéc

information exist to give a glimpse as to RNAI regulation.

One regulatory process is the expression of siRNA degradatiosingauch as Enhanced
RNAI (Eri)-1 in C. elegans[181]. In Eri-1 mutants, the presence of higher than normal
concentrations of sSiRNA were noticed indicating either that nererslary siRNA are produced,
or siRNA degradation is inhibited. Because Eri-1 is an evolutionary conserveah mantéaining
a SAP/SAF-box domain and a DEDDh family exonucleases domainhighy probable that
the function of Eri-1 is siRNA degradation [181]. Furthermore the nésseles cells ofC.

elegans where Eri-1 is preferentially expressed, are refractoriRMAI, but in Eri-1 mutants
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exogenously supplied dsRNA can elicit RNAI [181]. Thus neuronal tisssistance to RNAI
may be partially attributed to Eri-1 degradation of silencrggéers and in doing so preventing

siRNA amplification and subsequent RNAI at a detectable level [181].

Another mechanism regulating RNAIi is adenosine deaminase. The medect of
Adenosine Deaminase that Acts on RNA (ADAR) mutates the adasosinthe dsRNA into
inosine. The progressively increasing amount of A-U pairs convertet) twobble pairs render
the deaminated dsRNA more and more resistant to Dicer [182, 183].ADWR, like Eri-1,
modulates RNAI by reducing the level of silencing trigger aldd for amplification and RISC
assembly. Without an adequate supply of new RNAI triggers, the afatemed RNAI
regulation methods would result in the eventual removal of RNAI trsgde addition, Tudor-

SN substrate binds to and promotes the degradation of hyper-edited dsRNA.
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V. HISTORY OF RNAI IN PARASITIC NEMATODES

RNA interference was originally characterized in the -fréieg nematodeCaenorhabditis
elegandby Fireet al in 1998 and emerged as a new technology to down-regulate targebfenes
interest using gene specific, double-stranded RNA (dsRNA) [94]RN technique has since
been demonstrated in various other organisms including protozoa [184, 185], ampl&6],
insects [187, 188], and mammals [189]. Based on the successful im@#oremtf RNAI in
numerous organisms, it is logical to try and transfer the techypdiar use in the field of

parasitic nematodes.

In C. elegansthe RNAI triggers (dsRNA or siRNA) can be delivered by ssvemethods:
microinjection, soaking, feeding of dsRNA-expressing bacteria, Brudr@poration. Although
all four methods are effective i@. elegansotherCaenorhabditisspecies such &s. briggsae
demonstrated varied susceptibility to both the soaking and bafdedang methods [190]. As

such, to date the “gold standard” for RNAi@aenorhabditisspecies remains microinjection.

In applying RNAI to parasitic nematodes of both human and veterinanest, the use of a
microinjection method would be impractical. In 2002, Husssiral. utilized RNAIi soaking
method on the rodent gastrointestinal parasitic nemaqu®ostrongylus brasiliensid91]. The
successful suppression of the secreted acetylcholinester@s@hE B) in adultN. brasiliensis
was achieved. 1799 bp dsRNA derived from the full length AChE BABdppressed AChE B
MRNA level by 80%. The suppression was immediate, beginning ofirshalay of dsRNA
exposure and rapidly returned to control levels over the next four Tlagsuse of a shorter 240
base-paired dsRNA that corresponded to the 5’ region of the AChE Bgcseljuence produced
a more potent suppression of over 90% and the RNAI effect persistegyiout the 6 day

culture period. Although no phenotypic abnormalities were observed insnafter either the
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long or short dsRNA treatment, this experiment provided thepiicgif that RNAI is feasible in

parasitic nematodes [191].

Following the success of Hussahal, Aboobaker and Blaxter successfully suppressed three
genes of interesB-tubulin Bm-tub-), RNA polymerase Il large subuniBifi-ama-}, and mf
sheath protein 1/mf22BmMm-shp-] in the adult filarial nematodBrugia malayiin vitro using a
soaking protocol. Suppression of all three target genes was cahfiisitegy non quantitative RT-
PCR with lethal phenotype observed for b&im-ama-land Bm-tub-1 dsRNA treatment of
eitherBm-ama-1lor Bm-tub-1both resulted in unhealthy worms with reduced motility and death
24 hours post dsRNA treatment began. Suppressi@meshp-1resulted in a marked decrease
in quantity of mf released in culture. Of the released mf, 50%b#&difully elongated sheaths

[112].

Following Aboobaker and Blaxter's successful demonstration of RNAithen filarial
nematodeBrugia malayj Lustigmanet al. in 2004 carried out a similain vitro RNAI
experiment on the human filarial nemato@e,volvulus to examine the role of cathepsin L and
Z like cysteine proteases in L3 to L4 molting. Unlike the prioo tRNAI experiments,
Lustigman et al. demonstratedD. volvulus uptake of dsRNA in culture medium by using
fluorescent-labeled Cy3 dsRNA for cathepsin L (cpl) and cathep&pzzcysteine proteases).
Cy3 labeled dsRNA was found in the esophagus and along the lengthintestame. In a few
worms, Cy3 labeled dsRNA was also found in the cuticular and hypodergians. Although
they did not perform RT-PCR to confirm RNAI mediated suppression, esgpn was
confirmed using immunoelectron microscopy. The immunostaining redigraficantly in cpl
and cpz dsRNA exposed L3 worms in comparison to control worms. Fudiegraxposure to

cpl or cpz dsRNA resulted in a 92% and 86% inhibition of L3 to L4 moltmgomparison to
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normal L3 to L4 morphological changes, the dsRNA treated worrasiieed under electron
microscopy revealed a lack of separation between the L3 catndéhe newly synthesized L4
cuticles. The successful use of RNAiI . volvuluswas another positive step forward
demonstrating the potential use of RNAI as an investigative t@ldying parasitic nematodes.
Unfortunately, Lustigmaet al. also noted that exposure to tieelegandhomologue of human
Rh protein,Ce-rhr-1, or O. volvuluscpz intronic sequend@v-cpz-int2 dsRNA also resulted in a
49.8% and 30% reduction in molting rate compared to control. This was aatiadithat RNAI
in parasitic nematodes may not be as target specific asops@vithought, or according to
Lustigmanet al. that it incurs the activation of a non-specific toxic effegta yet unknown

mechanism. [2]

With the successful demonstration of RNAI in three paras@matodes from 2002 to 2005,
interest in RNAI as a potential tool for studying parasigmatode biology increased such that
there were seven publications between 2005 and 2006. All seven publicati@es RNAI
soaking methods for dsRNA delivery with several groups also expltrengapability of several
other delivery methods as well. The results collectively sstgdethat RNAI in parasitic
nematodes may not be as straight forward as previous thouglmiemsowith reliability,

consistency, and susceptibility arose in some of the parasitic nemataasggamined.

In 2005, Islamet al. published work investigating an inorganic pyrophosphatase in the pig
gastrointestinal parasitéscaris suum(AsPPase L3 Ascaris suumwere soaked in a
concentration of 21g/ml AsPPase dsRNA containing culture medium for 24 hr and nraedta
in a dsRNA free culture medium for an additional 9 days. The dsR&Bment completely
abolished AsPPase mRNA level and immunofluorescence stainvepled that dsRNA

exposure reduced the native enzyme activity by 56.3%. dsRNA exp8seaddo demonstrated a
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reduced L3 to L4 molting by 31% compared to control inithatro molting assay. Exposure to

AsPPase dsRNA resulted in no morphological defects or adverse effect orviability [192].

Following the successful suppression of cathepsin L and Z-likeeingsprotease in the
filarial worm O. volvulus Fordet al. identified and investigated the function of a novel filarial
serine protease inhibitolOf-SP) on L3 stageO. volvulususing the RNAI soaking method
previously described. A 200-fold suppression of the target g@an&P| transcript was observed
and immunoelectron microscopy confirmed the reductiorOiRSPI expression. The RNAI
mediated suppression Gv-SPItranscript produced an 84.2% reduction in molting and a 39.4%
L3 mortality compared to control which exhibited only 2.2% mortal@tioser examination of
the dsRNA exposed L3s that failed to molt revealed incomplgi@agon between the L3 and
L4 cuticle. Similar to the previouS. volvulusRNAI experiment, L3 to L4 molting was affected
by non-target dsRNA though not as dramatically as with taliglRNA (dsRNA ofPlasmodium

falciparumgenePf-ebe-14(Mproduced a 24.7% reduction@ volvulusmolting) [193].

During that same year, RNAiI was carried out on the sheepomusstinal parasite
Trichostrongylus colubriformisissa et al attempted RNAi suppression of ubiquitin and
tropomyosin by soaking, bacteria feeding and electroporation methodsvaviting success
[194]. Feeding newly hatched L1 larvae in culture medium with bacéxpressing ubiquitin
produced no defect on larval development, but ingesting tropomyosin dsRNAsswrgre
bacteria resulted in a dramatic reduction in the number of wdewvsloped into the infective L3
larvae from approximately 80% exhibited by control worms to 20%ikerevious RNAI on
parasitic nematodes, Issa al. utilized dsRNA as well as siRNA to evaluate the soaking and
electroporation methods. For soaking and electroporation, only ubiquitin ssippress tested.

Soaking L1 in ubiquitin dsRNA resulted in no developmental phenotype, but goakin
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ubiquitin SiRNA resulted in a 69% reduction in number of worms that dpedl into L3s.
Electroporation using ubiquitin  dsRNA and siRNA both resulted in eitleath or
developmental delays in more than 90% of the worms. DeliverheoRINAI trigger using
electroporation produced abnormal phenotypes (shrunken and non-motile with mgranula
appearance) as early as 2 hours after treatment began. Thiatidralmenotypic effect was
confirmed not to be the effect of electroporation as L1s exposethtry €L elegansubiquitin
dsRNA or siRNA produced no significant developmental defects. As the resplys RINAI did

take place in certain circumstances, but transcriptional suppression was noteonfi94]

In 2006, two groups independently investigated the feasibility of iRiNfe sheep and goat
intestinal parasitic nematoddaemonchus contortu&otze and Bagnall tested the potential for
soaking mediated RNAI gene suppression otdL8ontortusby targeting tw@-tubulin genes of
interesttub 8-9andtub 12-16 A 1000 fold reduction in tub 8-9 transcription level was observed
that persisted for up to 6 days [195]. The RNAI mediated suppressioi d2-16was much
less dramatic with an approximate 10 fold decrease, but the suppresssisted beyond 6 days.
The proportion of L3s that developed into L4s in both gene suppression grosipeduaed,
particularly for the tub 12-16 dsRNA exposed group. A migration assaaled thatub 12-16
suppression resulted in a reduced migratory abilitytbit8-9 RNAI exhibited no migration
abnormality. While the successful use of RNAildncontortusadds another parasitic nematode
to the growing list of RNAI tractable parasitic nematodes,ténget specificity of the RNAI
method is called to question as significant off-target suppressiorord target genes were

observed [195].

Simultaneously, Geldhoét al. explored the effectiveness of RNAI K. contortususing

soaking, bacteria feeding and electroporation methods. Contrary posiee report by Kotze
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and Bagnall, Geldhaodt al. were only successful in suppression two of the five genesieadm
using the soaking method-tubulin isotype 1Klc-bend) transcription level in the L3 stage was
completely suppressed following dsRNA exposure. COPIl comporrisdc-23 targeted
dsRNA exposure resulted in significant but not complete suppressioansttipt. UnlikeHc-
ben-1 suppression, Hc-sec-21 suppression proved unreliable because RNAi-mediated
suppression was not achieved in two out of five experimental repeatesbbpic examination
of larvaeH. contortussoaked in fluorescently labeled cathepsirHc-€pl-1) dsRNA containing
medium revealed very little dSRNA uptake. Thus, the soaking metho@drappebe unreliable
with variation between experiments and recalcitrance forioegines. Feedingl. contortus
L1/L2 with bacteria expressing dsRNA was evaluated on fowgréifit gene targets. Suppression
was not achieved for all four targets. 50 volt and 100 volt electroporatas used on the same
four target genes with transcriptional level reduced but not abolishettfben-1and the Cu-Zn
superoxide dismutas@i¢-sod-), with no off-target effects noticed. Although the transcription
level was suppressed for the two genes, worm survival was satlff compromised as a result
of electroporation with high level of dead larvae found after 24 h¢ueé&] Thus it would

appear that electroporation alone results in negative effects on theworm

Between 2005 and 2006, the actin gebhsdct) of the rodent filarial parasitic nematode
Litomosoides sigmodontisas investigated using RNAi soaking method. Adulsigmodontis
were extracted from infected cotton rats and incubated in neediainingLs-actdsRNA for 24
hours before transfer into dsRNA free culture mediusaacttranscription level was reduced by
81% after the first 24 hours to 93% at 48 hours and 97% at 72 hours. Chibekm&NA level
of two non-target genes resulted in no suppression thus confirming nargdt- effects.

Suppression ofs-acttranscription resulted in worm paralysis demonstrated by &cistek out
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body and slow movements. The release of microfilariae (mf)alsmsdramatically reduced with

Ls-actdsRNA treatment [197].

In 2006, Visseret al. evaluated RNAIi capacity of the cattle gastrointestinal nedeat
Ostertagia ostertagiby soaking and electroporation. Eight genes were examined using
exsheathed L®. ostertagilarvae. Five of the eight genes showed susceptibility to RiXzsn
animals were soaked in dsRNA. The reliability of the RNAihodtwas called into question
when repetition of the RNAI experiments was proven unreliable e icase of-tubulin where
suppression was confirmed only in three out of five repeats. Furthermgppression level
varied between different batches of dsRNA used. Electroporatiothe same eight genes
produced suppression in only two targets, tropomyosin @utdbulin, but neither was

reproducible. [198]

Despite earlier success with RNAI, findings in 2005 and 2006 relvatRINAI in parasitic
nematodes is not as straightforward as previously thought. THeitracece of certain genes to
RNAI and the unreliability of the RNAI mechanism diminishedhbge of using RNAI as a tool
to investigate genes of interest as well as screen for gadteintig and vaccine targets. And
interest in RNAI as a tool to study parasitic nematodes waitbche research papers related to

RNAI in parasitic nematodes published in 2007.

In 2008, Lendnert al. attempted to suppress tropomyosin using RNAi on larvae of the
murine intestinal parasitic nematoteligmosomoides polygyrusy bacteria feeding, soaking
and electroporation methods. Feeding L3 larvae with tropomyosin dsRpi&ssing bacteria
did not produce any effect, but feeding the s&mgolygyrustropomyosin dsRNA-expressing

bacteria taC. elegangroduced the characteristic phenotype of tropomyosin suppression. Thus it
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would appear that RNAi mediated by bacteria feeding is ic&@ffe in H. polygyrus
Electroporation on L1 larvae resulted in a 70% to 90% mortality.eClmsamination using Cy3
labeled siRNA revealed that siRNA was not delivered idtopolygyrusby electroporation.
Soaking larvaeH. polygyrusin tropomyosin dsRNA reduced the lifespan of L1/L2 larvae and
rendered L3s physiologically inactive. Worms soaked in tropomyosin dsRNA6 days
exhibited morphological changes before dying with female woextsbiting disintegrated
ovaries and gut. In some cases, the presence of floating eggefagim the pseudocoelomic
cavity was observed. But quantitative PCR revealed no suppressmRNA levels. As such
Lendneret al. speculated that the observed RNAI phenotype might be a result of the sthess a

a toxic side effect induced by treatment rather than an RNAI effect [199].

