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ABSTRACT

UTILIZING MOLECULAR MARKERS TO CHARACTERIZE FILARIAL INFECTIONS

By

James Francis Geary

Filarial nematode infections represent a tremendouden for both animal and human
medicine. Millions are infected and billions lireendemic regions. Molecular techniques offer
a novel approach to understanding these infecadshe agents of infection. In the first
experiment the generation of biomarkers is adddebgecharacterizing the secretome of
Dirofilaria immitis, the dog heartworm. This experiment revealeddrb@eins secreted by the
organism. Of those 110, 52 were uniqu®tammitiswhile the remainder was shared among
the other nematode species for which secretomes liesn compiled. In the second experiment
molecular markers were applied@mchocerca volvulusodules to describe the health of the
worm specifically. Those data showed a statidficagnificant difference in the staining

intensity between lvermectin treated and untreateans.
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CHAPTER 1

Literature Review

Filarial nematode infections are a tremendous butdéoth human and animal
medicine. In humans, millions of people are ingectvith filarial nematodes. Most commonly
these infections ar®nchocerca volvulyBrugia malayiandWuchereria bancrofti Most of
these infections occur in tropical regions of th@lal and in those who live in poverty [1, 2]. In
animals the infections are most common in livestaa#f companion animals and represent many
different specie®irofilaria immitis included. Taken together these infections reprtese

significant drain on the capabilities and produtjivf those infected both human and animal.

In the pharmaceutical industry filarial nematodemain a constant target. The infections
in livestock and companion animals offer a morditable market than do the human infections.
It is because of that profitability that most nemugs to treat filarial nematodes come from the
animal medicine market. In particul&, immitis the dog heartworm, is a major concern [3].
There are numerous drug combinations aimed at@bng D. immitisby halting transmission
of the parasite and killing the adult worms in theammalian host. The most common drugs
used are avermectins, milbemycin oxime, tetracgddintibiotics and arsenicals. There are,
however, questions about recent loss of efficaof(Lin the most common drugs used to treat
D. immitisinfections [4, 5]. However resistance remains@tioversial topic in parasitological

circles.

In conjunction with new drug developments the &ptlb gauge the effects of the new
drugs must also be refined; utilizing biomarkergedeped with that analysis in mind should
greatly supplement the ability to measure drugotftevhether that be the effects of lvermectin-
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induced muscular paralysis or benzimidazole-indwestruction of beta tubulin.
Conventionally the analysis of drug efficacy on i@nmscopic examination has been performed
by experts in the field using subjective measurdmand scales. Molecular diagnosis kits use
proprietary antigens believed to be derived fromdk worms alone [6-8]. This leaves a field
of parasitologists relying on the findings of a onity or, at best, an unknown quantity.
Developing new markers to characterize both filankections and the effects of drugs on the
nematode itself must be a high priority. It is bong this priority that part of this report
addresses the development of an antigen-basedsanafyworm viability comparing lvermectin

treated and untreatéd. volvulus

The biology of filarial nematodes covers much etiohary adaptation to the
environment in which each organism finds itseliowéver, there are many features that are
conserved. Nematodes are pseudocoelomates, meheingave a body cavity that is partially
lined with tissue derived from the mesoderm. Tssudocoelom is filled with fluid, the
pseudocoel. The pseudocoel transports nutrierdsgh the process of diffusion to the organs
surrounded by it. The pseudocoel also transpagenaway from the organs. The pseudocoel
serves another and very important function; ih&mmechanism by which the hydrostatic
skeleton operates. A hydrostatic skeleton actewad internal pressure that gives a nematode
its shape and the ability to move. By longitudimalscle contraction localized pressure of the
pseudocoel increases and acts against the intangeahs and the lining of the body cavity to

allow movement. The nematode moves in a sinusp@strn by these pressure changes [9].

All nematodes are protected by a cuticle that cotlee hypodermis and longitudinal
muscles. The cuticle is a weave of cross-linkdthgen impregnated by lipids and
glycoproteins. The cuticle allows some chemicaldiffuse across it. Glucose, among others is
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capable of bypassing the cuticle so that even wihepharyngeal pumping is paralyzed by the
administration of certain drugs the nematode is &blcquire the nutrients needed to maintain
basic life functions. Oxygen and other gassesatemdiffuse across the cuticle. The body
openings are also covered by the cuticle thoughishof a different construction [9]. The
outermost layer of the cuticle is a negatively gearglycoprotein rich covering. This layer is
synthesized and secreted from the secretory symteingland cells. In parasitic nematodes it has
been implicated in immune system evasion [10]CIeleganst is hypothesized this surface

coat may help in locomotion and the preventiorhefdadherence of pathogenic bacteria [11].

The hypodermis lies just beneath the cuticle and Ineacellular or a cellular syncytium,
meaning a multinucleated cell. The hypodermis tmes the inner surface of the cuticle and is
divided into four zones: a dorsal, ventral and tateral hypodermal cords. The hypodermis also
forms the attachment point for the longitudinal eias which line the hypodermis in distinct

locations [9].

Most species of filarial nematodes harbor intradatl organisms or endosymbionts.
These organisms have been identified t®tmbachia the same genus of organisms that are
symbionts in many insect species. In most filgh@elbachiaare found in both sexes, but
unlike in the male, they are found in the reprothactells of the female. In both sexes
Wolbachiaare also found in the lateral hypodermal chordsthr@lighout the hypodermis.
They are not present in the longitudinal muscleitifer sex. The immunolocalization of
Wolbachiain B. malayiis shown in figure 1. When a species has the ®mdbiont, every
member of that species contaielbachiasuggesting they are integral to the survival ef th
worm. This suggestion leads to the inevitable tion thatWolbachiamay afford a new

pathway to controlling filarial nematode infectionGlinical trials testing the efficacy of the
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tetracycline antibiotics against filarial nematadiections have yielded positive results [3, 12,

13].

ISH

ISH/DAPI

Figure 1: The localization aiVolbachia[14].

However, a deeper understanding ofWelbachiaorganism and its interaction with its
host might reveal more promising chemotherapeatgets. To do this, the genome of the
Wolbachiaendosymbiont of the filarial nemato&eugia malayiwas sequenced and annotated

[15, 16]. Once completed, the annotated genomecarmpared to those of other organisms to



gain a wider understanding of featured\idlbachia such as metabolism, to other organisms.
This analysis demonstrated thEblbachiahad a higher conservation of metabolic genes than
other closely relateRickettsiaspp. Notwithstanding this conclusidfWplbachiadid not appear

to have a robust biosynthetic capability. Thisamgy for biosynthesis is heavily involved in the
relationship between symbionts. The relationshigefined by what each organism provides for
the other. Understanding this limited biosyntheapability must call into question what
substances are provided for the worm host and whétlvas more similar to inse@olbachia

that behave more like parasites than endosymbionts.

Analysis of the annotated genome revealed thaBimealayispecies ofWolbachia
possesses the complete molecular machinery to pedulath purines and pyrimidines. Purines
and pyrimidines are the base components of thesntides that comprise DNA and RNA. It has
been suggested thétolbachiamay manufacture an excess of purines and pyrimsdin
exporting some to the worm host during times ohhignsumption, offering a possible
explanation as to their locations in the worm hdgteWolbachiaare found in the female
reproductive cells and both the male and femal@tgpnis. These locations are both areas of
growth and cell division where the need for puriagd pyrimidines is high. Another significant
complement of biosynthetic capabilities was discesidor riboflavin and flavin adenine
dinucleotide. No evidence for the worm’s abilibyrhanufacture these reducing agents has been
found, suggesting another very important contrimutVolbachiamakes to its worm host. One
of the more important discoveries made by searcthieg@nnotated genome was that of
Wolbachias almost complete ability to synthesize heme. nalfgene encoding
protoporphyrinogen oxidase is missing from the sege, though it is possible the biosynthetic

pathway is supplemented by another enzyme thaydtas be identified. Heme is an iron-



containing compound that acts as a reducing agehirest notably, in blood cells as the carrier
of oxygen in hemoglobin. Heme is a critical comg@ainof the worm’s living systems and as yet
there is no evidence &. malayis ability to synthesize heme. Indeed, the Phyluemidtoda is

the only metazoan grouping in which heme synthestibways are not encoded in the genome;
nematodes must acquire heme from the environntastiricludes the host in which they live by

consumption as heme cannot diffuse across thde(dic].

Cell-surface proteins alVolbachiahave been implicated in the development of the
various manifestations of pathology observed gril nematode infections. Experiments using
the mouse model fdD. volvulusinfections demonstrated that worm segments cantain
Wolbachiainduced the pathology commonly associated witteRBIindness while those
segments that had been depleteiofbachiadeveloped no pathology. This pathology is
thought to heavily involve neutrophil performancetlaey surround invading microfilariae in the
ocular fluid and thereby induce the inflammatioattleads to the onset of pathology upon death
of microfilariae and release of these bacterialgamis [18, 19]. There is also evidence frbm
immitisthat removal oWolbachiaby doxycycline treatment prior to melarsomine &pgr
reduces pathology due to dying worms in the lubgsthis is not settled as too few studies have

been reported to confirm the initial observatio?23][

Nematodes have a lifecycle that is composed oihdisparts, the egg or embryo, four
juvenile stages and the adult. The parasitic mesnbiethe nematode family often have a
complex lifecycle consisting of two hosts, the imtediate host, which incubates and transmits
the infection and the definitive host, where theagdaes sexually mature and reproduce. This
arrangement breaks the lifecycle into two partsfilrial nematodes the microfilariae;jlare

taken up by the invertebrate intermediate host e/tfegy undergo two molts to become the

6



infective L larval stage. At a subsequent blood meal of thequito the infective larvae pass
into the definitive host where they undergo two enorolts to become the sexually mature adults
(Ls). These adults then mate and begin the cycle afiéwe lifecycle oDirofilaria immitis is

shown in Figure 2.
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Figure 2: The lifecycle ob. immitis

In the case oD. immitisthe microfilariae are taken up by a mosquito efgenus of
AedesAnaphelesandCulexupon feeding on a microfilaremic host. Within thesquito vector

the microfilariae undergo two molts to reach theative L; larval stage. These larvae then



penetrate to the mosquito’s labium where they athaiinext blood meal. It is this infective
stage that reenters the mammalian host upon a mosegeding. The klarvae undergo two
subsequent molts to reach the sexually mature,ddulfThe sexually mature adults mate and

the female releases sheathed microfilariae thanhlikg lifecycle [3, 21]. A collection of adult

D. immitisworms is shown in figure 3.

Figure 3: An image of the typical residencebofimmitisin the heart of a dog [22].

Diagnostic tests aim to accomplish the identifmatof infectious agents with two key
factors: sensitivity (the ability to detect evenathmumbers of the infectious agents) and
specificity (the ability to distinguish betweeneéetious agents). There are a number of different
methods to accomplish this and each has speaiéogths and weaknesses. In the filarial
diagnosis there are generally 3 tests that carelfjermed: 1) a microscopic analysis of the
filariid, the L; stage, 2) polymerase chain reaction (PCR) to tlspexific DNA sequences and

3) enzyme-linked immunosorbent assay (ELISA) tedegeither specific antigens or specific



antibodies. The commercial kits available toddy om proprietary female worm antigens to

achieve detection [3, 6, 23, 24]. Figs 4 antd@isthese common diagnostic tests.

The development of a safe and effective macroéide, a drug that eliminates the adult
worms, has been challenging. Larvacidal actisthighlighted by most of the antifilarials and
in this it is an attempt to control transmissiddetailed below are the most common

chemotherapeutic agents used in filarial infections

Avermectins are widely used in both human and ahmaalicine. In livestock these
drugs are used to control gastrointestinal woronmsgworms, lice, mites and flies. In the
companion animals they are of course used to ddiltmae, Gl worms, bot flies, lice, fleas,
mites and ticks. The avermectins are robust anahgfficacious drugs that are widely used and

have improved the quality of life for countless lama and animals [1, 2, 27, 28].

The mechanism of action of the avermectins hastBceeceived much attention. In
illuminating this mechanism it became clearer hberdvermectins functioned and how the
worm was affected by the presence of the compodime chemical structure of Ivermectin and

a highly related compound, milbemycin oxime arevain figs 6 and 7, respectively.

Glutamate-gated chloride channels (GIuCl) are dasnity of the larger group of ligand-
gated ion channels that are common features okallous systems. GluCls are the targets of the
macrocyclic lactone anthelmintic class (avermeding milbemycins). These compounds act as
reversible but long term agonists of the chanwekihg it open and preventing transmission of
subsequent currents, thus paralyzing the neurde. ifteraction between an avermectin and this
channel is of such high affinity that once openbd;drug-bound channel does not close again

until the drug is cleared from the system [29].
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Figure 4: The chemical structure of lvermectin [30]
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Figure 5: The chemical structure of milbemycin ogif81].
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In nematodes, GluCls are encoded by a small fanfigenes. A widely conserved gene,
avr-14, found in both parasitic and free- living speciexf particular relevance [32]n vivo
this gene is alternatively spliced to produce twbuwits, one of which, Glu@BB, is capable of
forming channels that bind Ivermectin. This is tmy type of IVM-binding GluCl identified in
the filarial nematod®. malayi[33]. When expressed Xenopus laevisocytes, the channel was
sensitive to L-glutamate and Ivermectin, in a coniaion-dependent manner. lvermectin
resistance irIC. elegansequires loss-of-function mutations in at lea&I8CI genes; whether
this situation pertains to parasitic species isnamkn. Work inO. volvulusandD. immitis
suggests that changes in function of multi-drugstasce pumps may be involved, but proof of
this association has yet to be provided. The detratitem of macrocyclic lactone resistance in
filarial nematodes presents a great challengehieffective treatment of those infections [4, 34-

36].

In microfilaria it appears that GluCl expressiotingited to the musculature surrounding
the excretory-secretory vesicle. M elegansand gastrointestinal parasitic species, GluCl
expression extends to the motor-nervous systerecadly noted in the pharyngeal neurons and
both hypodermal nerve cords, suggesting a wideasjpdestribution of these channels and
implicating them in many different functions, indlag locomotion, ingestion and possible
sensation. These diverse locations also provisighhinto the activity of the avermectins in the
parasite itself as a paralytic agent that intesygbtaryngeal pumping, locomotion, the release of
mature microfilariae from the ovijector and posgiioiterfering with the parasite’s ability to

sense the local environment [29, 32, 33, 37].

A second class of drugs, the benzimidazoles, iglvidsed in human and animal
medicine as well. Benzimidazoles bind selectitelpeta-tubulin in parasitic nematodes. The
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chemical structure of albendazole and flubendaaeshown in figs 6 and 7, respectively. This
binding inhibits microtubule formation. Microtulad are hollow organelles and are a
fundamental component of several cell processésdimg cell division, cell motility, shape and
intracellular transport. Microtubules are hetenogliic constructs of alpha- and beta-tubulin [38-
40]. An image of a microtubule is shown in fig@é.e The binding of benzimidazole halts the
assembly of the microtubule and leads to its disapmce. IMscaris suumthis was found to
affect the intestinal cells of the parasite. Blyiloiting microtubule formation, the cells could no
longer transport secretory vesicles, leading toifaito take up glucose and presumably other
nutrients, subsequently starving the parasite.effect was also noted on egg production [39,

40].

,}—NH

3l g )—DEH:.

Figure 6: The chemical structure of albendazolg.[41

0

L g

Figure 7: The chemical structure of flubendazo®.[4
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Figure 8: An image of a microtubule formed fromtbatpha and beta tubulin [43].

Benzimidazole resistance has become a significugecfor concern, especially in
intestinal parasites of great importance in vetagirmedicine. This resistance was traced to a
single amino acid substitution linked to a singleleotide polymorphism in the gene encoding
beta-tubulin. This substitute removes a phenyiataand replaces it with a tyrosine at position
200. This has the effect of markedly reducingdfimity of benzimidazoles for beta-tubulin.
Resistance may be difficult to overcome becausen@i@malian host beta-tubulin already has a
tyrosine group at position 200 [44, 45]. Resistahas spread through the selection pressure of
the drug exerted upon individuals promoting theegpance and stabilization of resistance in the
population. This has the coincidental effect déstng against non-resistant phenotypes in the
presence of drug pressure, thereby removing tmabeiduals from the population. Finally, the
selection pressure of the drug causes the resst@motype to become fixed in the population

and removes any fitness deficit originally ass@dawith the onset of resistance [38, 40, 44].
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Mutations at position 167 and 198 have also besocgsted with resistance in veterinary
parasites. The danger for human use is that tiggesttay regimen used in human MDA
campaigns is suboptimal in terms of efficacy agdm®kworms and whipworms, leading to a
real threat of resistance development as massodistm of albendazole and mebendazole take

off.