In 2009, Fordet al. again performed RNAI on filarial parasitic nematodes but insté#al
volvulus the function of cathepsin L and Z like cysteine proteases onfathdteB. malayiwas
examined using similar soaking method as Aboobaker and Blaxter. Redurctarget mRNA
levels ranging from 51% to 66.5% was confirmed for dsSRNA exposechsvand 37.4% to 48.9%
was confirmed for siRNA exposed worms using quantitative PCR.upkeke of both Cy3
labeled dsRNA and siRNA was confirmed using fluorescence mapgsdRNAi-mediated
suppression of cathepsin L and Z resulted in a 61.3% to 92.8% reduction ofilariee
released. Closer examination of RNAI treated adult feniBalenalayi revealed malformed
intrauterine embryos that were not fully developed with spacingdes the embryo and the
surrounding eggshell. Moreover, MTT viability staining revealed &b 18 22% reduction in

embryo viability [200].

In 2010, Xuet al. successfully suppressed a newly identifestaris suungene (06G09) by

soaking infective L3 larvae in dsRNA culture medium. Suppression ard@groed using non-

www.manaraa.com



38

guantitative RT-PCR. The RNAi-suppressed L3s were then reintrddate healthy BALB/c

mice and larvae collected four days later. The RNAI mediated 08Gppression resulted in
fewer larvae harvested from the livers and lungs of infectiee compared to controls, such that
71.43 £ 14.35IsRNA treated worms were recovered compared to 164.29 + 21.51 control worms.
Examination of body length and width of dsRNA treated larvae rexe@duced length of
200.57 = 71.31um compared to 480 + 105.7im of control larvae and a reduced width of 20.20

+ 2.43um compared to 23.93 + 3.7i2n of control larvae [201].

The following year, Chemet al. published data on RNAiI mediated suppressioi.ofuum
enolase. Again, infective L3 were soaked in dsRNA and then reintrddotcehealthy BALB/c
mice. RNAi-mediated mRNA suppression was confirmed using non-quastiRT-PCR. The
number of dsRNA treated larvae extracted four days post infeftoninfected mice was not
substantially different from that of worms extracted from contnate. As with the previous
study by Xuet al, the length of the extracted larvae was examined and dsRidfed larvae

exhibited a reduced length of 36t to 370um compared to 400m for control worms [202].

The same year, Samarasingheal. reported successful suppression of four of six L3 dthge
contortusgenes by soaking in culture medium containing dsRNA. Exposure teAd$st the
major excretory secretory proteit-asp-1or the highly protective gut amino peptidés-H11
resulted in mRNA suppression of 80% and 76% respectively. Suppressaepvoducible in at
least 10 separate experiments but no phenotype abnormalities atemed within culture
medium. Reintroduction of Hc-H11 RNAI suppressed worms into sheepeesal a 57%
reduction in fecal egg count, 40% reduction in worm burden and a 64% reductaomino

peptidase activity after 28 days post-infection when compared with controllsuf23].
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To date, the application of RNAI in parasitic nematodes has ntht wath success and
significant problems. For some parasitic nematodes suéts@mis SUUMRNAI appears to be
robust and reliable. But for other parasitic nematodes sudH. aontortus, RNAi is both
unreliable and sometimes unattainable. Thus as it stands, the ulirgladRNAI in parasitic

nematodes preclude its potential as a powerful reverse gdvnetidor studying parasitic

nematodes.
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V. OBJECTIVES

The general goal of the studies presented herein is to developvaro RNAiI method to
study and better understand the biology of filarial w&nmalayi Previous studies of parasitic
nematodes have been hindered by the difficulty in gene manipulatiom &eeping parasitic
nematodes alive and healthy exo-host for the duration of the exgmeriRNAI may provide an
excellent means to study the function of target genes but unforturRMAI in parasitic
nematodes has been riddled with problems. The problems may be thaefacttthat parasitic
nematodes once outside the host body undergo biological changes thathrendeesilient to
exogenously induced RNAI. No matter how close ithevitro culture medium is to the host
environment, there are still subtle differences that parasticatodes may require. As such, we

hypothesized that RNAI may be more feasible and reliably carried ouvivo.

Thein vivo RNAI was accomplished by artificially infecting tiBe malayisusceptibléAedes
aegypti (Liverpool strain) withB. malayi mf and exposing the developing parasitevivo to
RNAI triggers introduced into the mosquito host. Because mosquitoesahawgen circulating
system that effectively bathes developBigmalayifrom the mf stage to the infectious L3 stage,
it was my goal to take advantage of these and develap\ano RNAiI method to study specific
gene targets in juvenilB. malayi The open circulatory system can be viewed asarivo
culture solution. The infectious L3 sta@e malayican be extracted from the mosquito host

allowing for phenotype evaluation.

A second major objective of this study is to verify the leliy of thein vivo RNAI method.
An in vivo RNAI method orB. malayiis critical in gaining a deeper understandindg@ofnalayi

biology and the role specific genes play on the parasite’s development and health.
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A final major objective of the present study is to gain inforarationcerning the importance
of specific genes of interest to drug development. Many genes edietpd to be essential to
parasite survival and are considered as potential drug tarfetesugh RNAiI mediated
knockdown and subsequent examination of the resulting phenotype, the madég¢irBal of each

gene for drug target development can be evaluated.

The present study is divided into two sections, each of which adglresseor more of the
above stated objectives. Each section contains a Summary, Introducti@niald and Methods,
Results and Discussion. It is hoped that the technique developed and imiorgaahed from
these studies will provide insights into juvenBeugia malayibiology and provide a basis for

future studies.
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VI. THESIS ORGANIZATION

The above sections of this chapter provided a literature reviewcthatides with the
research conducted herein. The subsequent chapter of this thesis quaypanssthat have either
been accepted for publication or will be submitted to a peer-revigoedal. Chapter 2 is a
manuscript that has been published in PLoS Pathogens under thiBditklopment of arn
Vivo RNAI Protocol to Investigate Gene Function in the FilariahfdtodeBrugia malayi. The
research was conducted and manuscript written by Chuanzhe Song urslgrethasion of Dr.
Michael J. Kimber, Dr. Timothy A. Day and Dr. Lyric Bartholomaie manuscript comprising
Chapter 3 will be submitted under the working title “Confirming Robsstra theln Vivo
RNAI Protocol Through Investigating Gene Function of Known and Patedtug Targets in
the Filarial Nematod8rugia malayi. This paper confirms the robustness and consistency of the
in vivo RNAI protocol and provides insights in the gene function of known or putdtivg
targets through application of the vivo RNAI protocol. The research was conducted and the
manuscript was written by Chuanzhe Song under the supervision of €vadlliJ. Kimber, Dr.

Timothy A. Day, and Dr. Lyric Bartholomay.
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CHAPTER 2. Development of anln Vivo RNAI Protocol to Investigate Gene Function in

the Filarial Nematode, Brugia malayi.

A paper published iRPLos Pathogens

Chuanzhe Song, Jack M. Gallup, Tim A. Day, Lyric C. Bartholomay, and Michael J. Kimber

. ABSTRACT

Our ability to control diseases caused by parasitic nematsdesnstrained by a limited
portfolio of effective drugs and a paucity of robust tools to invegtigetrasitic nematode
biology. RNA interference (RNAI) is a reverse-genetics with great potential to identify
novel drug targets and interrogate parasite gene function buhpRIsSAi protocols for parasitic
nematodes, which remove the parasite from the host and executeirRiXo, are unreliable
and inconsistent. We have established an alternativieo RNAI protocol targeting the filarial
nematode Brugia malayi as it develops in an intermediate l@stnbsquitoAedes aegypti
Injection of worm-derived short interfering RNA (SiRNA) and douttiended RNA (dsRNA)
into parasitized mosquitoes elicits suppressioBrafjia malayitarget gene transcript abundance
in a concentration-dependent fashion. The suppression of this geastbepsin L-like cysteine
protease Bm-cpl-) is specific and profound, both injection of siRNA and dsRNA reduce
transcript abundance by 83%ln vivo Bm-cpl-1suppression results in multiple aberrant
phenotypes; worm motility is inhibited by up to 69% and parasitebigxdidw-moving, kinked
and partial-paralysis postureBm-cpl-1suppression also retards worm growth by 48m-cpl-

1 suppression ultimately prevents parasite development within tsguito and effectively
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abolishes transmission potential because parasites do not mmrdite head and proboscis.
Finally, Bm-cpl-1suppression decreases parasite burden and increases mosquito survival. This is
the first demonstration ah vivo RNAI in animal parasitic nematodes and results indicate this
protocol is more effective than existing in vitro RNAI methods. TPoéntial of this new

protocol to investigate parasitic nematode biology and to identifyalighte novel anthelmintic

drug targets is discussed.
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[I. INTRODUCTION

Lymphatic filariasis is a disease caused by filarial aweabes includingVuchereria bancrofti
and Brugia malayj transmitted through the bite of infected mosquitoes. Thesesitesra
perpetuate socioeconomic instability in developing countries by tinfliccrippling morbidity
and debilitating stigmatization. The impact of this disease st vaver 120 million people are
infected in 81 endemic countries [24]. In an effort to allevisterbidity and eliminate
transmission of this disease, the Global Program for the Elilmmaf Lymphatic Filariasis
(GPELF) has orchestrated a systematic mass drug athatiiois (MDA) program centered on
the repeated dosing of either diethylcarbamazine citrate YREBEQE albendazole or albendazole
and ivermectin in areas where the other filarial wor@s;hocerca volvuluandLoa loaare co-
endemic. This strategy has reduced prevalence in many [A#dabut lymphatic filariasis
remains a significant global health concern. Many factors ibotérto continued transmission,
but central is the inadequate portfolio of effective drugs; noneeoMDA drugs are effective
against all life stages of the parasite with notable ineffieagainst adult worms [15-17]. This
means MDA must be provided annually for the duration of the lifespadwf parasites. This
situation is compounded by gaps in our understanding of mechanisms ofcitag and
pharmacology — the site of action of DEC is unknown despite bémgitug of choice for
lymphatic filariasis control for decades, and the filaricidaéchanism of ivermectin at
therapeutic concentrations is also equivocal. There is a valyanel significant need for
additional and more effective antifilarial drugs, and a beitelerstanding of the mode of action

of existing drugs [206].

A major obstacle to the rational development of such drugs is theiragpéal intractability

of parasitic nematodes. An example of this complication is Rite&ference (RNAI), a reverse
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genetic tool that allows researchers to rapidly and spdbjficarn off’ genes of interest. RNAI
has fast become a standard tool in rational drug discovery fatehgfication and validation of
potential new drug targets [207, 208]. By suppressing specific genexamihing the resulting
phenotype, it is possible to delineate gene function and appraise thégbatalue of encoded
proteins as drug targets. Successful applications of present Ridfocols to parasitic
nematodes have been sporadically reported, limited in theirtieéfieess and seldom repeated
[209]. Some success has been achieved Migipostrongylus brasiliensigR10], Ascaris suum
[211], Trichostrongylus colubriformis[212], Ostertagia ostertagi[198] and Haemonchus
contortus[213, 214]. Germane to the study of filarial worms, RNAI has lukstribed inB.
malayi [112, 200],Onchocerca volvulu$2, 215] andLitomosoides sigmodonti®16]. The
conclusion has been reached, however, that successful RNAI “only works on d homtéer of
genes, and in some cases the effect is small and difficudptoduce” [213]. The inability to
depend on present RNAI protocols with parasitic nematodes has pravgodrastumbling block
to the identification and validation of new drug targets, to @batiderstanding of anthelmintic

mode of action, and to advancing our comprehension of parasite biology.

The recalcitrance of animal parasitic nematodes to RNAi iglgeng, given that
Caenorhabditis elegansa free-living nematode, and plant parasitic nematodes are yreadil
susceptible to the technique [94, 217-223]. One hypothesis advanced ton etpdai
recalcitrance is that because present RNAIi protocols employtro approaches including
soaking nematodes in an RNAI trigger, feeding nematodes bactedacprg the trigger, or
electroporating of the trigger into the parasite, the RNAI triggenot provided in a manner
conducive to systemic gene suppression [261]. Implicit in the use & fhetocols is the

removal of a parasite from the host and its maintenance in a kgitwre. Therefore these
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protocols have distinct drawbacks such as difficulty maintainingtthgabiable worms that
behave normallyn vitro, limitation of use of parasites or life stages for whichitro culture is
defined, and poor efficacy in RNAI trigger delivery methods thatprave lethal to the parasite

[225].

The aim of this study was to develop an innovativerivo approach to RNAI in parasitic
nematodes that overcomes the drawbacks associated with pieseitto experimental
paradigms. Our approach is based on the filarial nem&odelayi We establish 8. malayi
infection in an intermediate host, the mosquiEdes aegyptiand then initiate suppression of
parasite genes by injecting an RNAI trigger directly into tluseuito. The mosquito acts as an
ideal culture and delivery system, ensuring the RNAI triggexjsosed to healthy, developing
parasites. Using this approach we have effectively and qubhtiSappressed expression of
Bm-cpl-1 a B. malayigene encoding a cathepsin L-like cysteine protease. Dranhaticaat
phenotypes accompany this suppression, including a marked retardatiotiliby, an inhibition
of normal parasite migration behavior within the mosquito and impgeeasite growth and
development. Suppression is specific; non-target RNAi has no efiecematode viability or
behavior, and the level of gene suppression and extent of the rephkgiotypes suggest this
new protocol is more effective than previous methods. The developmentirofvero RNAI
protocol to reliably suppress gene expression in filarial wormsgneat potential for the
identification and validation of novel drug targets, and more broadly, pdorex parasitic

nematode biology and host-parasite interactions.
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lll. MATERIALS AND METHODS

A. Mosquito Maintenance and Injection Protocol

Aedes aegyptiLiverpool strain), previously selected for susceptibility torieworms [253],
were maintained in a contained environment at a constant tempecdt@b°C, 80% relative
humidity and a 14 h light to 10 h dark photoperiod. The mosquitoes were fetlad @i8 M
sucrose. Throughout the study mosquitoes to be injected were anaedtlwt ice and
immobilized on a vacuum saddle before being microinjected intratically at the base of the
head using a pulled borosilicate glass pipette attached to a namiree for injection by
volume displacement. A maximum volume of Ql5can be injected using this approach with a

high mosquito survival rate (>95%).