Albendazole is routinely used for lymphatic filagig elimination in humans; however the
evidence for its efficacy is sparse [27, 46].slknown that benzimidazoles are poorly absorbed
from the gastrointestinal tract subsequent to @oaing and thus achieve a low blood level
leading to questions of efficacy against blood diwelfilariae such a®. immitis

Benzimidazoles, especially albendazole have beet tastreat neurocysticercosis [47].

While oral doses of albendazole may have questlerethcacy for filarial elimination
injections of the drug flubendazole have shown psenn that field. Injections achieve a higher
blood level as the Gl tract is bypassed by deliwtrgight into the body [48]. Flubendazole may
demonstrate a higher efficacy against the adulthwgothe macrofilariae, something no

commercially available drug has yet to do well.

A third class of drugs, tetracycline antibioticasndeveloped as targeting the bacterial
endosymbionWolbachia The chemical structure of tetracycline is shamwfigure 9.
Doxycycline is a member of the tetracycline antilsiéamily. The chemical structure of
doxycyline is shown in figure 10. These antibistweork by interfering with protein synthesis at
the molecular level [49]. It is through this meolsan that thaVolbachiaendobacteria are
targeted by doxycyline treatment. This treatmemeas to sterilize adult worms, though through

a different mechanism than Ivermectin. Doxycylireatment also has an adulticidal effect by
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depleting the wormef the endosymbiorWolbachia thereby removing the contributions of

bacteria to the parasite [12, 5@].
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Figure 9 The chemical structure of tetracycl [53].
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Figure 10 The chemical structure of doxycycl [54].

The tetracycline class of antibiotics binds reudysio the 30S subunit of the bactel
ribosome. This has the effectblocking aminoacylated tRNA from accessing the ribosorn
A site and preventing the peptic—transfer reaction. Because it binds reversiblhe30S
subunit it requires a higher concentration of thegdo be internalized into the bacterium. T
need renders the pathway vulnerable to efflux punipgsese pumps are implicated

tetracycline resistance by externalizing the ' [49].
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If the mode of action is similar Wolbachiait does not necessarily explain the apparent
disappearance of th&olbachiafrom the worm as suggested by immunohistologitaliss.
Tetracycline acts as a bacteriostatic, inhibitimg growth of the bacteria in most bacteria. Itis

possible that doxycyline is a bacteriacidaWiolbachia[51, 55].

Melarsomine dihydrochloride is a melaminyl thioamise that is available to treat
Dirofilaria immitis infections in dogs. The chemical structure ofaremine dihydrochloride is
shown in figure 11. Melarsomine is a trivalentesnisal that comes as a lyophilized powder
soluble in water or physiological saline. It isvadistered through a deep intramuscular
injection in the lumbar muscles. Its therapeutinaentration is 2.2mg/kg administered twice, 3
hours apart [56, 57]. The mode of action of thisgds unknown but presumably related to the
effect arsenic has on glycolysis. Arsenic itselan extremely potent poison. It disrupts ATP
production. In the citric acid cycle arsenic intshipoic acid, which is a cofactor for pyruvate
dehydrogenase and by competing with phosphatecdupies oxidative phosphorylation,
inhibiting the energy reduction of NAD+. Hydrogpearoxide production is also increased which

may lead to oxidative stress and cell death [58].
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Figure 11: The chemical structure of melarsomirgdiiochloride [59].

This treatment however is not without risk to timén@al. Both pulmonary thromboembolism
and pulmonary hypertension have been noted withhpoary hypertension largely a result of the

presence of the macrofilariae [3, 20].

The secretome is the collection of proteins sedratel excreted by an organism. Once
collected and analyzed, these proteins provide@ndasting and illuminating view of how the
organism survives in its environment [60-67]. Tépsoteins are collected by incubating the
organism in selected culture media. For exanipifilaria immitis can be cultured in RPMI
1640 with the addition of antibiotics, antifungaificose, sodium bicarbonate and HEPES.
Incubated at 39°C, the worms survive and contiouaétabolize. It is these metabolites that
alter the pH of the media requiring the additionleff buffers mentioned above. The media,
once collected is passed through a barrier ta fite molecules and detritus larger than a
specified molecular weight. The remaining mediad®/ concentrated with the proteins in a
higher concentration relative to the liquid medidne proteins then must be brought out of

solution, precipitated using trichloroacetic aci€CA). The residual TCA is washed away using

17



acetone. The proteins are then re-pelleted usmgcentrifuge. Once pelletetthe proteins

are resuspended in a sample buffer suitable fomuS®S-PAGE (sodium dodecyl sulfate poly-
acrylamide gel electrophoresis). This procedupasaes the proteins into bands based on
molecular weight and charge. The bands are theisexkfrom the gel and digested using an
enzyme, typically trypsin, and the resulting ligispumped through a tandem mass
spectrometer which analyzes the amino acids bas@dass and charge [68, 69]. A computer
program then digitally reforms the amino acids itite proteins from which they originated

using a data file containing the amino acid segegmé known proteins from a database that the
user selects. Once reformed the proteins are aadyrfor analysis using a number of computer
programs. Blast2GO is one of the more popularqamog to use[70]. Blast2GO scans a humber
of databases to describe the proteins in moreld@1ai72]. Blast2GO assigns each protein a
number of gene ontology (GO) terms that illuminaitdogical process, molecular function and
cellular localization. Additional programs can e the proteins and predict signal sequences
that indicate the protein is likely secreted [78].this manner the secretome can then be
compiled and analyzed regarding the biological fiwmal role of individual proteins in aiding

the organism to survive in its environment.

The importance of the secreted proteins is worfiiaging further. Analyzing the secretome
provides clues as to the importance of certaingmmstin parasite survival based upon their
overall abundance in the secretome or their funatimotifs; for example proteases and protease
inhibitors. In the filariids, proteins such as stgxide dismutase (SOD) and glutathione
peroxidase (GPx) were found as well (Figure 14)pdrticular superoxide dismutase is of great
importance in surviving the host immune responsexggen radicals are a feature of immune

cell destruction of foreign bodies [74, 75]. Irttase oB. malayisuperoxide dismutase was
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Figure 12: The pathways of neutralizing reactivggen species, including GPx and SOD [76].

found in lifecycle stagesiland Ls of the parasite suggesting its critical importaforesurvival
in the mammalian host environment [61-63]. Seveatihways for neutralizing reactive oxygen

species are shown in figure 12.
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The anatomy of the secretory machinery in thdtadimatodes is relatively poorly
described. Overall it consists of either a glaadok tubular structure that links to the external
surface by a pore that may be muscularly contrdbgd However the secretory apparatus has
been well documented in microfilariae [33]. It wiaand that the secretory pore in the
microfilariae was surrounded internally by musclédis suggests muscular control of the release
of secreted products. When treated with lvermebirelease of proteins from the microfilariae
was lessened though not eliminated. If the sanre tmee in adults it could help explain

lvermectin activity against the adult worms.

In attempting to characterize filarial infectionslecular methods have become the
dominant mode of investigation. This is a testanmemheir robustness and usefulness.
Molecular markers are used in a variety of appreadrom drug design and analysis to
diagnosis of cancer in both humans and animal8pj7-The two main reports featured in this
thesis demonstrated the exceptional usefulnesmwofdrkers, both their generation through
characterizing a secretome and their applicatiatifferentiating treated and untreated worms

and assessing their viability.

It is a challenge for the modern pharmaceuticdiigtry to come up with new drugs to
treat filarial infections, drugs that are neededddress these infections in the face of resistance
[4, 35, 36]. Though resistance remains a contsaaktopic it is understandable given the
profitability of the current avermectin-based chéneoapies, not only in companion animal
medicine but also in livestock care. Avermectisdrhdrugs are used to treat a wide variety of
infections and infestations from dog heartwormléa$ and biting flies. If resistance is

confirmed, and many reports have tended to reipfthis [5-7], the pharmaceutical companies
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will be under immediate pressure to develop a negdf drugs to combat resistant phenotypes.
Given the market for the current drugs this is ilgathderstandable as the worldwide need for
these drugs is high. Achieving success with thie@ss will be greatly aided by the use of
biomarkers, both generated by secretome compikon also by monitoring the status of the
worms themselves in response to the new treatra@tsomparing them to the old treatments

where resistant alleles have become fixed in thaijadion.

In compiling the secretome of adlit immitisthere are many new diagnostic markers
waiting to be tested. When screened against tiséirex secretomes novel biomarkers can be
developed into quantifiable diagnostic tests. diyralso be possible to investigate these
biomarkers as potential chemotherapeutic targete use of immunotherapy in cancer biology
has become a standard practice in human mediciije [&ilizing monoclonal antibodies
targeted to specific cell receptors, cancer celislie destroyed with precision as opposed to
therapies that result in collateral damage to thedn body beyond the destruction of cancer
cells [82]. Immunomodulatory therapy is also commothe treatment of rheumatoid arthritis
where antibodies are injected to halt and subselyusippress inflammation and stop the
progression of joint destruction [83]. These exBmpguggest that immunotherapies for parasitic
infections may not be based on speculation aldineight be possible to utilize the biomarkers
identified in theD. immitissecretome as immunotherapy targets. Using thesgabkers it may
be possible to develop an antigen vaccine thatavimhlibit the colonization of the host. A
better understanding of the adult secretory prosesesyuired, perhaps simultaneously with
development of unique proteins as immunotheramgetar Though a comprehensive analysis of
the secretory process in microfilariae has beenpteted [33] forB. malayj the adult secretory

system has received little attention. Though hatim was found to decrease the secretion
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levels of proteins in microfilariae and presumalelgve them vulnerable to immune system
killing, this explanation is harder to apply to thetion in adult worms given the remarkable
longevity of adult filariae even when exposed tastant drug pressure in the form of
avermectins. Analysis of the secreted proteing brree in adult filariae exposed to lvermectin
may lead to new conclusions about the adult segrefstem. For example, if the levels did not
decrease in a statistically significant mannerighhbe that the neuromuscular control of the
adult secretory system relies on a different mayglali signaling that is unaffected by the
presence of lvermectin. Further studies, for eXxarapnfocal microscopic examination of the
adult secretory system using a filariid-specifitilaody to the avermectin receptor could
illuminate the possible effects of lvermectin or #dult secretory system. Such studies should
be considered a priority in order to not only congpilie adult and microfilaria secretory systems
but also to investigate the mode of action of Ivectm on the adults beyond the paralysis of
pharyngeal pumping and ovijector resulting in thesation of release of microfilariae,
embryostasis. The understanding of the neuromasscahtrol of the ovijector can be
accomplished and would also serve to illuminatdahation of the avermectin receptor and its

implications for embryostasis.

In respect to using biomarkers generated in thbeeteme as diagnostic markers the
approach could be fairly simple. By screeningdberetome against ti@& lupusfamiliaris
proteome a subset of the secreted proteins wouidenified that had limited or no homology to
dog proteins. Once identified these proteins cteldised to generate polyclonal antibodies
which could then be used to detect those proteifdood samples using a simple ELISA. In
this manner a universally secreted, non-proprigbaoyein could be used as a rapid diagnostic

marker capable of detecting both male and femalenso It might also be possible to use the
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relative levels of the protein to determine the mvdourden in the infected animal. To
accomplish this end a set of adult worms shouldubeired in the same procedure from which
the initial secretome was derived. By measurirggaimount of protein secreted into the culture
medium through time a rate of secretion could lerd@ned. Using this rate of secretion

relative to the number of worms cultured a reldyivexact determination could be made as to the
worm burden. There is no data available as taldmrance rate of filarial secreted proteins from
the blood of infected animals though it should kpeeted that there is some clearance in the
normal biological processes of the infected aninfatelatively simple experiment could be

used to determine the rate of clearance from tbedodf an infected animal. By experimentally
infecting dogs witlD. immitisand then measuring the blood levels of the tadgstereted

proteins and comparing that with the rate of semnegstablished in culture medium a corrective
variable could be introduced to the equation to pemnsate for clearance from the blood. Upon
death of the animal the adilit immitisshould be recovered to confirm the rate of semnetind
corrective variable by comparing the number of woand the levels of secreted proteins in the
blood versus those secreted in culture mediumudilyg the experimentally established
corrective variable based on the clearance of smtproteins from the blood of infected animals
a reliable diagnostic test that accounts for wourdbn could be developed. Along the same
reasoning this diagnostic test could be used irxpEnts to investigate the rapidity of
clearance of the infection using adulticidal thezap By monitoring the levels of secreted
proteins in the blood of infected animals and @srdase under drug pressure a timeline could be

established of worm death.

In my reports the importance of biomarkers cafmgobverstated in understanding not

only the biology of the worm in response to druggsure, the onset of resistance and its
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implications on worm biology, but also the diagmspsnonitoring of chemotherapy and
resistance. Ultimately a greater understandingain biology, resistance and chemotherapy
may lead to innovative and novel drug targetsiefyias to counteract the onset of resistant
phenotypes and illuminating the basic biology & wWorm itself, a subject that is relatively

poorly explored beyond the world 6f elegans

24



CHAPTER 2

The Secretome dirofilaria immitis

There have been a number of secretomes alreadstedgor nematodes [60-65, 67]. In
this report we add to that list the secretome oftdd. immitis Our hypothesis driving this
research was the addition of another secretonteetavailable literature. In this manner it was
undertaken to not only characterize a secretomarfarganism that resides in a different
location in the host as opposed to many of the dechgecretomes, blood vs. lymph, but also to
illuminate the differences between the filarial re@ades and what those differences might
suggest in terms of adaptation to survive in aeddht environment. These data demonstrate that
there is a significant difference betwd2nimmitisand bothBrugia malayiand
Heligmosomoides polygyrud his was not totally unexpected. Although &l it was thought
that the difference in location within the host wboontribute little to the difference in secreted
proteins that might not be the case. In this refhar 10 most abundant proteins were shared
among the filariae but the remaining highly abunganteins included those uniquelo

immitis. The functional implications of this are discus$erther in the report.

The characterization of proteins released fronmifiais an important step in addressing
many of the needs in the diagnosis and treatmeiitese clinically important parasites, as well
as contributing to a clearer understanding of thigitogy. This report describes findings on the
proteins released during vitro cultivation of adulDirofilaria immitis, the causative agent of
canine and feline heartworm disease. Differencgsatein secretion among nematodesivo
may relate to the ecological niche of each parasitethe pathological changes that they induce.

This study identified 110 proteins. Of these e, 52 were unique 0. immitis A
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total of 23 (44%) were recognized as proteins Yikelbe secreted. Although these proteins
were unique, the motifs were conserved compared pyiiteins secreted by other nematodes.

The present data indicate tlatimmitissecretes proteins that are unique to this species,
when compared witBrugia malayi The two major functional groups of molecules esented
were those representing cellular and of metabebcgsses. Unique proteins might be important
for maintaining an infection in the host environmentimately involved in the pathogenesis of
disease and may also provide new tools for thendisig of heartworm infection.

The filarial nematod®irofilaria immitis, the aetiologic agent of heartworm infection in
dogs and cats, is widely distributed in the Unifdtes, South America and parts of Europe and
Asia [3]. The adult worms can be found mainly ie fulmonary arteries, and sometimes the
right heart, atrium and vena cava in heavy infedjdhis differs from many other filariae that
tend to favour lymphatic vessels. Infections witted numbers of adud. immitismay be
asymptomatic and have limited pathological effelstayever, high adult worms loads usually
cause exercise intolerance, a wet cough and lethadpgs [84]. Cats are inherently resistant
to Dirofilarial infections and thus usually have chdower adult worm burdens than do dogs.
However, as cats have a much smaller pulmonaryiartese they are more sucsceptible to
embolism. In addition, dirofilariasis in cats igexf more difficult to diagnose due to lower loads

and the differing clinical signs from those in d¢&4].

AlthoughD. immitishas been controlled through several differentesgias, the most
successful has been the prophylactic administrati@range of drug combinations and
administration schedules, most usually involvingegs or topical preparations containing a
macrocyclic lactone (ML) anthelmintic to uninfecteogs and cats to protect them by killing

infective Ls larvae and developing;llarvae [85]; drugs in this class of agents are als
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microfilaricidal. MLs also affect adult worms, thinducing long-term suppression in the
production of microfilariae (mff) [86]. There arepwever, concerns relative to the development
of ML resistance [4, 5]. A course of arsenicalgfusuch as the currently preferred
malarsomine, is adulticidal, although this regingenot without risk to the animal due to the
hepato- and nephron-toxicity of these compounds%3§ ‘slow-kill' strategies for use of MLs

in infected dogs have also been developed [87]tlaagotential for antiWolbachiatreatment
options to reduce transmission and pathologicalcedffollowing adulticidal therapy is

promising [12, 20].