B. Establishing Brugia Infection

Brugia malayi microfilaria (mf) infected cat blood was obtained from the UrsiNgrof
Georgia NIH/NIAID Filariasis Research Reagent Resoum@él. To establish a consistent and
repeatable parasitemia, mf were first purified usingteafibn protocol [254]. Blood containing
the parasites was diluted with phosphate buffered saline (1:5 ratimd:BBS) then syringe
filtered through a 0.4%m Millipore filter. Captured mf were washed three to fiveds with
PBS then a further three to five times wikdesphysiologic saline [255] before centrifugation
at 6,800 x g for five min. Supernatant was removed and the pelletegsuspended in fresh
Aedessaline to a concentration of 40 worms pé&r To inoculate mosquitoes, 20 mf were
injected as described. Microdissection of the mosquitoes throughout a fidridpi confirmed
this method established a controlled infection that progressed indectpbde and consistent

manner. We also tried a blood feeding approach to establish amfdmiit this produced an
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inconsistent worm burden that is too variable to reliably assgsseguent gene suppression

experiments.

C. siRNA and dsRNA Generation and Injection

Short interfering RNAs (siRNA) targeting B. malayi cathepsin L-like geneBMm-cpl-1
AF331035 [229]) were generated commercially (Qiagen, CA) and modfith a 3'-Cy3
fluorophore on the sense strand. The location of each siRNA waszgatiosing a proprietary
algorithm and the sequence of each siRNA is as follows: BmCL1-1,
AAGGCTTAGTTTCTTATACAA; BmCL1-2, CCGAATGGAAAGATTATGTAA, BmCL1-3,
CAGAAGTGCATTGAAGGAATA; and BmCL1-4, CCGGTATTTACTCCAGTAAA.
Equimolar amounts of each siRNA were combined and this mix wadarsigection and gene
suppression experiments. dsRNA duplexes were generated in-house Usintganscription-
based approach. A 410 base pair transcription template was polgnceas reaction (PCR)
amplified from aB. malayiL3 stage cDNA library (kindly provided by Dr. S. Williams, $imi
College, MA) using gene specific oligonucleotides designed to incatg a T7 promoter
sequence (TAATACGACTCACTATAGGGTACT) at both the 5 and 3’ endshef amplicon.
For the Bm-cpl-1 template, oligonucleotide sequence was: L1T7dsRNAF 5
TAATACGACTCACTATAGGGTACTACGGTTACCAAATTC 3 and L1T7dsRNR 5
TAATACGACTCACTATAGGGTACTCGACAACAACAGGTC 3. The locatn of this
transcription template was carefully chosen so as to excludertheegion ofBm-cpl-1 a
domain with high sequence homology to other cathepsin L family genedsconsequently
increase the specificity of this dsRNA duplex. Transcriptionptatas were gel purified and
dsRNA duplexes synthesized using the MEGAscript RNAI Kit (Ambpi®X) according to

manufacturer’s protocols. dsRNA species were quantified witlarmoMue spectrophotometer
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(GE Healthcare, NJ) prior to use. The timing of siRNA or dsRNAction intoB. malayt
infected mosquitoes coincided with the presence of the paragjeedftaterest: to target second
larval stage (L2) parasites SiRNA or dsRNA were injecteel fo eight dpi; to target third larval
stage (L3) parasites siRNA or dsRNA were injected nine to 12Xap for the lifespan of
mosquito) [62]. The mosquitoes were processed to confirm suppresdioa w@irget gene, as

described below, 48 h post-injection of SIRNA or dsRNA.

D. Relative Quantitative RT-PCR

Brugia infected, RNA-treated and control mosquitoes were cold-anesthetizéze. Total
RNA was extracted from individual mosquitoes using RNAqueous(Aitbion, TX) before
DNase treatment using the TURBO DNA-free Kit (Ambion, TX}hin-walled PCR tubes. The
RNA was stabilized with RNase Out Inhibitor (Invitrogen, CA) astdred in RNase-free
microcentrifuge tubes at@. This RNA was used as a template for a relative semi-itptarg
multiplex RT-PCR using the SuperScript Il One-Step RT-PC&e®y with Platinum Taq DNA
Polymerase (Invitrogen, CA). The principle of this reaction is to amplifyget gene of interest
and compare its intensity with a multiplexed and normalized intstaadard during the linear
phase of product amplification. A putative neuropeptide encoding Bemdlp-14 (Accession
number AI508026) served this role. This gene was chosen as we had pyedsbersnined its
stable transcript production during tBe malayiL3 stage by PCR (C. Song, unpublished). The
oligonucleotide  primers used to amplify Bm-cpl-1 were: CPL-1 F %
ACAGGGCAATATGACGAGAC 3 and CPL-1 R 5 ATCGAAGCAACGTGGCBAT 3.
These primer locations flank the regionBrh-cpl-1homologous to the dsRNA construct. The
oligonucleotide primers used to amplify tBan-flp-14 internal standard were: FLP-14 F 5’

CTCGTCCACTCTTATCACTG 3 and FLP-14 R 5 ACCGCAATGATATACABATATA 3.
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The profile for this PCR was: cDNA synthesis at 50°C for 30 m&)ude initial denaturation
phase of 94°C for 2 min; 38 cycles of 94°C for 30 s, 60°C for 30 s, G8°C min and a final
extension phase of 68°C for 5 min. Reactions were visualized on aap@¥%se gel containing

ethidium bromide.

E. Quantitative RT-qPCR

Total RNA was extracted from individual mosquitoes and DNasgettieas described above
for three replicated RNAI experiments and before addition of Ri®agdnhibitor and storage,
each RNA sample was quantified spectrophometrically per agueveport [256]. This RNA
served as a template in our RT-gPCR assays using the qScegt€p Fast RT-PCR Kit with

ROX (Quanta BioSciences, MD).

Establishing PREXCEL-Q Parameters

PREXCEL-Q, a gPCR assay development and project managemenarspfivas used to
establish our RT-gPCR parameters and to determine valid workigggdor all of our samples
per target and reference genes. A mixture of the RNA samydssused to determine the
optimum template to use while avoiding RT-gPCR inhibition for each othtee targets at
concentration ranges of between 0.01 and 0.08 ng/pL for the siRNA regpésiand between
0.02 to 0.14 nglL for the dsRNA experiments. For subsequent quantitative assdssine
transcript abundance, each RNA sample was diluted to 0.Qé fgy the siRNA RT-gPCR
study and 0.11 ngL for the dsRNA RT-gPCR study, with @ of sample used per 2L

reaction.
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Primers and Probes

The target sequence under evaluation in the RT-qPCR studyhe8s malayicathepsin L-
like transcript previously described. Two reference genes usaée, a neuropeptide-encoding
geneBm-flp-14also previously described, aBn-tph-1(Accession number U80971), a tumor
protein homolog-encoding gene that is a proven reference gene forajBoiRyjia development
in mosquitoes [228]. TagMan minor groove binding (MGB) probes were instis study to
facilitate the use of shorter gene specific primer-probe séts.probes and primers were
designed using Primer Express v. 2.0 software (Applied BiosysteA)sar@@l synthesized by

Applied Biosystems. The primer and probe sequences used are shown in Table 1.
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TagMan RT-gPCR

25 uL volume reactions were prepared in duplicate for each RNA saraptl 2QuL of this
reaction mixture is applied per well on a 96-well plate (usiwigte-well reaction plates,
Eppendorf, NY). Individual components of each RT-qgPCR reaction wefellaws: 6 pL
prediluted RNA (as determined by PREXCEL-Q), 6,254X One-step Fast Master Mix with
ROX, 1.25uL qScript One-Step Fast RT, 775 nM each primer, 150 nM probe, neidleas
water to 25uL. Cycling conditions included an initial cDNA synthesis step of 5@iC5 min
followed by an RT denaturation/Taq activation phase of 95°C for Bé&ns45 cycles of 95°C for
3 s and 58°C for 30 s. Four point standard curves were createcficiaeget (within the nglL
ranges already specified above) by diluting the RNA samptéurei in each case according to
precise, PREXCEL-Q-determined parameters (eight-fold diluticom f highest to lowest
concentration). No-template control reactions substituted nuclessesater for RNA, and
thermocycling was performed on an ABI GeneAmp 5700 SDS (AppliemsyBtems).
Quantification cycle (¢ values were obtained at an appropriate threshold per each(teddet
DR, in all cases), and data were processed using custom Ersebyilthe efficiency-corrected

(E**C9 relative quantification method [227].

F. Phenotype Analysis

After confirmation ofBm-cpl-1 suppression, multiple assays were performed to describe
worm phenotypes. Each phenotypic assay was performed 14 dpi atlieatfair or seven d
post-injection. Mosquitoes were cold-anesthetized then the windslegs removed and
discarded using a dissecting microscope. The head, thorax and abdoregraiigéoned and
further dissected to release the parasites. The followingaieaistics of dissected parasites

were observed: (1fparasite location In order to be successfully transmitted, these parasites
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have to actively migrate to the head of the mosquito and vigorougheviree of the proboscis.
Parasite migration through the mosquito was recorded and me:astgerding to escape point
from the mosquito body (abdomen, thorax or head).W@)m motility A scoring schema of:
one (immobile), two (compromised motility, immobile for stretcloégime), three (sluggish,
partial movement), four (in motion, some straight segments), or(divgarts of the worm in
constant motion) was used to quantify parasite movement in a blimdrfdsy an independent
evaluator. Additional observations of aberrant motility included knottingna or both ends,
paralysis of caudal region and presence of a distinct angullrvkere also recorded. (3)
Parasite growth and development Digital images of RNAi and control worms were captured
so that length and diameter could be calculated using NIS Elemet30 software (Nikon,
NY). (4) Parasite viability. The number of parasites that survived to the infectious stage was
recorded so that infection prevalence and mean intensity couldliddatad. (5)Mosquito
viability . We documented the number of mosquitoes that survived through the development of
parasites to the infectious stage because these panaffitésignificant pathology and decrease

mosquito survival.

G. Microscopy
Nikon Eclipse50i fluorescencamicroscope under UV light (EXFO, ON) equipped with a
Hy-Q FITC filter set (Chroma, VT). Images were capturedgiailigital Sight DS-2Mv camera

and NIS Elements D 2.3 software (Nikon, NY).
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H. Statistical Analysis

t-tests were used to analyze the effect of RNAI treatmegena expression in the RT-gPCR
experiments and parasite size, and ANOVA to analyze the effdRNAI treatment on worm
motility based on our one through five blind-scoring schema. Chi sdaats were used to
analyze the effect of RNAI treatment on all other worm andqguits behaviors assayed. In all

tests,P values< 0.05 were considered statistically significant.
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V. RESULTS

A. A Brugia RNAI Trigger Rapidly Disseminates Throughout the Mosquito Host

Our hypothesis is that mosquitoes provide an optimal culture and rgeiystem for an
RNAI trigger targeted to developinBrugia malayi parasites. Healthy, viable, developing
parasites are subjected to the RNAI trigger because thesitearaundergo growth and
development in the mosquito intermediate host. In order to test th# ektdissemination of
the RNAI trigger from the site of intrathoracic injection, 150afigan equimolar mix of four 3’
Cy 3-labelledBm-cpl-1siRNAs was injected into adultedes aegyptnosquitoes as described.
The dissemination of this RNAI trigger through the mosquito wakechover 15 d post-
injection by periodic microdissection of the mosquito and evaluation efniat fluorescence
compared to saline injected controls. The labeled siRNA mixadprapidly from the site of
injection and maximal fluorescence was observed 24 h post-injecigur€Fo). The intensity
of fluorescence slowly decreased until reaching basal levdige d post-injection after which
fluorescence intensity was not appreciably different from comuasquitoes. Our observations
closely parallel those of a previous report that describes thadspfel40 ng AlexaFluor 555-
labeled siRNA in the mosquitBnopheles gambiagom an injection site to the midgut and
pericardial cells 36 h post-injection [226]. Systemic dispersionpamsistence of RNAI signal
from the site of injection suggedds malayilarvae are likely to be exposed to the RNAI trigger

in our experimental model.
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B. Brugia Gene Suppressionn Vivo is Potent and Specific

Recently it has been shown tl&at malayigenes encoding cathepsin L-like enzymes can be
suppressedh vitro by soaking adult parasites in culture media containing siRNA [200¢
tested the capacity of our novel methodology to suppress larvalBtagalayigene expression
in vivo by injecting mixed siRNAs specific to the cathepsin L-Baa-cpl-1gene directly intd\e.
aegyptimosquitoes harboring L3 staBe malayiparasites. Gene suppression was assayed 48 h
post-injection using a semi-quantitative RT-PCR in which the iniensf Bm-cpl-1
amplification in the linear phase of the reaction was comparad toternaB. malayireference
gene Bm-flp-19 that is expressed stably and at comparable levelBntecpl-1 Control
mosquitoes were injected with equal volumesAetliesphysiologic saline. This methodology
was optimized to amplifyfBm-cpl-1 from a heterogeneous mosquito/parasite total RNA
preparation from a single mosquito. Suppression was concentrationrddapéecause injection
of 0.15 ng siRNA did not appear to redigm-cpl-1transcript levels. However, injection of 15
ng or 1.5 ng of siRNA decreased transcript levels, and injection ohd5@ixed siRNA into
mosquitoes profoundly suppressBth-cpl-1 expression; the target parasite gene could not be
amplified (Figure 7). This suppression was also specific;esspyn of thdBm-flp-14reference
gene was unaffected by siRNA injection and target gene expmesvas normal in saline-

injected controls.

Application of dsRNA is the commonly used method for triggering RMNAiparasitic
nematodes and has advantages over siRNA; dsRNA can be generatedenmore quickly
than commercially produced siRNAs at lower co&. malayiinfected mosquitoes were also
subjected to treatment with dsRNA as an RNAI trigger. THecte of dsRNA was

concentration-dependent such that injection of 15 ng dsRNA resita-icpl-1suppression but
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1.5 ng dsRNA had no appreciable effect. Injection of 150 ng of dsRNAthoseippresseBm-
cpl-1 transcript abundance and suppression appeared specific, Bmtfip-14 expression

unaffected by dsRNA (Figure 7).

RT-gPCR was used to quantify the levelBrh-cpl-1suppression relative to two reference
genes Bm-flp-14 and Bm-tph-) using the efficiency-corrected Y% relative quantification
method [227]. PREXCEL-Q software was used to optimize the pesfore of the RT-gPCR
assay; and important data pertinent to PCR efficiency, lineanaigirange and normalization of
the assay are documented in TableBin-tph-1showed stable LQvalues across the experiment
and therefore was the most appropriate reference gene fer shelies, as shown previously
[228]. The suppressive effects of both RNAI treatments were aldagtical; injection of 150
ng siRNA reducedm-cpl-1transcript by 83% compared to saline-injected contiks (.0001)
and 150 ng dsRNA also reducBth-cpl-1transcript by 83%K < 0.0001) (Figure 8)Bm-flp-14
reference gene transcript was slightly reduced by both RM&trhents but these reductions
were not significant (SIRNA, 9% = 0.38; dsRNA, 12% = 0.17). These data support the gel-
based semi-quantitative RT-PCR experimental findings and dematnshe efficacy of this

novel method of RNAI delivery.
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Figure 8. Quantitative PCR demonstrates significant reduction irBm-cpl-

1 transcript levels as a result of SIRNA and dsRNA RNAI trigger injecton
into B. malayi infected Aedes. aegypti. Both siRNA (A) and dsRNA (B)
injection reducesBm-cpl-1 transcript by 83% compared to controls (saline
injectedAe. aegyptinfected withB. malay). Bm-cpl-1and control geneBm-
flp-14, are normalized to a reference g&m-tph-1.gPCR was performed 48
h post-injection of RNAI trigger at 10 d post-injection. Each bar sgmis 13

mosquitoes from three biological replications.
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C. Bm-cpl-1 Suppression Elicits Marked Motility and Developmental Phenotypes

Previous studies have described aberrant filarial worm phenotyp@saied with cathepsin
L-like gene suppressiom vitro including decreased microfilariae (mf) release from aBult
malayi [200] and an inhibition of the L3 to L4 molt fdbnchocerca volvuluf?]. Based on these
data, we predicted th&m-cpl-1suppression would produce a phenotypeivoin the mosquito
host. Mosquitoes were injected with 150 Bmn-cpl-1dsRNA 10 d post-infection (dpi) then
microdissected four d post-injection to harvest L3-stage parasttesm motility was digitally
recorded and scored according to a five-point schema of one (immabiliee (all parts of the
worm in constant motion). 100% of control worms from mosquitoes injectdd Aedes
physiologic saline were categorized as four or five on th@esc Bm-cpl-1 suppression
significantly inhibited this normal worm motility?(< 0.001), with only 67% of worms ranked as
four or five on the scale (Figure 9). To confirm that this ¢ffe@s Bm-cpl-1specific and not
due to exogenous dsRNA impairing worm viability, this experiment nepsated with dsSRNA
for enhanced GFP (eGFP) as a random exogenous RNA. These werenphenotypically
identical to saline-injected controls (100% category four or five)firoimg the specificity of

the aberrant phenotype Bm-cpl-1suppressed worms.
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The effect of changing the timing &m-cpl-1suppression on worm motility was also
examined. Bm-cpl-1transcript levels are elevated in L3 stage parasites, batlihis gene
has a purported role in the L3 to L4 molt [2]. The temporal express Bm-cpl-1was
reported to be up-regulated during the L2 to L3 transition, absseven dpi [229]. Based
on the timing ofBrugia development irAe. aegypti62], infected mosquitoes were injected
with Bm-cpl-1dsRNA at 10 dpi in order to target L3-stage worms (described pbodeat
seven dpi to target the L2 to L3 transition. Parasites expodgohicpl-1dsRNA at seven
dpi showed significantly inhibited motility compared to saline contf@ls 0.001) with only
31% of worms displaying normal motility. The difference betwegarasites exposed to
dsRNA at seven and 10 dpi was significaRt < 0.001), and may reflect an important
biological role forBm-cpl-1during the transition from L2 to L3 stages. More explicitly,
earlier exposure to the RNAI trigger could impose more signifidatitmental impact on the
parasite by disrupting the L2 to L3 molt, or it may simply beoasequence of the longer
period of time from gene suppression to phenotype assay, allowirgRnrl rundown and

maturation of the phenotype.

In addition to depressed activity, other morphological and motilitgnptypes were
apparent inBm-cpl-1 suppressed worms. A highly active, convoluted body form
characterizes motility of healthy. malayiL3s, both the heads and tails of the parasites in
particular are conspicuously tortuous — curvature we describ&dated’. Control worms
from saline-injected mosquitoes frequently (86% of worms) displkgetting at both ends.
Suppression oBm-cpl-110 dpi significantly inhibited this motility, because only 14% of
worms presented with both ends knott€d < 0.001) (Figure 10). This phenotype was

enhanced by an early suppressioof-cpl-1at seven dpi such that Bm-cpll suppressed
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parasites exhibited this knotting morphology. The difference betw2eand L3Bm-cpl-1
suppression was significar®® & 0.005). Worms exposed to the exogenous eGFP dsRNA
control confirmed that this phenotype was gene-specific becauasitpamotility was not
significantly different from saline controls (85% knotted at both eRds,0.2). Another
aberrant motility observed was the presence of a perturbedrsedtibody wall slightly
caudal to the midpoint of the worm. This abnormal kinked morphology was dbsent
control worms (4% of worms from saline-injected and 0% from e(@fegeted mosquitoes
displayed this morphology), but evident with significantly gre&tequency in 10 dpBm-
cpl-1 suppressed worms (47% < 0.001) (Figure 11). This kink rate increased W&ith-cpl-

1 suppression at seven dpi (63%), but compared to 10 dpi this was notaignifi= 0.08).
Finally, partial paralysis ofBm-cpl-1 suppressed worms was evident, presenting as
immobility in the caudal third of the worm. This paralysis waserved in 61% of 10 dpi
Bm-cpl-1 suppressed worms, and 83% of seven dpi suppressed worms (thiseingesas
significant, P = 0.005) but was generally absent from control worms (5% of wdram

saline-injected mosquitoes and 3% of worms from eGFP-injected mosquitagse(EL).
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To examine the consequence of this aberrant motilityd omalayi development, mosquitoes
were injected with 150 nm-cpl-1dsRNA 10 dpi then microdissected four d post-injection,
partitioning the mosquitoes into head, thorax and abdomen preparations. @amtnd from
mosquitoes injected with either saline or eGFP dsRNA were foxeldsévely (100%) in head
preparations as expecte®8m-cpl-1suppressed worms were most frequently observed escaping
from the thorax and abdomen (Figure 12). Parasit@&mrcpl-1dsRNA-injected mosquitoes,
however, did not leave the thorax (94% of worms were found here) or ab@é%gnBm-cpl-1
suppression, therefore, prevents worm migration to the head of the mosefigctively
preventing normal progression of the parasite life cycle andahabshing the potential for

parasite transmission.

A significant negative effect also was seen on growth anda®went of parasites subjected
to Bm-cpl-1suppression. Parasitized mosquitoes were injected with 1BmAgpl-1dsRNA
seven dpi then microdissected 14 dpi and the length, width and appeafatiee worms
recorded. Mosquitoes were injected seven dpi because the previolisy reaperiments
dictated that this experimental timing generated the most pronoumm@dy phenotypes.Bm-
cpl-1 suppression significantly reduced the length of L3 worms by 48%Q.0001) (Figure 13).
The mean length of control L3, removed from mosquitoes seven dsafiee injection and 14
dpi, was 1347 + 18 um. This was reduced to 700 + 49 um after RNAI treatment. Unlike parasite
length, width was not significantly affected Byn-cpl-1suppression, although a slight decrease
of 5% was observedP(= 0.39) from 31 = 1 um in control worms to 30 = 2 um in RNAI warm
In addition to worm length, the majority &@m-cpl-1 dsRNA parasites also presented with
additional aberrant developmental phenotypes. Most evident was a disroptioa cuticle

(Figure 13B), which extended significantly beyond the body of the wdBeme degree of this
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cuticular sloughing was noticed in most worms but the severitgi®fphenotype was variable.
Finally, the integrity of the gut appeared compromise&8nmcptl worms. In such instances,

the gastrointestinal tract of the parasites appeared incongudtporous when examined at the

light microscope level.
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Figure 13. Bm-cpl-1 suppressedB. malayi are significantly shorter than
control worms. Parasites were dissected frake. aegyptimosquitoes 14 days
post-infection and 4 d post-infection of saline (control, A) or 15Bngcpl-1
dsRNA (B). Scale bar 25am. (C) RNAI exposed parasites are significantly
shorter in length, but not width, than control worms. Numbers of pasdsiie

three biological replicates: n=19 (control) and n=18(dscpl-J) (P<0.001).
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D. Bm-cpl-1 Suppression Enhances Mosquito Survival and Decreases PatadPrevalence
Phenotype data resoundingly demonstrate Bratcpl-1 suppression decreasBs malayi
viability. It is logical to predict that this decreased viapikvould also have an impact on
mosquito survival and prevalence of parasite infection. To examigg rttosquitoes were
injected with 150 ngBm-cpl-1 dsRNA 10 dpi and the number of mosquitoes that survived
through the development of parasites to the infectious stage, 14 dptowated. Surviving
mosquitoes then were microdissected to determine the proportion tHadrdohrparasite
infections. Bm-cpl-1suppression increases host mosquito survival. The survival rate oflcont
mosquitoes injected with saline or eGFP dsRNA was 62% and 65% treslye(P = 0.6) as
compared to 80% imBm-cpl-1 RNAi-exposed mosquitoed? (< 0.001) (Figure 14A). Early
suppression oBm-cpl-1lat seven dpi enhanced the phenotype even more significantly such that
93% of mosquitoes were alive at the termination of the experirRent0)(007). This increased
mosquito survival rate afteBm-cpl-1 suppression may be as a result of the parasite’s
compromised ability to feed on, and migrate through, the host or malf fesm a more
successful or effective host response against parasites wréaded viability. This hypothesis
is supported by our observation tiBah-cpl-1suppression also decreased prevalence of infection
— fewer surviving mosquitoes harbored parasites &tarcpl-1 RNAI (Figure 14B). Every
surviving mosquito injected with saline or eGFP was found to contaisifgerd4 dpi, but 14
dpi Bm-cpl-1 suppressed parasites (exposed to dsRNA at 10 dpi) were found ir6asof
mosquitoes, a significant reduction in prevaleriee 0.001). Prevalence was further reduced to
62% in parasites exposed Bm-cpl-1dsRNA at seven dpi, a statistically significant decrease

compared to worms exposed to the dsRNA trigger at 10PdpiQ.03).
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Figure 14. Ae. aegypti survival significantly increases as infection prevalence
decreases irBm-cpl-1 dsRNA exposed mosquitoes he effects on survival (A)
and infection prevalence (B) are most profound in parasites expoBed-tpl-1

dsRNA at the L2/L3 transition (7 d post-infection, dpi). Parasit®wexposed to
saline (control), 150 ngGFPdsRNA or 150 ndm-cpl-1dsRNA at 7 or 10 dpi,

then were dissected froAe. aegyptmosquitoes at 14 dpi.
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V. DISCUSSION

Here we report the development of a namelivo approach to RNAI in the filarial nematode
Brugia malayj and describe its application first to suppress the expressiBmafpl-1, a B.
malayi gene encoding a cathepsin L-like cysteine protease, thenlittatgathis gene as a
potentially potent anthelmintic drug target. To the best of our kmigelethis is the first
description ofin vivo RNAI in parasitic nematodes and represents an advance inuthe cit
filarial nematode biology that may aid in the development of drugertiat parasitic nematode
infection. The rationale for developing emvivo RNAI protocol stems from the hypothesis that
RNAI is ineffective in animal parasitic nematodes becaussupply of an RNAI trigger to the
worms is inappropriate [224]. Our overarching hypothesis was th&ki Rvould work
effectively and robustly if a trigger is supplied to healthy, walkbrms in a host environment.
Supporting this hypothesis, we were able to specifically redugettgene transcript abundance
in B. malayilarvae by 83% by supplying an RNAI trigger to parasites dg@ued) within the
mosquito host. This level of transcript knockdown has not previously beerteckpaming
currentin vitro RNAI soaking methods. Then‘ squito’ approach to RNAi we describe is
effective for the specific suppression of cathepsin gen8sugia larval stages as they develop
within their cognate mosquito host; it is therefore possible thatinhvivo approach may

represent a more effective means of eliciting gene suppressiorriad filematodes.

The mechanism by which the RNAI trigger is delivered to thestasain squito’is unclear,
but could be a result of bathing the parasite in the triggéimat cell, or as a result of uptake by
tissue ingestion. In support of the former, Cy3-labeled siRNActed into the haemocoel
rapidly disseminates throughout the mosquito supporting a hypothesishéhateveloping

parasites are effectively incubating in a host milieu containmdNAI trigger, essentially a
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scenario analogous ia vitro RNAI by soaking. If this is the case, the Squitd approach
represents an efficient way to generate gene suppressisoaking. Most successful animal
parasitic nematoden vitro soaking protocols use large amounts of ds- or siRNA with
concentrations of 1 mg/ml typical, meaning anywhere betweerg2i@ 2 mg of RNAI trigger
are required per suppression experiment [2, 112, 198, 200, 210-215], with thecexoéine
report showing that lower trigger concentrations could still fhecive at producing gene
suppression by soaking [216]. Here we showed that gene suppressima@neved using just
150 ng of ds- or siRNA per RNAI event, and indeed, a reduction msdrigpt abundance was
observed after injecting as little as 15 ng dsRNA. In additiorhéodbvious cost saving
advantages to performing RNAI experiments in this manner, sucRNw concentrations may
also improve the specificity of gene suppression. Soaking plantitigaresmatodes in serial
dilutions of ds- and siRNAs has been shown to reduce off-targetseffe®RNAI experiments
[223, 230]. A second delivery hypothesis is that the developing perasé ingesting the RNAI
trigger. Microfilariae taken in during the blood meal rapidly pextetthe mosquito midgut
[231], and migrate to the thoracic musculature where they growl@redop to the L3 stage [232,
233], a process completed in under two weeks [62]. From the L2 stagievdleping larvae
are active feeders and consume host tissue [62, 234, 235], a behaviooultiead to the
ingestion of an injected RNAI trigger in our experimental modeNARby feeding is a well-
established method in free-living nematodes [217, 218, 236, 237]; by feduing worms
bacteria expressing dsRNA, systemic gene suppression caretieefh a relatively simple and
efficient manner. This approach has not been successful withtiganasnatodes, however, as
most parasitic species are not bacteriotrophic, and even for thasesspeh bacteriotrophic life

stages, this method is unreliable [225]. Resolution of the RNggedr delivery mechanism
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afforded by ourin vivo protocol may come through targetifidy malayi L1 worms in the
mosquito. If target gene expression can be reduced in this non-fetalyeg this would support

soaking as the prime mechanism.

The in squito suppression oBm-cpl-1 reveals new phenotypes associated with molting,
growth and development, and motility that shed light on the impadbiatdgical functions of
this gene family in larval stages &. malayi. Nematode molting is a three-stage process
characterized by a shedding or separation of the old cutiocte the epidermis (apolysis),
generation of a new cuticle, then the shedding of the old cuéictiysgis). The use of specific
cysteine protease inhibitors markedly inhibits the L3 to L4 molfilarial worms implicating
cysteine proteases in general in this process [229, 238, 239]. eMalieitly, both apolysis and
ecdysis are disrupted giving rise to L4 parasites constraingdgnvwan L3 cuticle, termed an
‘accordion’ phenotype [229]. Multiple members of the cathepsin L-lgilyy appear to be
involved in molting as the specific suppressiorcpifl alone inOnchocerca vovlvuluseeduced
but did not abrogate the L3 to L4 molt [2]. We show Bat-cpl-1is also involved in similar
processes iB. malayias its suppression manifested an aberrant cuticular phenotyp® in L
worms. Examination of worms suppressed at seven dpi revealed amergpgloughing of the
cuticle without the accordion phenotype. As the L3 to L4 molt odauilse vertebrate host this
phenotype is not a disruption of the L3 to L4 molt, but rather a dysbmne L3 cuticle
formation, maintenance or development. Alternatively, we couldbserving a disruption of
the L2 to L3 molt. Bm-cpl-lexpression is up-regulated in the L3 stage but the exact tiofing
this up-regulation as it relates to the transition from L2 3cstages is unclear. Guiliaet al.
[229] reportBm-cpl-1up-regulatiorat six dpi, a window consistent with the L2 to L3 transition.