It has long been recognized that parasitic nematoelease factors, primarily proteins,
which alter the immune responses of their hosts9[@8 Recently, the use of sophisticated mass
spectroscopy-based approaches, coupled to genairteaascriptome sequencing, has enabled
the identification of proteins released Byugia malayi[61-63] andHeligmosomoides polygyrus
polygyrus(now considered to represétbakert [18]) into culture medium [60, 64]. Secreted
proteins have also been characterized from thenedmookwormAncylostoma caninur21],
the plant parasitic nematoeloidogyne incognit§22] and fromStrongyloides stercoraliR3].
Not all of these nematode datasets were analyz@dsiggomplete genomes (or transcriptomes),
and, therefore, some of the compilations may bedespletely assigned than others.
Nonetheless, it can be concluded that a large nuoflgroteins have been detected in the
secretome from these parasites, with marked diitase observed among them. The complexity
of the nematode secretome compromises the almlitigtine the most biologically important
proteins through a systematic analysis. One apprtmprovide some focus to this question is to
define the secreted proteins that are conservedguparasites that share a niche (e.g., tissue

versusgastrointestinal tract), and to consider thoseexhbetween phylogenetically related
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organisms (for instance those in Clade Ill vs. €l&¢[91]). Thus far, the data sets for
nematodes are limited to parasites from differésdes and different habitats. The present study
describes the secretomel@fimmitis as distinct from that d8. malayiwhich resides in a

different niche in the mammalian host.

A more pragmatic reason to study the compositiopandsite secretomes is to identify
the most abundant proteins released into hostflardl tissues which could be candidates for the
development of new diagnostic tests, and possidly tneatments. Current diagnostic procedures
for nematodes typically rely on poorly charactedioe proprietary antigens or antibodies, or the
counting of eggs in faecal specimens: the idemtiiii®n of abundantly secreted proteins may
allow the development of tests which can assesewvbairdens, a goal not readily attainable

using current diagnostic tools [92].

Eighty mixed sex, adud. immitisworms were collected from the pulmonary vessets an
right heart chamber from mf test-positive dogs irdrately after euthanasia, and the healthy
worms placed in the culture fluid, as describeaWwelThese procedures were approved by the
Animal Use Committee of St. Matthews University 8chof Veterinary Medicine (Grand
Cayman, British West Indies). At the end of eacthZ&riod, immotile worms were removed
from the culture system; thus, 56 worms were cattuon day 2 and 51 on day 3, the two days on

which culture medium was collected for analysis.

Worms were cultured in large Petri dishes (1 worml4medium, 5 worms per dish) at
39 °C in RPMI 1640 medium, supplemented with 200 bxylutamine, 20 mM HEPES, 200
IU/mL penicillin, 200 IU/mL streptomycin, 25 pg/mamphotericin B (Gibco Invitrogen, Grand

Island, NY), 1% w/v D-glucose and 1% wi/v sodiumabbimnate, pH 7.2. Medium was collected
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and changed every 24 h. To limit potential contation of the samples with host proteins,
first-day medium was discarded. Medium from thliesequent 2 days was collected for
molecular analysis. To determine the vitality led tvorms, the change in colour (pH) of the
medium was monitored to verify that all worms presegere actively metabolizing. Petri dishes
that exhibited a colour change were used for arglwdhereas those that remained unchanged or
contained immotile worms were discarded. Baseth@sprotocol, medium from 107 worm-

days of cultures was collected. On the third dag,doncentration was decreased to 1 worm/6
mL. Protease inhibitors (Complete EASYpack Rothéianapolis, IN) were added to batches

of 50 mL of collected medium.

Immediately after the removal of adult worms, thedimm samples were centrifuged at
1000 xg for 5 min to pellet mff released during the inctiva. The supernatant was removed,
passed through a 0.22 um filter and frozen at €@f shipment to Michigan State University.
There, the combined volume (775 mL) was concertritelO mL using an Amicon Ultra 3000
MWCO (Millipore, Billerica, MA). Proteins were theprecipitated using trichloroacetic acid
(final concentration of 20%). Pelleted proteingeveashed with cold (-20 °C) acetone 3 times

and allowed to air dry [61-63].

Protein pellets were dissolved in 100 pL sodiumedgtisulfate — polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (50 mM-HCI, 2% SDS, 10% glycerol,1%6
mercaptoethanol, 12.5 mM EDTA, 0.02 % bromopheha JppH 6.8) and re-precipitated with
chloroform:methanol (1:4). Pellets were re-solialed in SDS-PAGE sample buffer and run on
a BioRad Criterion precast 12.5% Tris-Glycine ged@V for 15 min, followed by 120 V until
the dye front reached the bottom of the gel (~ 99 mThe gel was fixed overnight in 40%

methanol/20% acetic acid, followed by staining wathloidal Coomassie Blue. The entire gel
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lane was sectioned into 10 equal slices, and dmehvgas digested in-gel, essentially as
described previously [68]. Briefly, gel bands wdshydrated using 100% acetonitrile and
incubated with 10 mM dithiothreitol in 2100 mM ammam bicarbonate, pH~8, at 56 °C for 45
min, dehydrated again and incubated in the dark &0t mM iodoacetamide in 100 mM
ammonium bicarbonate for 20 min. Gel bands wesga thiashed with ammonium bicarbonate
and dehydrated again. Sequencing grade, modryedih was prepared to 0.01 pg/pL in 50
mM ammonium bicarbonate and ~50 pL were added to gelcband, so that the gel was
submerged. Bands were incubated at 37 °C overnigkiracted peptides were re-suspended in

20 pL 2% acetonitrile/0.1% trifluoroacetic acid.

A 10 pL aliguot of each sample was automaticaljgated by a Waters nanoAcquity

Sample Managemiww.waters.corpand loaded for 5 min on to a Waters Symmetry gd@ide

trap (5 um, 180 um x 20 mm) at 4 uL/min in 2% anc#tide /0.1% formic acid. Bound peptides
were eluted using a Waters nanoAcquity UPLC (Buffer 99.9% water/0.1% formic acid,
Buffer B = 99.9% acetonitrile/0.1% formic acid) ord Michrom MAGIC C18AQ column (3

pum, 200 A, 100 U x 150 mmyww.michrom.con and eluted over 90 min with a gradient of 5%

B to 35% B in 78 min at a flow rate of 1 uL/minluted peptides were sprayed into a

ThermoFisher LTQ-FT Ultra mass spectrometen.thermo.comusing a Michrom

ADVANCE nanospray source. Survey scans were takéme FT (25000 resolution determined
at m/z 400) and the top ten ions in each survey subjected to automatic low energy collision
induced dissociation (CID) in the LTQ. The resnlt®1S/MS spectra were converted to peak
lists using BioWorks Browser v3.3.1 (ThermoFisheing the default parameters and the
peptide masses were compared with a FastA datbpetdicted tryptic peptides derived from a

genome sequence Df immitis(P. Maser, personal communication; see
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http://nematodes.org/downloads/959nematodeqgenolasthb/Dirofilaria immitis v1.3 20110

901.fng and the NCBI database, including thanis familiarisgenome, using the Mascot

algorithm v2.3 www.matrixscience.cojn Search parameters were restricted to allovoupo

missed tryptic sites, fixed modification of carbdemethyl cysteine, variable modification of
oxidation of methionine, peptide tolerance of #J-dpm and MS/MS tolerance of 0.6 Da. The

Mascot output was analyzed using Scaffold, v&yw.proteomesoftware.conto

probabilistically validate protein identificationsing the ProteinProphet algorithm [69].
Assignments validated above the Scaffold 95% cenfie filter were considered true. The data

have been submitted to Tranche.

Blast2Go [70] was used to analyze the returneceprstas described elsewhere [61-63].
Briefly, an initial BLASTP search was performed agathe non-redundant NCBI protein
database. Subsequently, the annotation was cadplsing default parameters [71, 72].

SecretomeP [93] and SignalP [73] were used to assesetory motifs in the proteins.

Approximately 60 pg of protein was collected frame D. immitiscultures. An initial
SDS-PAGE run revealed a complex pattern of protgtigure 1). The three lanes were
combined for tryptic digestion and MS/MS analygissecond gel consisted of a single lane that

contained the same amount of protein analyzederiitst PAGE run.

The initial analysis revealed a total of 110 pnageiResults from the second run
confirmed the first, with an additional 17 low alolamce proteins appearing in this run.
Following manual curation, redundant proteins ffattied to the samB. immitislocus) were

removed, leaving a total of 110 proteins in thialgsis of the heartworm secretome
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(Supplemental Table 1). Previous reports identifiéd proteins in the adut. malayisecretome

using similar methods [16].