If Bm-cpl-1performs the same function for the L2 to L3 molt as for the L34tonblt, then the
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sloughed cuticle we observe upon dsRNA injection at seven dpi coulthbeftthe L2, with
Bm-cpl-1suppression preventing ecdysis. Further examination of cutickstultcture in these

suppressed worms at the electron microscope level could provide evidence t@this eff

We observed a stunting &m-cpl-1suppressed L3 growth compared to control worms, a
phenotype previously unreported either after chemical inhibition stetye proteases or gene
suppression in other parasite stages. Normally at the end o2 tstade parasites are 750 — 795
pum long and increase in length to approximately 1350 um at the 8 within four d [232].
Our control L3, taken from mosquitoes injected with saline, had a heegth of 1347 um
corresponding closely with the published data. The mean lengdmedpl-1suppressed L3,
however, was significantly shorter (700 um). Suppression of this gethe L2/L3 interface
(seven dpi) arrests parasite growth and the L3 worms remasized-within the mosquito. One
explanation for this observation is th&m-cpl-1suppression at the L2/L3 interface is inhibiting
the L2 to L3 molt, L2 cuticle ecdysis is not successful and therd¢he worms are constrained
within it, unable to increase their length. Alternatively, thenshg may not be due to aberrant
molting but rather an inhibition of normal CPL-regulated developroertellular remodeling
post-molt as is seen in other nematodes [240]. RNAI suppressepi-dfin C. elegand._3 by
soaking produced significantly shorter and thinner adults [240] and thkzhlion ofcpl-1 to
the hypodermis if€. elegansO. volvulusandB. malayiis consistent with a developmental role
in nematodes [2, 229, 240]. Further, germline suppressiapldf in C. elegansby dsRNA
injection generated an embryonic lethal phenotype but some embryos didsgrog the L1
stage and those had incomplete gut development [240]. A repeatediyeobgkenotype in our

Bm-cpl-1suppressed L3 was a compromised gut that appeared fenestrated and poorly developed.
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Finally, Bm-cpl-1suppression reduced normal L3 motility by up to 69%, increasgdcaly
postural phenotypes including caudal paralysis, kinked appearance and revhrogal
convolution at the head and tail Bf malayiL3 as compared to control worms. These behaviors
made it impossible for the treated L3 to progress through to thenatiom of development in
the mosquito host, i.e., transfer to the definitive host. The dydbakiaviors produced by the
suppression ofBm-cpl-1 suggest this gene has some role, directly or indirectly, in the
neuromuscular activity oB. malayiL3 in the mosquito. It is certainly true that cathepsins are
required for normal neuromuscular behavior in other helminths; suppressscathepsin L-
like gene in the flatwormFasciola hepaticagenerated several aberrant motile phenotypes

including paralysis [241].

This study is the first to use the host as a delivery meahdoisanimal parasitic nematode
RNAI. The model of using the host as a delivery mechanisiRfki has been established but
has been restricted to plant pathology where the concept has & apg® with transgenic
plants helping to control nematode infestation by RNAiI mechanism$anta [242-244]. An
alluring corollary is that by generating transgenic mosquitagsatide of suppressing key
nematode genem vivo we may be able to abolish parasite transmission. We hawedwglre
demonstrated here thAm-cpl-1suppressioim vivo prevents parasites migrating to the mosquito
head and proboscis thus eliminating transmission potential. Transfmmofta mosquito with
an inverted-repeat (IR) transgene derived fi&m-cpl-1may result in endogenous transcription
of a hairpin dsRNA, a trigger that conceptually would induce RiINAivo as described here and
produce a mosquito incapable of transmitting lymphatic filarississiog worms. Methods to
introduce transgenes into mosquito germlines are well establigibd 249] and proof of this

principle has already been demonstrated for a mosquito-borne tvamsgenic lines of Dengue
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virus-resistant mosquitoes were generated using a Dengue virtranggene driven by the
carboxypeptidase A promoter, reducing virus transmission by an Ri¢&hanism [250]. The
viability of this approach is enhanced not only by the ability tosfia@m important vector
species but also by the identification of tissue-specific prombedrive transgene expression in
favorable tissues, for examplect88F [251] is a fly-specific promoter that drives gene
expression in the flight musculature — the precise site of padesielopment. Another positive
impact this protocol may have on lymphatic filariasis controlags a means of better
understanding the biology of current putative drug targets and gegeregw data that may
validate proposed novel drug targets. This protocol introduces they abiliinvestigate
mosquito-borne parasite life stages, allowing the critikahrenation of gene function in worms
growing and developing in an optimum environment. This makes it possiatsay genes that
encode known or proposed drug targets in a parasite within its nateenediate host,
contextualizing the null phenotypés vivo and accurately determining the consequences of
target gene suppression producing a more valuable target validati@n.an illustration,
nematode cathepsins have been proposed as attractive novel drug [258¢tand we have
further validated these drug targatsvivo, revealing new phenotypes, defining new biological
roles and showing thd. malayisans Bm-cpl-lare incapable of completing their life cycle.
These data enhance the appeal of cathepsins as novel anthelmintitardetg. Beyond
cathepsins, this technique will have most utility in the invesbgatf known and potential
antifilarial drug target genes expressed in both the mosquito-bidenstdges and those life

stages that are vulnerable to chemotherapeutic intervention.
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CHAPTER 3. Confirming Robustness of thdn Vivo RNAI Protocol Through Investigating
Gene Function of Known and Potential Drug Targets in the Filarial Nemaide,Brugia

malayi

A paper to be submitted

Chuanzhe Song, Tim A. Day, Michael J. Kimber and Lyric C. Bartholomay

. ABSTRACT

Lymphatic filariasis is a global public health concern, withrd20 million people infected
in 81 endemic countries. Current efforts to control the spread ophHghic filariasis are
constrained by a limited portfolio of effective anti-filariatuds and a paucity of tools to
investigate parasitic nematode biology. The two currently avaittildilarial drugs, ivermectin
and diethylcarbamazine citrate (DEC), are both inefficientuaing LF-causing worms like
Brugia malayi from the host and function only to interrupt transmission through poorly
understood microfilaricidal effects. As such, a deeper understandiegisiing and new drug
targets needs to be gained for the development of more efficianfilardl drugs. RNA
interference (RNAI) is a reverse-genetics tool with gpedential to identify novel drug targets
and interrogate parasite gene function but RNAIi on various parasimatodes has proven
inconsistent and unreliable. Many current RNAI protocols areethoutin vitro, necessitating
removal of the parasite from host prior to executing RNAI imuwificial environment. We have
developed an alternative vivo RNAI protocol (we term ih squitd RNAI) targeting the filarial
nematodeB. malayias it develops in an intermediate host, the mosdiettes aegyptiro verify

the consistency and potential of our previously develapaduitoRNAI protocol to interrogate
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potential novel drug targets, we suppressed the expression of twm larad three putative
anthelmintic drug targets in larval-staBe malayi The drug targets were genes encoding
tubulin Bm-tub-), glutamate-gated chloride channel alpha sub@m-GluCle3A), G-protein
coupled acetylcholine receptor Bni-gar-3, FMRFamide-like peptide 21BMm-flp-21), and
prohormone convertase Br-pc-3. Three repeated double-stranded RNA (dsRNA) injections
of dBm-GluCle3A, dBm-tub-1, dsBm-gar-2,or d8m-flp-21 resulted in phenotypic

abnormalities including aberrant worm motility, survival and migration withinrtbequito host.
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[I. INTRODUCTION

The filarial worm parasited)/uchereria bancroftf90% of cases) an8rugia malayi(10% of
cases) [23] are the etiological agents of lymphatic filexiéisF). The transmission of filarial
worms is facilitated by mosquitoes that transmit infectioustage filarial worms during blood
feeding. LF causes damage to the infected individual's lymplersyfR29-35] that can lead to
crippling morbidity and social stigmatization. The World Health Orgaiozastimates that over
120 million or approximately 2% of the global population are infected ladvillion in 81
endemic countries are considered at risk [24, 26]. Of the 120 milifected individuals,
approximately 12.5% exhibit clinical symptoms associated witmphedema such as
elephantiasis, resulting in over 5 million Disability AdjustedeLYears (DALYs — healthy life

years lost) annually [53].

Following the identification of LF as one of six potentially eradlie diseases by the World
Health Assembly’s International Task Force for Disease Ea#ditin 1997 [25], the Global
Program for the Elimination of Lymphatic Filariasis (GPEbEs implemented a systemic mass
drug administration (MDA) of diethylcarbamazine citrate (DB@d albendazole, or ivermectin
and albendazole in regions co-endemic with other filarial taohea such a®nchocerca
volvulus in an effort to alleviate morbidity and eliminate the transimisf this disease.
Despite reduced prevalence in many areas, LF remainsificgigt global health concern [45,
85] due, in part, to key weaknesses in MDA chemotherapy. Currenpkefforts can only
interrupt disease transmission because DEC and ivermectin areffmuyve as microfilaricidal
agents so do not function in a macrofilaricidal, curative manner [453@6,Although drug
resistance in lymphatic filarial nematodes has not been repsotddr, a report in 2004 of

onchocerciasis patients failing to respond to ivermectin terasrin Ghana raises concern about
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possible development of drug resistance strains af®oieocerca volvuluR88, 289]. As such
there is an urgent need for more effective anti-filariahggeJnfortunately our current limited
understanding of filarial worm biology and the mode of action o$texg drugs hinders our
ability both to rationally develop more effective anti-filariaugs, and to make better use of

existing compounds.

Since the 1998 characterization of RNA interference (RNA)hm free-living nematode
Caenorhabditis eleganigy Fireet al, RNAI has evolved into a powerful novel reverse genetic
tool that enables researchers to rapidly and specifically ‘@éffngenes of interest. Since its
characterization irC. elegansRNAI have rapidly become a standard tool in the identification
and validation of potential new drug targets for rational drug discd2ers, 208]. The ability
for RNAI to suppression specific genes enables researchersninexie resulting phenotypes
to delineate specific gene functions and evaluate the encodechizrei@ue as potential drug
target. We have previously established a nawelvivo RNAI protocol to suppress gene
expression irBrugia malayiwhere the intermediate host, the mosqéitnles aegyptis used as
a culture and RNAIi delivery mechanism [257]. Using this protocol, demonstrated the
important role oBm-cpl-1, a gene encoding a cathepsin L-like cysteine protease, in theybiolog
of larval stageB. malayi Suppression of the gene produced potent behavioral and developmental
worm phenotypes, supporting the contention that this protein has potergtiabasl anti-filarial

drug target.

Here we attempt to utilize our previously developedquitoRNAI protocol on two known
drug targets, a glutamate-gated chloride channel alpha subuninégisten) andp-tubulin
(benzimidazole anthelmintics) as well as three putative drugetra G protein-coupled

acetylcholine receptor (GAR), a prohormone convertase (PC), &MRiEamide-like peptide

www.manaraa.com



89

(FLP) to shed light on the biology of these genes by examinisgolioinction phenotypes. We
used both semi-quantitative and quantitative RT-PCR to confirm and fgusunpipression. To
examine individual target gene functions, gene-suppressed L3 worms eeenpared
phenotypically to normal control L3 worms. Phenotypic difference$ sisc reduced worm
motility, knotting behavior, frequency distribution, and mean intensitye vedserved between

normal and dsRNA exposed worms.
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lll. MATERIAL AND METHODS

A. Mosquito Maintenance and Injection Protocol

The mosquitoAedes aegyptfLiverpool strain), was selected based on its susceptibdlity t
filarial worm infection [253].Ae. aegyptwere maintained in a contained environment under a
constant temperature of 25°C, 80% relative humidity and a 14 h ligitt bodhrk photoperiod.
The mosquitoes were fed a diet of 0.3 M sucrose. Mosquitoes to bednyeere anesthetized
on ice and immobilized on a vacuum saddle before being microinjectethortcically.
Intrathoracic microinjection took place at the base of the mosquith \nagulled borosilicate
glass pipette attached to a manual syringe for injection by ollisplacement. A maximum

volume of 0.5ul could be injected per injection using this approach.

B. Establishing Brugia Infection

Infected cat blood containing. malayimicrofilariae (mf) was obtained from the University
of Georgia NIH/NIAID Filariasis Research Reagent Reso@eater. As with our previous
experiment [257], a filtration protocol [254] was used to isolate andygbhe mf from the cat
blood in order to establish a consistent and repeatable inocBlumalayiinfected cat blood
was first diluted with phosphate buffered saline (1:5 ratio, blood: ph@sph#fered saline
(PBS)) before being syringe filtered through a QrSilter to isolate microfilariae (mf). Filter-
captured mf were subsequently washed three to five times whféiBwed by a further three
to five times withAedegphysiologic saline [255]. Following wash, the mf containing supernatant
was centrifuged at 6,800g for five min. Supernatant was removedhangdelleted mf was
subsequently resuspended in frégdessaline to a concentration of 40 worms pkrTo infect

mosquitoes, 20 mf were microinjected as described.
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C. Gene Selection & dsRNA Generation

The five target genes werBm-tub-1(XM001896580 [112]) fo3-tubulin, Bm-GluClua3A
(XM001891558) for glutamate-gated chloride chanri&t-gar-2 (XP001893809) for a G
protein-coupled acetylcholine recept®@m-flp-21 (AA991111 [283]) for a FMRFamide-like
peptide precursor, anBm-pc-2(XM001901916) for a prohormone convertase (Table 3). Gene
sequence for each of the five drug targets under investigatioobaised using the Basic Local
Alignment Search Tool (BLAST) homology searches of Bnemalayiexpressed sequence tag
(EST) datasetDouble stranded RNA (dsRNA) duplexes for each target gene waeraged in-

house using a T7 transcription-based approach as prior [257].

KNOWN DRUG TARGETS

Beta-tubulin Bm-tub-1(XM001896580)
Glutamate-gated CI- Channel Bm-GluCl«3A (XM001891558)

PUTATIVE DRUG TARGETS

G protein-coupled Acetylcholine ReceptoiBm-gar-2(XP001893809)
FMRFamide-like Peptide Bm-flp-21(AA991111)
Prohormone Convertase-2 Bm-pc-2(XM001901916)

Table 2. Targets foin squitosuppression

For each suppression target, a transcription template was iglRed from aB. malayilL.3
stage cDNA library (kindly provided by Dr. S. Williams, Smi@ollege, MA) using gene
specific  oligonucleotides designed to incorporate a T7 promoter rssgue
(TAATACGACTCACTATAGGGTACT) at both the 5" and 3’ ends of thenglicon. These

primer sequences can be found in Table 4.
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Ampli
Gene Primer sequence (5' - 3) .n'lp leon
Size (bp)
Bm-tub-1 Forward TAATACGACTCACTATAGGGTACTTCCTTGTTGATCTGGA
Reverse TAATACGACTCACTATAGGGTACTTTCGAGATCAGCAATG 319
Brm-GluCl- a3A Forward TAATACGACTCACTATAGGGTACTTTTGCCAACTTTTGA
Reverse TAATACGACTCACTATAGGGTACTACCAAGAACGGGTAG 542
Bm-oar-2 Forward TAATACGACTCACTATAGGGTACTATCGGAGGAAGTACG
7 Reverse TAATACGACTCACTATAGGGTACTGTTTTCTTAAATTGCTGA 432
Bm-flp-21 Forward TAATACGACTCACTATAGGGTACTCAAAGTCTGCGTTGTTTTIC
P Reverse TAATACGACTCACTATAGGGTACTAGATCGTTAGGAGGTGCT 216
Bm-pe-2 Forward TAATACGACTCACTATAGGGTACTGGCATTGAAGAGGAC
P Reverse TAATACGACTCACTATAGGGTACTGATTTTCACCCCAAG 514

Table 4. Primer sequence for dsRNA generation

The location of this transcription template was carefully chosessg0 exclude any region
of high sequence homology within tiAee. aegyptigenome to avoid off-target transcriptional
suppression effects on the host. Transcription templates wepengfedd and dsRNA duplexes
synthesized using the MEGAscript RNAI Kit (Ambion, TX) accordiegthe manufacturer’s
protocols. DsSRNA species were quantified with a NanoVue spectropb@o(GE Healthcare,

NJ) prior to use.

For this experiment, we noticed that the progeny from newlgtedB. malayiworms were
exhibed higher survival rate in the mosquitoes with an increase inutinéer of worms that
successfully develop to the L3 life stage as compared to parasieéd in prior experiments that
have expired due to natural aging. Using the new mf we foundtingireviously protocol was
less effective in eliciting consistent suppression. Reoptimizatiothe protocol produced
effective target suppression following an initial injection of ¢éardsRNA at 6 day post-infection

(dpi), at a time just prior to the molt from second larval s{&g¢ parasites developing into the
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third larval stage (L3) parasite [62], followed by two subsequeattioins at 9 and 12 dpi. The
mosquitoes were processed to confirm suppression of the target getescabed below, 48 h

post final injection of dsRNA.

D. Relative Quantitative RT-PCR

B. malayiinfected mosquitoes injected with either saline (control) or dsRi#e cold
anesthetized on ice. Total RNA from individual mosquitoes was ¢atrarsing the RNAqueous
Kit (Ambion, TX) followed by DNase treatment using the TURB8A-free Kit (Ambion, TX)
in thin-walled PCR tubes. The RNA was stabilized with RNaseInhibitor (Invitrogen, CA)
and stored at°€ in RNase-free microcentrifuge tubes. Relative semi-giaéing RT-PCR was
performed using this RNA as template. Relative semi-quangt&i-PCR was performed using
the SuperScript Il One-Step RT-PCR System with PlatinumDOnd4 Polymerase (Invitrogen,
CA). TheB. malayicathepsin L-like geneBm-cpl-1 (Accession number AF331035 [229]),
served as the internal standard on which the intensity of thet gege amplified from the same
RNA sample is compared to. This gene was chosen as we had dyedetesmined its stable

transcript production during thig malayilL3 stage by PCR [257].

The oligonucleotide primers used to amplify targets were designéiank the gene regions
covered by the dsRNA. These primer sequences can be found in Tabkeofile forBm-cpl-
1, Bm-gar-2, Bm-pc-2, Bm-flp-21, and Bm-tulRCR were: cDNA synthesis at 50°C for 30
minutes; an initial denaturation phase of 94°C for 2 min; 42 cycleéd°@ for 30 s, 60°C for 30
s, 68°C for 1 min and a final extension phase of 68°C for 5 min. The pi@fiEm-GluClu3A
PCR was: cDNA synthesis at 50°C for 30 minutes; an initial destadarphase of 94°C for 2
min; 32 cycles of 94°C for 30 s, 60°C for 30 s, 68°C for 1 min and a fitrahgwn phase of

68°C for 5 min. Reactions were visualized on a 1.2% agarose gel containing ethidiuatebromi
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Gene Primer sequence (5' - 3')
Forward ATATGTGCCACGAGCAGTC
Bm-tub-1
Reverse TGGATACTCCTCACGAATTT
Forward TATGTTGGTCGTCGTTTCCT
-GluCl-
Bm-GluCl-a3A o erse TGAGGTCAACACGTTTGCTA
Bm-aor-2 Forward TGGAACGTGAAAGTACAGCA
g Reverse TAGCCATGGCATAGCAAAAT
Bm-flp-21 Forward AAGATCACCAGATGTCAACATTITTAT
? Reverse GTAACGCCAGGTTTTCCCAGTC
Bm 2 Forward ACGGTAGATGGACCACGTAA
Pe Reverse ATCTGGCAAGTCTCTGCATC
Forward AACAGGGCAATATGACGAGA
Bm-cpl-1
Reverse

CAGCATGCTTAAGTCCCAGT

Amplicon

Size (bp)

307

431

564

342

465

810

Table 5. Primer sequence for relative quantitative RT-PCR
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E. Quantitative RT-qPCR

Total RNA from each individudB. malayiinfected mosquito injected with saline (control) or
dsRNA was extracted and DNase-treated as described abovéréar teplicated RNAI
experiments. Following DNase treatment, RNase Out Inhibitoradded to each sample. Each
RNA sample was quantified spectrophometrically. This RNA seaged template in our RT-

gPCR assays using the gScript One-Step Fast RT-PCR Kit with ROX (@iaBt@ences, MD).

Establishing PREXCEL-Q Parameters

To establish our RT-gPCR parameters and determine the validngadages for all of our
samples (target and reference genes), PREXCEL-Q, a gP&y development and project
management software, was employed. To determine the optimum terophecentration to use
while avoiding RT-gPCR inhibition for each of the seven targetsxtura of the RNA samples
at concentration range between 0.02 to 0.14ingls used. For subsequent quantitative
assessment of transcript abundance, each RNA sample was dill@edl tngal with 6 pl of

sample used per 28 reaction.

Primers and Probes

The target sequences under evaluation in the RT-gPCR studyhe@&emalayip-tubulin 1,
glutamate-gated chloride channel alpha-3A subunit, G-protein coupégdcholine receptor-2,
FMRFamide-like peptide-21, and prohormone convertase-2 transcript prgvioestribed.
Two reference genes were used, a cathepsin L-like Bj@nrepl-1also previously described, and
Bm-tph-1(Accession number U80971), a tumor protein homolog-encoding gene thabigea

reference gene for qPCR Bfugia development in mosquitoes [228]. To facilitate the use of
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shorter gene specific primer-probe sets for this study, TagMan rgimoorve binding (MGB)
probes were used. All primers and probes were designed Risingr Express v. 2.0 software

(Applied Biosystems, CA) and synthesized by Applied Biosystembe gdrimer and probe

sequences used are shown in Table 6.
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Gene

Primer sequence (5' - 3')

Amplicon
size (bp)

Bm-tub-1

Bm-GluCla3A

Bm-gar-2

Bm-flp-21

Bm-pc-2

Bm-cpl-1

Bm-tph-1

Forward
Reverse
Probe

Forward
Reverse

Probe

Forward
Reverse
Probe

Forward
Reverse

Probe

Forward
Reverse

Probe

Forward
Reverse

Probe

Forward
Reverse
Probe

GAACGCCGATCTCCGTAAAC
AGAAATGCAACCGTGGAAATG
6FAM-TGCCGTCAATATGG-MGBNFQ

GGATGCTGTACCTGCTCGTGTA

ATACCTGATGCTTGTGTAGTCATTGTT
6FAM-CATTAGGTGTAACAACATTG-
MGBNFQ

CCGCCTCGGATTGAGGTTA
CGTACTTCCTCCGATGTTACCAA
6FAM-CGAGGAACCAAAGCA-MGBNFQ

CAGTGCTACAAACTGCTAAGGATGA

TGCTGCTGGAATAGCGTGAT
6FAM-TGATAGTACTCAGTATTCTAC-
MGBNFQ

CCCTCGACCGGAAATCTTGT

CTGTCGGAGTTCCCAAGCA
6FAM-CTGGAATTGATTACTGATGC-
MGBNFQ

GGTTACGGAACGCATCGAA
TGGGTTCCCCAGCTATTTTTAA
6FAM-TCACGGTGATTACTGGAT-

MGBNFQ

TTGCAACGATATGTTGATCTTCAA
ACGAGTCCGACGCAAGCT

6FAM-ATGCATTCACAGATGAC-MGBNFQ

62

71

62

71

61

62

62

Table 6.Primer and TagMan probe sequences for RT-gPCR experiment.
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TagMan RT-gPCR

For each RNA sample, 29 volume reactions were prepared in duplicate anglagf this
reaction mixture was applied per well on a 96-well plate @usuhite-well reaction plates,
Eppendorf, NY). Individual components of each RT-qPCR reaction werellas/d: 6 pl
prediluted RNA (as determined by PREXCEL-Q), 625X One-step Fast Master Mix with
ROX, 1.25ul gScript One-Step Fast RT, 775 nM each primer, 150 nM probe, nudtease-
water to 25ul. Cycling conditions included an initial cDNA synthesis step of 5fiC5 min
followed by an RT denaturation/Taq activation phase of 95°C for B&ns45 cycles of 95°C for
3 s and 58°C for 30 s. Four point standard curves were created faasgath(within the ngd
ranges already specified above) by diluting the RNA samptéurei in each case according to
precise, PREXCEL-Q-determined parameters (eight-fold diluticom f highest to lowest
concentration). Nuclease-free water was substituted for RNMo#emplate control reactions.
Thermocycling was performed on an ABI GeneAmp 5700 SDS (Applied Semg).
Quantification cycle (¢ values were obtained at an appropriate threshold per each(teddet
DR, in all cases), and data were processed using custom Ersebyilthe efficiency-corrected

(E**C9 relative quantification method [227].

F. Phenotype Analysis

After confirmation of target gene suppression, multiple assays pegfermed to describe
worm phenotypes. Each phenotypic assay was performed 14 dpi. Infectqditoess were
inoculated with target specific dsRNA at 6, 9, and 12 dpi. Mosquitoes eodi-anesthetized on
ice before the wings and legs were removed and discardeche@bethorax and abdomen were
partitioned and further dissected to release the parasites. ollbwirig characteristics of

dissected parasites were observed:P@rasite location In order to be successfully transmitted,
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these parasites have to actively migrate to the head ofdkquiho and vigorously writhe free of
the proboscis. Parasite migration through the mosquito was re@rdedeasured according to
escape point from the mosquito body (abdomen, thorax or head)Vo(®) motility : A scoring
schema ranging from one (immotile) to five (constantly, highlgtile) was used to quantify
parasite movement in a blind fashion by an independent evaluatoKink®d morphology:
The number of parasites with a perturbed section of body walllglicgnidal to the midpoint of
the worm was noted. (Barasite survival / viability: The number of parasites that survived to
the infectious stage was recorded so that infection prevalencenaad intensity could be
calculated. (4Mosquito survival / viability : The number of mosquitoes that survived through
the development of parasites to the infectious stage was recbedadiseB. malayi inflict

significant pathology and decrease mosquito survival.

G. Statistical Analysis

To analyze the effect of RNAi on gene expression in the RT-gB@Briments and parasite
size, t-tests were used. To analyze the effect of RNAi on worm ityoblased on our one
through five blind-scoring schema and worm viability based on the numibgarasites
harvested from each infected mosquito, ANOVA was employednatyze the effect of RNAI
on all other worm and mosquito behaviors assayed, chi square testgsedreFor all test®

values< 0.05 were considered statistically significant.
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IV. RESULTS

A. Target Genes were Expressed During Mosquito Borne Life Cycle Stages

The target genes were checked for expression during the interenbdgtlife cycle using
Brugia malayimicrofilaria, L2 and L3 cDNA libraries (kindly provided by D®. Williams,
Smith College, MA) as PCR templat&m-tub-1was expressed at all three life stages (Figure
15A) but Bm-GIuClu3A was expressed only at the L3 life stage (Figure 15B).il&lyn Bm-
gar-2 was strongly expressed at the L3 larvae life stage wiith éapression at the mf life stage
and no expression at the L2 life stage (Figure 13&-flp-21was found to be expressed at all
three stages (Figure 15D) aBth-pc-2was expressed weakly at th life stage and strongly at
the L3 life stage with no expression at the L2 life staggufe 15E). The expression of all gene
targets during the mosquito-borne life stages provides a basis tmtevéheir potential and

effectiveness as drug targets using our mosquito-baseplitoRNAI protocol.
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Bm-tub-1 B. Bm-GluCl-a34  C. Bm-gar-2

E. Bm-pc-2
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Figure 15. Target genes are expressed during mosquito life cgcstages(A)
Bm-tub-1was expressed at all three life stages (microfilam®, L2 and L3
stages). (B)Bm-GluClua3A was expressed only at the L3 stage. (C) Similarly,
Bm-gar-2vas expressed strongly at the L3 larvae life stage \&itit €xpression

at the mf life stage and no expression at the L2 stage.B(@lp-21 was
expressed at all three life stages. Bif)-pc-2was expressed weakly at tind life

stage and strongly at the L3 stage with no expression at the L2 stage.
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B. In sgquito Suppression of Target Genes was Potent and Specific

Infected mosquitoes were separated into six different groupsotddim-tub-1, Bm-GIluCl-
a3A, Bm-gar-2, Bm-flp-2landBm-pc-2 Each group was injected with 150 ng of the appropriate
dsRNA at 6, 9, and 12 dpi except for the control group, which was idjedtle an equal volume
of Aedesphysiological saline. Gene suppression was assayed 48 h giodsRNA injection
using a semi quantitative RT-PCR in which the intensity of thgeetagene amplification in the
linear phase of the reaction was compared to an intBrmablayireference gend3(n-cpl-1)that
is expressed stably. Suppression was consistent for four ovéhtafget gene€Bm-pc-2could

not be consistently suppressed but rather was potently up-regulated (Figure 16).