Of these 110 proteins identified in the heartwoaoretome, 52 were uniqueo
immitis, not being described as being present irBthmalayisecretome [15-17]. Two of these
proteins returned no BLAST hits, leaving 50 defipedteins unique in this context. The
proteins found in common in the filariae were cariceted among the more abundant hits, but
were distributed through the set, with the 15 nadiindant proteins generally shared between
the two filariae. Table 1 shows the 15 most abohgeoteins detected in the heartworm
secretome. The 15 most abundant proteins in tAgvii@rm-unique sample are shown in Table
2. Of these unique defined proteins, 47 (90%)®ade Ontology (GO) terms assigned in

Blast2Go.

Catalytic activity (GO:0003824) and binding (GO:6@88) were the two major
molecular function categories, those using GO tgffigure 2) and those according to biological
process (Figure 3). This distribution was hightyserved with that reported fBr malayi[16].
The distribution of level 4 biological process G£ns was fairly flat (Figure 4), with no marked
bias for particular functions. The category of taklr macromolecule metabolic process’ was the
most frequent term in this category, while ‘ribolaatide binding’ was the most frequent term in
the set of returned level 4 molecular function @@ris (Figure 5). For both, the distribution of

term frequency was generally similar to those regzbforB. malayi[16].

Analysis for secretion signals by SecretomeP agd&® showed 10 (19%) of tie
immitisunique proteins include a canonical signal seqeiéoicsecretion. An additional 13

(25%) include peptide sequences associated witkclamsical secretion pathways, for a total of
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23 (44%) that can be recognized as proteins liteelye secreted in some manner. This figure is

somewhat less than the corresponding percentagempsly reported foB. malayi[16].

Several mammalian proteins, clearly not of nematwagn, were also detected in the
protein samples (data not shown). These protesisded keratin, titin and serum albumin,
among others, but did not interfere with the chemazation of the heartworm secretome. No

bacterial proteins were present.

The initial analysis revealed a secretome congjsifril10 proteins, identified through
the analysis of ~30 ug protein collected duringieation of adult heartworms. MS/MS analysis
of the same amount of protein was repeated indegetlycbn the second gel; these results
confirmed the first, with 17 additional low-abundarproteins being displayed in this run;
manual curation revealed that 17 of the identipeateins were duplicates. The high agreement
between independent replicates of the MS/MS armbigygests that a reliable and reasonably
complete accounting of the proteins present ingample was obtained, in consideration of the
amount of protein available and the intrinsic sevisy of the methods. The 110 proteins
identified in these two experiments (Supplementdl& 1) were combined for further analysis.
Using similar methods, 193 proteins were reponteithé adulB. malayisecretome from ~ 100
Kg of protein, suggesting that the procedures géeeisimilar efficiencies of protein recovery

and identification [63].

Of the 110 proteins identified in the heartwormregmme, 52 were not present in the
published secretome 8f malayi[15-17]. The degree of relatedness of the secretom
composition of these two species was higher thandheither with the secretomes of the other

nematode species for which comprehensive datasets/ailable (not shown) [18-22]; since
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these data were generated using different methutlp@duced quite different numbers of
identified proteins from multiple developmentalgsta, a detailed species-species comparison is
unwarranted at this time. As an example, howewercomparative data reveal that the
secretomes of the filarial species are much marsety related (53% identical) than either is to
H. polygyrusa gastrointestinal nematode in a different cladegksuslll; <20% identical). It is
possible to discern a set of 17 secretome proweimsh are common to species that parasitize
mammals, includind. immitis(Table 3), and so constitute a minimal consensasetome of
species from distinct clades [23] which inhabifetiént niches as adults. All of these proteins,
except cystatin, macrophage migration inhibitioctda, triosephosphate isomerase and
phosphatidylethanolamine-binding protein, have alsen detected in thd. incognita

secretome [21]. The functions embodied in thisd#st, in general, be associated with roles in
modifying host responses or in protein-releasevpays. The inclusion of additional nematode
species in secretome analyses will enable thisdibe refined, but the available data suggest
that secretome composition may be highly adaptédesite of residence of these parasites. It is
interesting, in this regard, that we did not findheD. immitissecretome some classes of
proteins which have been reported in the secretailesth other nematodes, includiBg

malayi such as a variety of proteases and globins. Véhétleir absence from the current
secretome is due to the lower amount of heartwaotem available for this analysis or to a
fundamental difference in the menu of secretedgmetamong these species requires additional

research.

The proteins identified in common in the filariaene distributed throughout the data set.
However, the shared proteins were much more liteelye among the most, as opposed to the

least abundant molecules, indicating a high caiioldbetween proteins secreted in abundance
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by the two filariae. Two of thB. immitisunique proteins returned no BLAST hits, leaving 50
defined proteins unique, in this context, in lh@mmitissecretome. Of these proteins, 45 (87%)
could be assigned GO terms in Blast2Go. Catahgivity (GO:0003824) and binding
(G0:0005488) were the two major molecular functiategories (Figures 2 & 3), while cellular
(G0:0009987) and metabolic (GO:0008152) processes the two major biological process
categories (Figures 2 & 3) for the heartworm-unigteeins. This distribution was, in general,
guite conserved with that reported for proteintheB. malayisecretome using similar methods
[16]. Consideration of the functions of the heantmveunique secretome did not identify any
molecules with special relevance to the niche itdabby this species, compared with thaBof

malayi

About 40% of the heartworm-unique proteins contdiamino acid sequences that are
associated with classical or non-classical seargiathways.This figure is somewhat lower
than the corresponding figure (~ 65%) reportedBfomalayiusing similar methods [16]. An
explanation for this discrepancy is not readily ajemt; additional data on the identification of
proteins released in the host (as opposed to taredicould resolve the biological relevance of
their detection in these experiments. It shousd &dle noted that many secreted proteins are now
recognized as being released in exosomes, whicasemt a significant pathway in eukaryotic
and prokaryotic organisms [33, 34]. Indeed, exo®amediated secretion events have been
detected in th€. eleganexcretory canal [35]. Evidence is not availableloananatomical
localization of exosomes in parasitic nematodeetecy systems, but many proteins detected in
nematode secretomes, including actin, elongatictoffs, aldolase, enolase, HSP70 and
cyclophilin, are common components of mammaliarserees

(http://www.exocarta.org/exosome_marReis recent report identified 2@nchocerca ochengi
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proteins recovered from nodules [36], including pmhomologs of secretome proteins in other
filariae. The majority of th®. ochengproteins lacked secretion signals and are asgolcvath
exosomes in other organisms; these data supportleance of the antigens detedteditro
and suggest that the role of exosomes, as a sotiseereted proteins, warrants further

investigation.

The impact oD. immitisinfections on companion animal health and veteyipaactice
in endemic areas cannot be overstated. In endameas, the ?prevalence?incidence of infection
can be as high as 20% in areas in which prophytee@ément is irregular [1]. The development
and introduction of the highly efficacious and tefely inexpensive ML-based regimens for
prophylaxis have produced one of the most succlesstss drug administration programs in
history. However, there are emerging concerngsitance to the MLs most commonly used
for heartworm prevention [6, 7]. Data obtainedrirthis experiment may assist in addressing
this situation in several ways. First, current noethof testing for prophylactic activity against
D. immitisare exceptionally time-constrained, as they monite onset of microfilaremia in
treated dogs, which occurs ~ 8 months after infadtl. A biomarker based on abundantly
secreted proteins might allow detection of wornag gurvive the prophylactic regimen shortly
after infection, and the proteins reported herecaralidates for the development of such a test.
Similarly, a number of current diagnostic testsdobgn antigen detection have been advanced
for the diagnosis dD. immitisinfection, but all of them have some problems wgighsitivity and
none is associated with a reported parasite pr@@&in A legitimate goal is the development of a
test that can accurately predict adult worm burd&n88], which can be an important factor in
deciding on a course of treatment for infected atsimA test based on the most abundantly

secreted parasite proteins may be better abldftitifiat role. Antigen-based diagnostic tests for
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human filarial infections have similar limitationacluding the lack of well-described antigens
in some tests, which have not been selected basatdwndance in serum, concerns about

sensitivity and an uncertain correlation with adwuttrm burden [39—-43].

From a therapeutic standpoint, efforts to limitvswal or development of heartworms
with immunological interventions, such as vaccioaticould be enhanced if proteins essential
for the success of an infection were targeted asina antigens. Previous work in this area
seems to have been typically focused on parasiteips that generated significant immune
responses in dogs [45], which is not necessarnisedictor of value as a protective antigen.
Instead, down-stream experimental work on the fanet role of secreted proteins could
identify candidates for which a strong antibodypsse would prevent establishment of an
infection. A menu of secreted proteins, providetehis essential for that work to proceéihis
same line of reasoning suggests that the protdargified may yield novel therapeutic targets.
At least some of these secreted proteins may beatrior the survival of the parasite within the
host. Any interference with their functiema the administration of a therapeutic antibody may
have a detrimental effect on the parasite’s abitityemain viable, offering a possible alternative
to the current arsenical-based strategy to cuebksiied infections [1]. As the composition of
the secretome varies according to life-cycle stagksex irB. malayi[16, 17], it will be
important to determine the contribution to the eatD. immitissecretome from male, female

and mff before advancing into new research inadnes.

The data obtained from this experiment yieldadeamformation on putative functions
of these proteins, which may help to illuminate diféerence between the niches exploited by
the various worms whose secretomes are compileD. Anmitisresides in the bloodstream of

the host, it is reasonable to expect some levdiftdrence between both the gut-dwelliHg

37



polygyrusand the lymph-residinB. malayj which can be seen in these data. Of the 110
identified proteins, 52 (47%) were uniquelloimmitiscompared to the nematode secretomes

compiled previously.

It is known that a number of proteins are commaualgserved across nematodes species
and are from this current study are also founD.immitis(Table 3). A few of the proteins
characterized as unique share a common family pvigteins secreted 8. malayi For
instance, galectin was highly abundant inBhenalayisecretome, but the closest homolog in the
D. immitissecretome was a galactoside-binding lectin fapribtein, which presumably has a
similar or related functional role. However, a BEAp analysis revealed that theimmitis
genome encodes a predicted protein that is alrdestical to thé8. malayigalectin (not shown),
but which was not secreted proteins. Similarlg, gfutathione s-transferase 1 found in the
heartworm secretome was related to a homolog itkshin theB. malayisecretome [16-18], but
the closest homolog of tH& malayiprotein in theD. immitisgenome (data not shown) was not
found in the current study. The implications ofgbdindings are not clear; the functional
conservation of these protein families in the seenes of the two filarial species does not
account for the discrepancy in secretion of thetrolosely related proteins between the two

species.

A hypothesis driving investigations into the comigoa of theD. immitissecretome is that at
least some of them should be adapted for the tlskireg in blood. Protease inhibitors and
proteins that detoxify oxygen radicals are likehpiortant for any parasite in a host; candidates
specifically pertinent for life the bloodstream au readily apparent. The family of
transthyretin-like proteins is highly representedhe heartworm secretome. This family is

represented by a large number of genéS.ialegang46], the functions of which are largely
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unknown. However, transport functions have beeoaated with this family [44], and it would
be advantageous to study their biological functiothis regard in nematodes in general and

tissue-dwelling species in particular.

The anatomy of secretory apparatuses in ddulinmitisis unknown. In general, the adult
filariid secretory system is either glandular doular. In each kind of system, a duct links the
secretory cells and opens to the exterior througgcaetory pore that may be muscularly
controlled [47]. In addition to a discrete secrgtoompartment analogous to that found in mf
[6], proteins may be discharged into the mediurmfrdgerine fluid during the release of mf by
females, from the release of cuticle-associateenads or from defecation of incompletely
digested parasite or host proteins. Several carinteins were detected in these samples;
whether they arose from incomplete washing of tbews or from excretiomia the faecal route
cannot be concluded. The contribution of protegetedversusthose excreted or discharged
into the medium (e.g., intestinal waste and/oringefluid) could be resolved by further

experiments.

This is the first report of the secretory proteash®. immitis, which lives in the
circulatory system rather than the lymphatic ves@l malay). Adult D. immitiswere collected
from dogs immediately after euthanasia and culttwed days in RPMI 1640 media. This
media was processed and yielded 110 proteins, 8hich have not been reported in the
secretomes of any other nematodes studied to dédtieough these proteins were unique, their
functional categories and motifs are generally Isimo those of proteins released by other

nematode species.
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SEQUENCE DESCRIPTION

Phosphatidylethanolamine-binding prote|n

Ladder protein

Ml domain containing protein

Transthyretin-like protein 5

Glycosyl hydrolases family 31 protein

Transthyretin-like protein 5

LL20 15kda ladder antigen

Transthyretin-like protein partial

Plasma glutamate carboxypeptidase-like

NADH-dependent fumarate reductase

Cysteine protease inhibitor

Abhydrolase domain containing isoform
cra_a

Transthyretin-like protein partial

Immunogenic protein 3

Exocyst complex component 2

Table 1: The 15 most abundant proteins detectéukiDirofilaria immitis secretome.
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ABUNDANCE

SEQUENCE DESCRIPTION RANK

Abhydrolase domain containing isoform cra_a
12

Glutathione s-transferase 1 18
Elegans protein partially confirmed by transcript
evidence 22
cre-pgn-85 protein 22
Nipped-b-like protein 22
Pdz domain containing protein 26
Jhehl 27
Alpha-actinin 30
Epoxide hydrolase 1 32
Protein dek isoform 1 35
Kh domain containing protein 37
Protein szt2 38
Hypothetical protein LOAG_04081 [Loa loa] 39
Elongation factor tu homologue precursor 40
Pan domain containing protein 44

Table 2: The 15 most abundd@itofilaria immitis unique proteins.
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Sequence Description

LL20 15 kDa ladder antigen

Enolase

Fatty acid-binding protein

Glutathione-S-transferase

Cysteine protease inhibitor/cystatin

Transthyretin family proteins

Actin

Triosephosphate isomerase

Phosphatidylethanolamine-binding prote|n

Protein disulfide isomerase

Heat shock protein 70

Immunogenic protein 3

Fumarase

Macrophage migration inhibition factor

Cyclophilin

Lectins (galectin/galactoside-binding
protein)

Aldolase

Table 3: Proteins/protein functions generally conse in nematode secretomes.
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Figure 13: SDS-PAGE gel of the culture fluid cotkt from adult mixed seRirofilaria immitis
adult worms.
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M binding
M catalytic activity

i structural molecule activity

Figure 14: Dirofilaria immitis protein analysis: A. Distribution of the most aldant (level 2)
molecular functions using GO terms. B. Distributafrthe most abundant (level 2) biological
process GO terms.
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Figure 14 (con't)

W multi-organism process

M biological adhesion
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macromolecule modification

anatomical structure morphogenesis
post-embryonic development

developmental process involved in reproduction
membrane invagination

regulation of multicellular organismal process
regulation of metabolic process

transport

system development

cellular nitrogen compound metabolic process
nucleobase, nucleoside, nucleotide and nucleic acid metabolic...
regulation of growth

protein metabolic process

macromolecule biosynthetic process

embryo development

cellular biosynthetic process

gene expression

regulation of cellular process

positive regulation of biological process

cellular macromolecule metabolic process

Number of Sequences

Figure 15: Dirofilaria immitis protein profile: Distribution of the top 20 modiumdant (level 4)
biological processes GO terms.

translation factor activity, nucleic acid binding

identical protein binding

hydrolase activity, acting on ester bonds

transferase activity, transferring phosphorus-containing groups

hydrolase activity, acting on ether bonds

DNA binding

cation binding

ribonucleotide binding

0 1 2 3 4 5 6 7 8
Number of Sequences

Figure 16: Dirofilaria immitis protein profile: Distribution of the most abunddletvel 4)
molecular functions GO terms.
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CHAPTER 3

Characterizingdnchocerca volvuluslodules

Developing accurate, quantifiable tests of parasébility, both under drug pressure and
free from drug pressure must be a priority for assgy the efficacy of new drugs and evaluating
the pathways they act upon. The same is truerfderstanding the current drugs used to treat

filarial nematode infections.

Many major investigative activities, such as assgshe effects of macrofilaricides and
the immune system on the complicated parasitegremost commonly on assessment of their
morphological status. The morphological assesswiahie viability and the stages of
degeneration of mature filarial worms however dificult and often very subjective process.
The use of in situ molecular markers by immunodyemistry has been used by a number of
investigators often with reagents that are direeigainst mammalian antigens rather than using
those that have been clearly defined as nematattineents. We have identified markers that
appear to have homologous presence and functibotinmammals and nematodes. These
immunocytochemical reagents directed against mgtatematode components of cellular
metabolism and replication have been used to tefieceffects of lvermectin on adult
Onchocerca volvulusThe presence of these markers can be quantaattgrovide more
objective data as to the status of adult worms tie@nbeen previously used. The results from
the use of these markers suggest that the longtsenof lvermectin has a general depressive
effect on the health and in all likelihood the lengy of the worm. This approach to assessing

worm viability and degenerative status is belieiete suitable for general use and allows this
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important assessment activity to be carried out lyder range of scientists than only those with

extensive parasistological knowledge.