Real time quantitative PCR (RT-gPCR) was used to quantifyabel lof Bm-tub-1,Bm-
GluCl-a3A,Bm-gar-2, and Bm-flp-2lppression relative to two reference gerBas-€pl-1and
Bm-tph-J using the E*“®relative quantification method [227]. PREXCEL-Q software was used
to optimize the performance of the RT-qPCR assay; and importaat péatinent to PCR
efficiency, linear dynamic range and normalization of theyaasa documented in Table Bm-
tph-1 showed stable Lvalues across the experiment and therefore was the most appropriat
reference gene for these studies, as shown previously [R28pc-2mRNA abundance after
RNAI was quantified relative tBm-cpl-1only, asBm-tph-1transcript level was reduced by 38.2%
(P<0.0001) after d&m-pc-2treatment. The suppressionB&rin-tub-1, Bm-GluC&3A, Bm-gar-2,
and Bm-flp-21was potent and specific. Thrice RNAIi reducBth-tub-1 transcript by 37%
compared to saline injected controls (P<0.0001) (Figure 17A), tBmeceGIuCla3A by 28%
(P<0.001) (Figure 17A), thricBm-gar-2by 53% (P<0.0001) (Figure 17A) and thrm-flp-21
by 45% (P<0.0001) (Figure 17A). Thrice injection of 150 Bwyp-pc-2 dsRNA surprisingly

increasedBm-pc-2transcript by 341% compared to saline injected controls (P<0.@B@Ure
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17B).Bm-cpl-1reference gene transcript was slightly reduce8imytub-1, Bm-GluCk3A, Bm-
gar-2, and Bm-flp-21 RNAi treatments but these reductions were not significBmt-gar-2
dsRNA, 10.0%, P=0.08m-GluClu3A, 9.4%, P=0.071Bm-tub-1,13.4%, P=0.47Bm-flp-21
12.1%, P=0.55). These data support the gel based semi-quantitative R&pEmRmental

findings and provided evidence tHam-pc-2dsRNA exposure resulted in an up-regulation of

Bm-pc-2.
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A. Control Worm
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E.  Bm-flp-21 RNAi F. Bm-pc-2 RNAi

Bm-flp-21 Bm-cpl-I Bm-cpl-1  Bm-pc-2
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Figure 16. Target genes are suppressed using squito RNAi protocol.
Micrograph shows gel electrophoresis of relative RT-PCR asabysndividual,
B. malayiinfected mosquitoes 48 h post-injection of RNAI trigger. (A)
amplification product of the reference gaBm-cpl-land all six target geneBm-
flp-21, Bm-gar-2, Bm-pc-2, Bm-tub-1, and Bm-Gld@A of control B. malay+
infected mosquito injected with saline (B) Amplified product for tdrget gene,
Bm-tub-1 is shown right of the reference geBm-cpl-1(C) Amplified product
for the target gendBm-GIuClu3A, is shown left of the reference geBm-cpl-1
(D) Amplified product for the target gen®&m-gar-2 is shown right of the
reference genBm-cpl-1(E) Amplified product for the target gerigm-flp-21, is
shown left of the reference gedan-cpl-1(F) Amplified product for the target

geneBm-pc-2 is shown right of the reference geBm-cpl-1
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Figure 17. Quantitative RT-PCR demonstrates significant redumon in
transcript abundance of Bm-tub-1, Bm-GluCl-a3A, Bm-gar-2, and Bm-flp-21
and a dramatic up-regulation of Bm-pc-2 following dsRNA. (A) Injection with
Bm-tub-1dsRNA decrease®8m-tub-1transcript by 37% compared to control.
Injection with Bm-GluClo3A dsRNA reducedm-GIuCle3A transcript by 33%
compared to control. Injection wittlBm-gar-2 dsRNA reducedBm-gar-2
transcript by 55% compared to control. Injection wilm-flp-21 dsRNA
decrease®@m-flp-21transcript by 45% compared to cont®m-GluClu3A, Bm-
tub-1, Bm-gar-2, and Bm-flp-24re normalized to two reference gem#s-tph-1
and Bm-cpl-1 (B) Injection withBm-pc-2dsRNA increase@®m-pc-2transcript
by 341% compared to contrd@m-pc-2is normalized tdm-cpl-1reference gene
sinceBm-pc-2dsRNA injection resulted in a significaBm-tph-1reduction of 38%
(P<0.001). Quantitative RT-PCR was performed 48 h post last injedtiRN Al
trigger at 14 dpi. Each bar represents 10 mosquitoes from thoéegibal

experimental replicates.
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C. Brugia Gene Suppression Result in Aberrant Motility

Mosquitoes were injected with 150 ng of target dsRNA or salioetr@l) at 6, 9, and 12 dpi
then microdissected at 14 dpi to harvest L3-stage parasites. Worm medsityigitally recorded
and scored according to a five-point schema of one (immobileyaddil parts of the worm in
constant motion)Bm-tub-1suppression decreased worm motility by 11.0% compared to control
(P<0.001). SimilarlyBm-GluCl«3A, Bm-gar-2,and Bm-pc-2suppressions also elicited 9.5%
(P<0.001), 6.7% (P=0.001), and 5.5% (P=0.017) reduction in worm motility. BwtHlp-21
suppression, an increased motility of 1.8% was observed, but this ineragas®et statistically

significant (P=0.420) (Figure 18).
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Figure 18. Bm-tub-1, Bm-GluCl-¢3A, Bm-gar-2, and Bm-pc-2 dsRNA
exposure elicited reduced motility Frequency distribution for motility of L3
stageB. malayirecovered fromAe. Aegypti. Bm-tub-1, Bm-GIw3A, Bm-gar-2,

and Bm-pc-2IsRNA exposure resulted in 11.0%, 9.5%, 6.7%, and 5.5% motility
reduction compared to contr@dm-flp-21suppression did not alter worm motility.
Parasitized mosquitoes were injected with saline (control) or §5B. malayi

target dsRNA at 6, 9, and 12 dpi, then microdissected to obtain parasites at 14 dpi.
Parasite motility was scored on a 1-5 scale, with 1 = immaadmid 5 = highly
mobile. Control n=88, d&m-tub-1n=57(P < 0.001), @®&m-GluClu3A n=75
(P<0.001), dBm-gar-2 n=106 (P=0.001), @&n-flp-21 n = 65 (P=0.420), and

dsBm-pc-2n=56 (P=0.017)

www.manaraa.com



113

D. Effect of dsSRNA Exposure on Normal Knotting Behavior of L3B. malayi

HealthyB. malayiL3 are characterized by a highly, continuously active and convdboidyl
form with either one, or both ends of the parasite being noticeabhotsit we describe this
curvature phenotype as “knotted’. Using the control and RNAI suppressed wrtrasted for
motility evaluation we took note of whether the worm exhibited zera, @anieoth ends knotted.
Control worms exhibited 1% zero ends knotting, 51% one end knotted, and 48% both ends
knotted. Compared to controls, gene suppression elicited a marked decrease in knotting beha
Bm-tub-1suppression elicited an 8-fold increase in zero ends knotted and a 8@%seen both
ends knotted (P<0.001Bm-GluCle3A suppression resulted in a 19-fold increase in zero end
knotting frequency and decreased both ends knotted frequency by §8%Q0P). The incidence
of zero ends knotted was increased 12-fold followmg-gar-2suppression. One and both end
knotting amongBm-gar-2suppressed worms also decreased by 13% and 13% (P<@Ba®1).
flp-21 suppression resulted in a 26 fold increase in incidence of zero entedkaiod a decrease
in one and both ends knotted frequency of 16% and 45% (P<ORB1pc-2dsRNA exposure
produced a 4-fold increase in zero end knotting frequency and a 9% oediuctone end

knotting frequency (P=0.011) (Figure 19).
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Figure 19. Suppression of targetBrugia malayi genes altered normal
knotting behavior. Frequency of control worms exhibited zero, one, and both
end knotting are 1%, 515, and 48Bn-tubd suppression resulted in zero, one,
and both end knotting frequency of 11%, 56%, and 38¥-GluCla3A
suppression resulted in zero, one, and both end knotting frequency of 23%, 57%,
and 20%.Bm-gar-2 suppression resulted in zero, one, and both end knotting
frequency of 14%, 44%, and 42®m-flp-21 suppression resulted in zero, one,
and both end knotting frequency of 31%, 43%, and 28%-pc-2 dsRNA
exposure resulted in zero, one, and both end knotting frequency of 5%, 46%, and
48%. Infected mosquitoes were injected wAgdesphysiological saline (control)

or 150 ngB. malayitarget dsRNA at 6, 9, and 12 dpi, then microdissected to
obtain parasites at 14 dpi. Control n = 88Bmistub-1n=57 (P<0.001), d&&m-
GluCl-a3A n=75 (P<0.001), ®m-gar-2 n=106 (P<0.001), @m-flp-21 n=65

(P<0.001), and @&m-pc-2n=56 (P=0.011).
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E. Worm Distribution is Significantly Altered with RNAi Suppression.

To further examine the effect d8. malayi gene suppression, worm distribution was
examined. Two days after RNAI treatment, each mosquito wasigreet into head, thorax, and
abdomen and the number of worms harvested from each segmerdumésd. Since no control
or RNAI suppressed worms were found in the abdomen, the dissected mesq@tedurther
divided into five categories based on where the worms were hatvafitevorms found in the
head, majority of worms found in the head, half of the worms found in mehtadf in thorax,
majority of worms found in the thorax, and all worms found in the thdfderms in control
mosquitoes were predominantly found in the head with 90% of the mosdquioes either all
or the majority of worms extracted from the head reddm-tub-1 Bm-GluCla3A, andBm-gar-

2 suppression significantly disrupted worm migration with only 28¥-tub-1P<0.001), 13%
(Bm-GluClu3A P<0.001), and 39%Bfm-gar-2 P<0.001) of mosquitoes having all or the
majority of worms present in the head region. No statisticsiliyificant change in worm

migration was noted witBm-flp-21andBm-pc-2dsRNA exposure (Figure 20).
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Figure 20. Frequency distribution of worms extracted from ontrol and
dsRNA injected mosquitoesControl mosquitoes: 72% with all worms present in
head region, 18% with majority of worms present in head region, S&chait of
worms present in head region and half of worms present in thegaan, 2%
with majority of worms present in thorax, and 3% with all wornmesent in the
thorax. Bm-tub-1dsRNA injected mosquitoes: 10% with all worms present in
head region, 12% with majority of worms present in head region, 128chait

of worms present in head region and half of worms present in thegaoar 35%
with majority of worms present in thorax, and 31% with all wornesent in the
thorax.Bm-GIuCle3A dsRNA injected mosquitoes: 5% with all worms present in
head region, 8% with majority of worms present in head regionwitPohalf of
worms present in head region and half of worms present in thorax rdgiéo
with majority of worms present in thorax, and 63% with all wornesent in the
thorax. Bm-gar-2 dsRNA injected mosquitoes: 11% with all worms present in
head region, 28% with majority of worms present in head region, 258chait

of worms present in head region and half of worms present in thegaoar 23%
with majority of worms present in thorax, and 13% with all wornesent in the
thorax. Bm-flp-21 dsRNA injected mosquitoes: 78% with all worms present in
head region, 20% with majority of worms present in head region, andi2fo w
majority of worms present in thoraBm-pc-2dsRNA injected mosquitoes: 72%
with all worms present in head region, 12% with majority of wornesqant in
head region, 9% with half of worms present in head region and half ohsvor

present in thorax region, 2% with majority of worms present in thaad 5%
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with all worms present in the thorax. Infected mosquitoes weseted with
saline (control) or 150 n@. malayitarget dsRNA at 6, 9, and 12 dpi, then
microdissected to obtain parasites at 14 dpi. Based on where théyr@jail of

the worms are harvested, mosquitoes were each sub-divided intotegeress:

all worms found in the head, majority of worms found in the head, hatieof t
worms found in head / thorax, majority of worms found in the thorax, Bnd a
worms found in the thorax. Control n = 88Bds-tub-1n=58 (P<0.001), &&m-
GluCl-a3A n=77 (P<0.001), d&m-gar-2 n=107 (P<0.001), dn-flp-21 n=65

(P=0.064), and @&m-pc-2n=58 (P=0.335).
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F. Effect of B. malayi Target Gene Suppression on Worm Survival

Parasitized mosquitoes were injected with saline (control) or %) malayitarget dsRNA
at 6, 9, and 12 dpi, and then microdissected at 14 dpi. The number of extrnactas per
mosquito was counted. The mean intensity of worms found among n=88 control ttesgtas
3.44 worms per mosquitoBm-tub-1, Bm-GIuC&3A, and Bm-pc-2 dsRNA exposure
significantly reduced the average number of worms found per mosquii®% Bm-tub-1
P<0.001), 17%Em-GluClu3A, P<0.001), and 13%BMm-pc-2 P=0.004) Bm-gar-2suppression
had no effect on worm survival, b8m-flp-21 suppression increased worm survival by 30%

(P<0.001) (Figure 21).

G. Effect of B. malayi Target Gene Suppression on Mosquito Survival

To examine mosquito survival, the number of mosquitoes that survived to g épich of
the dsRNA and saline injected groups was counted. Mosquito surviealvest determined
based on the ratio of surviving mosquitoes to total infected mosquitoedsR&IA or saline
injection group. We found thaBm-tub-1, Bm-GluCik3A, Bm-gar-2,and Bm-pc-2 dsRNA
injection did not significantly alter mosquito survival rate, Bui-flp-21suppression resulted in

a 22% reduction in mosquito survival rate (P=0.004).
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Mean Intensity

Figure 21: Parasite mean intensity of control and dsRNA injged Aedes
aegypti. Average number of worms extracted from control group mosquitoes was
3.44. Average number of worms extracted frBm-tub-1 Bm-GluCle3A, Bm-
gar-2, Bm-flp-21andBm-pc-2dsRNA injected mosquitoes were 2.79, 2.87, 3.69,
4.48, and 3.00. Infected mosquitoes were injected with saline (control) or 150 ng
B. malayitarget gene dsRNA at 6, 9, and 12 dpi, and then microdissected to
obtain an infection count. Control n = 88,Bas-tub-1n=58 (P<0.001), d&m-
GluCl-a3A n=77 (P<0.001), ®&m-gar-2 n=107 (P=0.055), @®m-flp-21 n= 65

(P<0.001), and @&m-pc-2n=58 (P=0.004).
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V. DISCUSSION

A. The Robustness of thén squito RNAI Protocol

In this study we examined fivB. malayigenes encoding known and putative drug targets
using in squito RNAI. Of the five target genes, consistent RNAi mediated sgpjme was
achieved withBm-tub-1(37%) Bm-GluCla3A (28%) Bm-gar-2(53%) and Bm-flp-21(45%)
and up-regulation of 341% was observed vBim-pc-2dsRNA RNAI trigger exposure. The
relatively reliable knock down of target gene expression compavesably with other RNAI
methodologies applied to a broad cross section of parasitic nem#tatibave met with limited
success. The consistency of our RNAI protocol may be a resuit vivo RNAI suppression
within the host because all previous RNAI protocols introduce RN@geris within artificialin

vitro RNAI environments.

B. Bm-tub-1

Benzimidazole-type anthelmintics, such as albendazole, exertetifiect by binding tg3-
tubulin and inhibiting microtubule formation. Microtubules have a wide variety ofiurecsuch
as intracellular transport, nutrient (glucose) uptake, cell shapesynaptic formation among
others [266, 270-273]. Thus the disruption of microtubule formation interruptsiteasarvival
in a multitude of ways including preventing the uptake of glucose, titglegg production and
impairing muscle movement leading to nematode death [266, 270-273]. Mieledazole alone
has no anti-filarial effect, when giving in conjunction with eithegrmectin or DEC it has
proven to enhance both anti-filarial drugs’ potency [80]. Based on thismpemtwity, B. malayi
B-tubulin Bm-tub-) was selected as a gene target for our evaluation. Imasguito RNAI
suppression oBm-tub-1 we observed a reduction in worm motility. In addition, the parasite

mean intensity forBm-tub-1 suppressed mosquitoes was significantly reduced compared to
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control. Worms fromBm-tub-1 infected mosquitoes were more predominantly found in the
thorax. The decrease in worm motility and survival as well asugtion to worm migration
indicates thaBm-tub-plays an important role in normal worm survival and transmission. It
should be noted that suppressiorBaii-tub-1in the mosquito stages of the parasite lifecycle did
not result in a lethal phenotype as observed by Blaxter and Aboobakgrius/itro RNAI

method on adult femalB. malayi[9].