O. volvulusis a parasitic filarial nematode that infects hamand is the etiologic agent
of river blindness. There are an estimated 37anilturrently infected with at least 300
thousand permanently blinded. It has an indiiéatycle and is transmitted through the bite by
a black fly of the genuSimulium Current control programs aim to interrupt trarssion by
mass administration of the macrocyclic lactonerwesetin. Ivermectin is primarily a larvacidal.
However, it induces in the adult females embryastaise cessation of the release of
microfilariae. The nodules used in this experintemte been previously described and
characterized [2]. Many procedures have been dpedlto characterize and describe nodules in
specific relevance to treatment status and wornthg8, 94]. Our attempt utilizes a computer
program to analyze untreated and treated wormasecto determine if there is a statistically

significant difference between the two in the esgren of NRas.

A BLAST search of th&rugia malayiproteome [95] was undertaken to establish the
presence of a homologous protein to human NRas sHEarch identified Ras protein Let-60. A
global sequence alignment using lalign [96], wa$gomed to investigate the homology between
the human and worm proteins to determine how likegbplyclonal anti-NRas antibody raised to
the whole protein would cross-react with the woret-60. Western blots were performed to
demonstrate the cross-reactivity of the human adtilio worm NRas. That blot is shown in

figure 17. The global sequence alignments are shinovigs 18 and 19.
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Figure 17 Western blot of 3 proteins, includiNRas. Lane A i€. elegangrotein extract:

lane B is a commercially purchased lad

10 20 30 an 50
Brugia ---MTEVELYVVGLGGYGE AL TIQLIQNHFVEEYIP TIEL 3 VREQVYIDGETCLLLIILD
o KRVMTE YKLTVVGDGGYGK AL TI 0L IQNHFVEEYDP TIEL 5 YRKQVV ID GETCLLD ILD
1u ol au 18l =11} =31}
60 70 &0 an 100 110
Brugia TAGUEEYSANRDQYNRTGEGFLLYFAVNEAXSFENTTQYRE Q IRRVED SDEVEHY LY GHK
C_ TaGFIEETIANED QYARTGE CI L LY FTAVNEAX G FENVANTERE ) TREVED D DVEF MV LY GINE
70 a0 an 100 110 120
120 130 140 150 160 170
Frugia CDLAQRTVESRATLDASRS [GMPAVETS AKTRMGYDDAFYTLVRE IRKHKEKD -C IKPRE
o CDL45REVDTRTVSE TAKGYS L PHVDTS AKTRIGVDE AFYTL VRE IRKHRERHDNNKPOK
130 14c 150 160 170 180
1a0

Brugia KRECVII

C EEECOTH

Figure 18 Global sequence alignmentB. malayiLet-60 EDP31853.1
to Caenorhabditis elegarRas protei AAA28103.1.
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0 20 20 a0 50 &0
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Erugia QEEYSAMPRINYMRTGEGFLLUFAVHESAKSFENUTQYRDQ IRRUEKDSD EVPMUTLUGRECDL
7a &0 a0 00 110 1z0

dald 4o U 4L 40U

il Ll dald 4o U 4L

Figure 19 Global sequence alignmentB. malayiLet-60 EDP31853.1o humarNRas
NP_002515.1.

Fixed, paraffinembedded nodules were sectioned and stained \pithyalona goat anti-
human NRas antibodyThe sectioned nodules were analyzed by JG to duiNRas staining
using ImagePrdMedia Cybernetics, Bethesda, . A photograph taken of each section \
first converted to an Bit grayscale image. To control for the fixatiogess and an
differences inherent thereof, 5 host plasma cedisifeach tissue section were selected
guantified. Five worms werelgeted around the geometric center of each nodedbe.eact
worm custom Area of Interest (AOI) were drawn tolugle only the hypodermis of each wor
These AOIs were then analyzed using a bitrrA selection of the images used in t
experiment is shown in figs 2irough28. The bitmap analysis was exported to Micro:
Excel where a mean was calculated. This mearh@wbrm tissue was compared against
mean of the 5 host plasma cells to generate a ratits ratio was compared against ao

developed in the identical way flvermectin treated worms using an unpairégist.
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The difference between treated and untreated warassfound to be statistically
significant with a p value of 0.01. Figure 20 slsate difference between the two groups. This
difference was manifested with treated worms stgihess darkly than untreated worms. A total

of 15 worms were examined from each group.

111
11
1.09
1.08
1.07
1.06
1.05
1.04 -
1.03 -
1.02 -

M Untreated

M Treated

Figure 20: Bar graph showing a statistically siguaift difference between the staining of
Ivermectin treated and untreated worms.

Detecting a statistically significant differencetlween the untreated and Ivermectin
treated worms suggests this NRas stain may befal nsarker in assessing the viability of
filarial parasites. As a visual comparison itriteresting to note a high degree of difference
between th&Volbachiastaining in untreated and Ivermectin treated wosoggesting
Ivermectin may induce a decreas&Volbachiametabolic activity, either through starving the
bacteria of essential nutrients or affecting therwan such a way as to signal a decrease in

Wolbachiametabolic activity.
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Figure 21: Image of an untreated adult fent@le/olvulus
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Figure 22: Grayscale image of the above figure shgwustom AOI drawn to include only the
hypodermis.
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Figure 23: Image of host plasma cells from an wtée nodule.
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Figure 24: Grayscale image of above figure showimgom AOIs drawn around 5 host plasma
cells.
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Figure 25: Image of an lvermectin treated adultdla®. volvulus
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Figure 26: Grayscale image of the above figure shgthe custom AOI drawn to only include
the hypodermis.
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Figure 27: Image of host plasma cells from an hestim treated nodule.
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Figure 28: Grayscale image of the above figure shgwustom AOIs drawn around 5 host
plasma cells.
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CHAPTER 4

Discussion

In the first report of th®. immitissecretome a total of 110 proteins were detectad fr
both male and female worms cultured together. Bs®mewhat less than the reported
secretome foB. malayithat most closely matches the procedure [63]. &l@n, the sample was
almost half the size of that reported in [62]. &ivthe current understanding of LC/MS MS
increasing the sample size should increase thetawieof proteins of low abundance. When
analyzing the secretome it became apparent thdilahel nematode secretomes are quite
similar in their most abundantly secreted proteifbe 10 most abundantly secreted proteins
were conserved among the filarial nematodes witmdance position 11 the first noted
departure from that trend. In addition, severat@ns or protein functions were conserved
through the several different secretomes [60-@His information offers a suggestion as to the
functional implications of these proteins and pirofenctions. It may be that they are required
for successful survival within a host, given thbain animal or a plant. The differences noted in
the secretome d. immitiswhen compared to that Bf malayimay also offer suggestions as to
the different proteins required to survive in blaslopposed to lymph. The successful
completion of characterizing the secretome, asepitesl in chapter 2, has enabled a wider
understanding dD. immitis

Understanding the functional implications of séeteproteins should offer clues as to the
ability of the parasite to evade host immune respsii90]. In analyzing the secretome attention
should also be paid to potential immunotherapéatigets, not just in curing the infection but
also which proteins may influence the immune systechwhat uses that may have in treating
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chronic inflammatory diseases. This area is nuot bbet it offers an interesting perspective on
the progression of filarial infections and whatesgjuired by the parasites to successfully
establish an infection and survive within the host.

In chapter 3, a process to utilize molecular markeas detailed. While not found in any
of the secretomes, from which molecular markersevgemerated, the NRas homolog was found
in theB. malayigenome and proteome. When the sequences wereoetnpey were found to
be remarkably well conserved. This level of comagon not only suggested the likelihood of
cross-reactivity but also perhaps a functional eoretion as well. This would implicate Let-60
to act in a manner similar to NRas. The work detkin chapter 3 demonstrates the robustness
of molecular markers and their diverse uses, mi¢hse, using NRas to mark the effects of
Ivermectin treatment 0@. volvulusin nodules. Using NRas to characterize the hedlthe
worm brought to light some possible metabolic efexf exposure to Ivermectin. Though
lvermectin is known to paralyze neuromusculaturthefnematode the nematode still acquires
enough nutrients to persist for over a decadearhtist. However, it does not appear that the
nematode acquires enough nutrients to continue aldii@ processes.

A different take on the NRas staining is a negateedback loop within the biology of
the nematode. Perhaps, when exposed to Ivernteetieffects signal the worm to slow down
metabolism, growth and development. This shouldifest as a decrease in staining intensity.

Understanding that decrease in staining intemsdy help to illuminate the role that
NRas/Let-60 plays in the nematode and may leadai@ imformation about the effects of

lvermectin outside of the accepted neuromusculealyss.
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