C. Bm-GluCl-a3A

At present, of the two anti-filarial drugs available, only ivectimés potential site of action is
known. Based on studies using various non-filarial nematodes, ivernmadibeen found to
selectively bind to the glutamate-gated chloride channel alpha suxaniing complementary,
and potentially additive, effects with glutamate on the glutaigated chloride channel resulting
in confirmation changes and the observed slow and irreversible channel opening [93, 97, 99, 101,
111, 258]. This irreversible activation of glutamate-gated chloridernsiaeads to the two
observed effects of ivermectin on non-filarial nematodes: pasabjsbody wall muscle [294]
and pharyngeal musculature [259. 260, 262]. As such gastrointestinatodemaxperience
compromised motility and feeding, and are subsequently expediedtfre host body [263]. The
mode of action for ivermectin is less certain for filanamatodes where it is only effective as a

microfilaricide [264, 265]. Thus, at present, little is know about anti-filarial dafigns.

The exposure of @n-GluCla3Aresulted in a 28% reduction Bm-GluCle3A transcript
level. The mean Cq value fBm-GIluCla3Ain our quantitative RT-gPCR experiments was
37.04 £ 1.65, a Cq value typically associated with approximately one copy ofgée ta
transcript, given such low initial transcript abundance, quantification bgfROR is likely to be

less reliable than for the other targets and given that the reactioaref§ic¢or this gene was low
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(30%) it is reasonable to expect this 28% reduction is an underestimate otitily &ctock

down achieved, which may actually be closer to 50-60%.

Bm-GIluClu3A suppression significantly reduced the worm survival within infected mosquito.
Bm-GIluClu3A suppression also compromised the L3 worms’ capability to nawg#ian the
mosquito host body toward the head region. Studies using the |filaolan B. pahangi
demonstrated that ivermectin effectively blocked amphid responsertocahetimuli [267, 268].
Amphids are the sensory organs within the nematode head that corasmysneurons.
Additionally in H. contortus the ivermectin resistant strains were found to have defective
amphids [269]. The phenotypes observedBm-GluClu3A suppression are as expected of
worms with sensory disruption thus hinting at a potential role fomgetin in disrupting the

worms’ sensory system.

It would be expected that compromised navigation would result in womngrsting to the
abdomen as well, but this is not the case. Lack of migration to the abdomen could bedttribute
suppression oBm-GLuCla3A merely diminishing the worm’s capability in distinguishing

sensory stimuli directly related to migration out of the head.

Moreno et al. reported that ivermectin acts to prevéht malayi microfilarial excretory-
secretory capability of microfilaria [282]. IB. malayj the glutamate-gated chloride channel,
which is the target site for ivermectin, was found to be expdessly in the muscle structure
surrounding and controlling the microfilarial excretory-secretayicles [282]. Morenet al.
postulated that the suppression of glutamate-gated chloride channdl, redpitates the release
of excretory-secretory vesicle contents, prevents the relesszetion of proteins that facilitate

in parasite host immune evasion [282]. The reduction in the number aitparfound within
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Bm-GluClu3A dsRNA injected mosquito may be a resulBof-GluCla3A suppressed worms’

diminished capability to release host immune evasion proteins.

In non-filarial nematodes, the paralysis of body wall musctiiésto ivermectin’s action on
inhibitory motor neurons. The irreversible opening of glutamate-gdiedice channel result in
the irreversible hyperpolarization of inhibitory motor neurons. Thpehyolarization renders the
inhibitory motor neuron incapable of producing the inhibitory action poterihat is necessary
for muscle relaxation [263]. This capacity for muscle relaxats required for normal worm
movement [263]. Here we observed tBa-GluCla3A suppression resulted in reduced worm
motility which is consistent with a reduced capacity to regulatebitory neuromuscular
signaling. The lack of worm paralysis wiBm-GluClu3A suppression could be due to the
presence of multiple glutamate-gated chloride channel subtypethanduppression dBm-
GluCl-a3A renders only those channel subtypes consisting of BimeGIluCla3A subunit
defective. The defective channel subtypes could be compensated focerbam extent by
replacement with other channel subtypes, BusGIluCle3A suppression would not completely

abolish inhibitory motor neuron regulation.

D. Bm-gar-2

Neurotransmitter gated G protein-coupled receptors such as @fRlste cellular activities
via cytoplasmic second messengers. Because of the fast actioeatfligiand gated channels,
the slower indirect GPCRs like GARs have been largely ignioréde past. Recent studies on
GARs demonstrate their importance in regulating neuromuscular neoNemorganisms such
asC. elegandiave spurred interest in GARs as potential anthelmintic drug targets [2806]aDit
and Kaplan (2008) demonstrated tlag-gar-2 plays a role in inhibiting cholinergic motor

neurons inC. elegansand the loss ofe-gar-2function result in a decrease of both reversal and
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large-angle (omega) turning behavior [280]. Stegger and Avery (2684Hd evidence
suggesting thaCe-gar-3may play a role in regulatinG. elegangpharyngeal pumping [281].
The removal ofCe-gar-3resulted in an increased pharyngeal pump rate [281]. Conversely, ove
activation ofCe-gar-3resulted in the pharyngeal muscle unable to relax to the closémbipos
thus inhibiting the effective transport of bacteria into the waontestine [281]. As such,
interruption in the regulatory component of the parasitic nematodesimpair its survival
capability. Thus a putatii®. malayiGAR (Bm-gar-2 was selected to evaluate whether GARSs in

B. malayiare sites for potential anti-filarial drug development.

In our study, suppression ddm-gar-2 elicited reduced motility and disrupted worm
migration. These observed phenotypes correlate with the neuronktoeg function of GARs
andgar-2's role in inhibiting cholinergic motor neurons as demonstrated. ielegang280]. A
reduced ability to inhibit cholinergic motor neurons would disrupt normalosh body motion
in line with the observed reduction in worm motility accompanyngrgar-2suppression. It is
also observed thaBm-gar-2 suppression diminished worm migratory capability. Unlga-
GluCl-a3A,andBm-tub-1suppressiorBm-gar-2suppression did not result in a predominance of
incidence where all or majority of worms found in thorax, but instBackgar-2 suppressed
worms had relatively equal occurance of majority or all of taevested worms found in the
head as occurance of majority or all of the harvested worms fioutite thorax. Why this is
remains a puzzle and is something that warrants further investigat present it can only be
speculated that the suppression Bih-gar-2 possibly disrupted the worm’s migratory and
navigation capability. While much more needs to be investigated abowléh&ARs play in

filarial nematodes, the information gleaned from Bor-gar-2suppression study shines light on
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Bm-gar-2as a potential drug target that merits further consideratio®ARs as potential new

anthelmintic drug targets.

E. Bm-flp-21

FMRFamide-like peptides (FLPs) are the largest and mostséiviamily of neuropeptides
within invertebrates [221, 274, 284, 285]. FLPs are highly conserved betweasitipar
nematodes [283] and have a broad role within its nervous system [283]eaaskaciated with
parasite motor and sensory functions [274]. Studies on FLPs usimgivarematode systems
including such asA. suumand C. eleganshave demonstrated that they play a role in both
inhibitory and excitatory modulation of motor neuron activities [286, 290,. 28 §. suumthe
FLP geneafl was found to function in abolishing spontaneous motor neuron activities [292-294].
Similarly, the peptide encoded By suumFLP genef8, predicted from th€. elegansflp-§ene,
was found to elicit ventral somatic muscle contraction and doogabtic muscle relaxation
[295]. TheC. elegans flp-13Peptide has been shown to elicit both ventral and dorsal somatic
muscle relaxation iA. suum[296]. As such, based on the findings from previous studies, we
postulate that FLPs may prove to be an important gene for progeéalfivorm function and a
potentially overlooked anti-filarial drug target. Of tBe malayiFLP genes considereBm-flp-
21 is the only one whereby dsRNA at sufficient concentration cazobsistently produced. As
such for this study we chose to investigate the importanBenefip-21in juvenileB. malayiand

evaluate its potential as anti-filarial drug target.

In C. elegansthe peptides encoded by the flp-18 and flp-21 genes were also found t
activate both neuropeptide receptor (NPR)-1 215F and NPR-1 215V nmsc¢pi@, 279].
Moffett et al. found that peptides encoded@n elegans Ce-flp-2@ene elicited excitatory effect

on ovijector ofA. suumcausing tissue lengthening and the termination of muscle adéwgityng
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to flaccid paralysis [297]. In this studgm-flp-21suppressed worms were observed to exhibit an
increase in worm survival. As expected with the increase in veamwival, mosquito survival

diminished. The exact reason for the increase in worm survival needs to be furtbegated.

F. Bm-pc-2

Many biologically important proteins are synthesized as lamygstive polypeptides that
require prohormone convertase to activate them through protedédiage at the carboxyl side
of the mono-, di- or oligomeric basic amino acid sites [287] thus mgkilgprmone convertase
a potential drug target of interest. Thus for this study wgetad theB. malayiPC2 8m-pc-3.
Suppression of prohormone convertase 2 (PCZ}).irlegansthrough RNAI elicited aberrant
phenotypes such as deficient egg laying and uncoordinated movementT[28#].squitoBm-
pc-2 suppressions were observed to elicit up-regulation of targettgarseription. Quantitative
RT-gPCR demonstrated significant up-regulation (341%@mofpc-2with dBm-pc-2exposure.
Why Bm-pc-2dsRNA exposure resulted in a three to four fold transcription isensapuzzling.
Geldhof et al. in 2005 reported that attempt to RNAIi suppress Haemonchus contortus
vacuolar ATPaséic-vha-10using electroporation and soaking resulted in the up-regulation of
Hc-vha-10expression [213]. Despite the 3.4 fold up-regulat®m-pc-2dsRNA exposure did
result in a reduction in worm survival. In additionBds-pc-2 exposure also elicited a 38%
reduction inBm-tph-1expression not seen with other gene targets investigated istticig.
Thus it is very possible that the difference in worm survival antllibg may be a result of the

Bm-tph-1suppression.

In summary, in this study we examined five existing and putdtivg target®m-tub-1, Bm-
GluCl-a3A, Bm-gar-2, Bm-flp-2.and Bm-pc-2using ourin squito RNAI protocol. Of the five

drug targets, consistent RNAI mediated suppression was achieve®mitub-1, Bm-GluCl-
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o3A, Bm-gar-2,and Bm-flp-21 RNAI and up-regulation was observed wBm-pc-2dsRNA
exposure. Various phenotypes have been observed with each of thegaamdsBNA exposure
allowing us to glean a deeper understanding of these gene témgéts.case oBm-tub-1, Bm-
GluCl-a3A, and Bm-gar-2, RNAI mediated suppression disrupted normal worm motility and
migration thus severely compromised parasite transmission potehtial significant (30%)
increase of worm survival rate associated Vvdth-flp-21 suppression and the up-regulation of
Bm-pc-2both warrants further investigation. Of puzzling interest idahethat up-regulation of
Bm-pc-2resulting fromBm-pc-2dsRNA exposure resulted in a decrease in worm motility. Why

this is needs further investigation.
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CHAPTER 4. GENERAL CONCLUSIONS
The development of aim vivo RNAI method to study and better understand the biology of

filarial worm Brugia malayiwas achieved and verifieth vivo RNAI was achieved using the
mosquito host as a culture and delivery system. RNAI triggerintesduced into the infected
mosquito host via intrathoracic injection and subsequently the devel8pingalayilarva is
exposed to the RNAI trigger. Suppression was potent and speciffovdotarget genes that
represent either known or putative drug targBtsmalayi cathepsin L-like cysteine protease
(Bm-cpl-1), B. malayip-Tubulin 8m-tub-13, B. malayiglutamate-gated chloride channel alpha-
3A subunit Bm-GluClu3A), B. malayiG-protein coupled acetylcholine receptorBm-Gar?g
and B. malayi FMRFamide-like peptide-21BMm-flp-2]). Up-regulation of transcript was
observed withn vivo dsRNA exposure foB. malayiprohormone convertase-Brg-PC3. The
consistency and reliability of the vivo RNAi protocol may be due to exposing the filarial worm
within its host environment unlike previoursvitro RNAI protocols which requires the worm to

be extracted from its host prior to carrying out RNA..

Bm-cpl-1 suppression revealed new phenotypes associated with molting, growth and
development, and motility that shed light on the important biological imgctof this gene
family in larval stages oB. malayi Bm-cpl-1suppression significantly inhibited worm motility
and inhibited normal worm terminal curvatures with a significatiicgon of exhibited rigorous
knotting behavior. In additionBm-cpl-1 suppression compromised normal worm migration
within the mosquito intermediate host. WBmM-cpl-1suppression, mosquito host survival was
significantly increased as parasite prevalence decreBsedpl-1suppression also resulted in a
significantly shorter worm length. Thus cathepsin L-like cyst@iregeases may have potential

as targets for the development of more efficient anthelmintic drugs.
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Bm-tub-and Bm-GluClu«3A suppression showed we could reduce the expressids. of
malayi genes that encode proven drug targets and also showed we couald pteseotypes
associated with drug target knock down through the use of an arragpé @issaysBm-tub-1
suppression revealed the importance fetubulin for normal parasite motility, survival &
development, and migratiom vivo. Bm-tub-1 suppressed worms exhibited increased kinked
posture. Furthermord8m-tub-1suppression was found to compromise normal worm motility,
migration and survivaBm-GluClu3A suppression revealed effects on normal parasite motility,
survival and developmemBm-GluClu3A suppressed worms were found to compromise normal

worm motility, migration and survival.

Bm-gar-2suppression confirmed the importance of G-protein coupled acetylcheteptor
as potential site for novel anthelmintic drug developmigmt-gar-2suppressed worms exhibited

compromised normal worm motility and migration.

Bm-flp-21 suppression confirmed the importance of FMRFamide-like peptide fonahor
parasite movement, survival & development, and migration implicétiag peptides of interest
for further investigation and consideration as basis for anthelndnigcdevelopmenBm-flp-21
suppressed worms were found to enhance worm survival and detrimeim@ifct host

survivability.

Bm-pc-2dsRNA exposure did not result in suppression but instead incidencésioivauld
appear to be up-regulation was observed using relative quantitainRCR. Quantitative RT-
gPCR confirmed ddm-pc-2exposure resulted in up-regulationBrh-pc-2expression level by 3
to 4 fold. This up-regulation is not unprecedented as Geldhelf in 2005 also noticed similar

phenomenon witiH. contortusvacuolar ATPase gende-vha-10[213]. Although motility,
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worm behavior and development were not altered \Wth-pc-2 dsRNA exposure, worm

survival was reduced by 13%.

In conclusion, previous RNAI protocols for parasitic nematodes wereliabiee and
inconsistent. We have developed a navsquito RNAI protocol whereby instead of removing
parasite form its host to perforim vitro RNAI as previous protocols we here target the filarial
nematodeB. malayias it develops within the intermediate host, the mosdeties aegyptiThe
consistency and reliability of oun squito RNAI protocol was verified on five target genes of
interest and its validity as a reverse-genetic tool for identifyinglribrug targets and elucidating
parasite gene functions was also confirmed. In addtigguitoRNAI allowed us to gain further

insight into the biology of targeted genes in laamalayi
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