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(57) Abstract: The invention relates to a method for determining the responsiveness of a Dirofilaria spp. nematode to a macro-
cyclic lactone, by determining the genotype of the nematode at a position in a P-glycoprotein gene of the nematode corresponding
to position 1 1, and optionally to position 618, in SEQ ID NO: 1, wherein the genotype GG at a position corresponding to position
1 1, or at positions corresponding to positions 1 1 and 618, in SEQ ID NO: 1 indicates that the nematode is likely resistant to the
macrocyclic lactone. The invention also relates to methods for selecting a treatment to treat an animal infected with macrocyclic
lactone resistant Dirofilaria spp nematode, and treating the animal; or for selecting a prophylactic to prevent an animal from be-
coming infected with a macrocyclic lactone resistant Dirofilaria spp nematode, and providing the prophylactic to the animal. The
invention further relates to an isolated nucleic acid having at least 80% sequence identity to SEQ ID NO: 1.
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MACROCYCLIC LACTONE RESISTANCE MARKER FOR DIROFILARIA IMMITIS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of and priority from United States Provisional
Application Serial No. 61/319,982 filed on April 1, 2010, which is incorporated herein by

reference.

FIELD OF THE INVENTION

The present invention relates to the detection of macrocyclic lactone resistant

Dirofilaria spp.

BACKGROUND

Dirofilariasis is a parasitic disease of animals and occasionally in humans, which may
result from infection by a species of Dirofilaria such as D. immitis, D. repens, D. tenuis,

D. ursi, D. subdermata, D. lutrae, D. striata and D spectans.

Dirofilaria immitis (heartworm) is a parasitic nematode that commonly infects dogs,
foxes, wolves, coyotes, and cats. Heartworms may cause serious vascular damage and

may be fatal, especially in highly active animals.

The life cycle of Dirofilaria immitis is well known (reviewed in McCall et al., Adv
Parasitol. 66:193-285, 2008). In brief, a mosquito may become infected when it draws
blood from an infected host (e.g. a dog). In the mosquito, microfilariae develop to the
infective larval stage. When the infected mosquito feeds, it may transmit larvae to a new
host (e.g. another dog). In the new host the larvae continue to mature for eight to ten weeks,
after which time they move to the right side of the lungs and the pulmonary artery, where
they become adult. Adult worms mate and females produce eggs, which develop in utero
into the long thin embryos (microfilariae) that are released into the bloodstream. A mosquito
that takes in the circulating microfilariae when it draws blood from the infected host starts the

cycle again.

Dirofilaria immitis may be found wherever its vector, the mosquito, is found.
Generally, Dirofilaria immitis may be found on a world-wide basis, but are very common in

areas with mild and warm climates.

Macrocyclic lactones are often prescribed as therapeutics or prophylactics in the

management of Dirofilaria immitis in veterinary applications. However, resistance to
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macrocyclic lactones is common in a variety of parasitic nematodes and appears to be
developing in D. immitis. A number of tests have been described for the detection of
anthelmintic resistance in nematodes of livestock and horses, including, faecal egg count
reduction test, the egg hatch test, microagar larval development test and molecular tests
based on benzimidazole resistance (reviewed in Coles et al., Veterinary Parasitology 136:
167-185, 2006). Prichard et al. (European patent EP 0979278) describes a P-glycoprotein
sequence in Haemonchus contortus which may be useful for the diagnosis of macrocyclic
lactone resistance in parasitic nematodes. However, there remains a need for methods to

detect Dirofilaria immitis (heartworms) that are resistant to a macrocyclic lactone.

SUMMARY OF THE INVENTION

In one aspect, the invention relates to a method for determining the responsiveness
of a Dirofilaria spp. nematode to a macrocyclic lactone, said method comprising determining
the genotype of said nematode at a position in a P-glycoprotein gene of said nematode
corresponding to position 11 in SEQ ID NO: 1. The method may further comprise the step of
determining the genotype of said nematode at a position in said P-glycoprotein gene of said
nematode corresponding to position 618 in SEQ ID NO: 1. A determination that the
nematode has the genotype GG at a position corresponding to position 11 in SEQ ID NO: 1
or has the genotype GG at positions corresponding to positions 11 and 618 in SEQ ID NO: 1

indicates that the nematode is likely to be resistant to said macrocyclic lactone.

In another aspect, the invention relates to an isolated nucleic acid molecule
possessing at least 80% sequence identity to SEQ ID NO: 1 over its entire length and
comprising the nucleotide guanine (G) at a position corresponding to position 11 of SEQ ID
NO: 1, or a fragment of said nucleic acid molecule having a length of at least 50 nucleotides
and containing said G nucleotide at a position corresponding to position 11 of SEQ ID NO: 1.
The isolated nucleic acid molecule may further comprise the nucleotide guanine (G) at a
position corresponding to position 618 of SEQ ID NO: 1, or a fragment of said nucleic acid
molecule having a length of at least 50 nucleotides and containing said G nucleotide at a

position corresponding to position 618 of SEQ ID NO: 1.

In another aspect, the invention relates to a kit for determining the responsiveness of
a Dirofilaria spp. nematode to a macrocyclic lactone, the kit comprising: a probe capable of
determining the genotype of the Dirofilaria spp. nematode at a position in a P-glycoprotein
gene of the nematode corresponding to position 11 of SEQ ID NO: 1; or a probe capable of
determining the genotype of the Dirofilaria spp. nematode at positions in a P-glycoprotein

gene of the nematode corresponding to positions 11 and 618 of SEQ ID NO: 1.
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In another aspect, the invention relates to a method for selecting a treatment to treat
an animal infected with a Dirofilaria spp. nematode, the method comprising determining the
genotype of said nematode at a position in a P-glycoprotein gene of said nematode
corresponding to position 11 in SEQ 1D NO: 1, and selecting the treatment based on the
genotype of said nematode. This method may further comprise the steps of determining the
genotype of said nematode at a position in the P-glycoprotein gene of said nematode
corresponding to position 618 in SEQ 1D NO: 1 and/or of treating the animal with the
selected treatment, wherein the treatment is an arsenic-based therapy, diethylcarbamazine,
antibiotics, or a combination of one or more thereof, if the nematode has the genotype GG at
a position in the P-glycoprotein gene of the nematode corresponding to position 11 in SEQ
ID NO: 1; or if the nematode has the genotype GG at positions in the P-glycoprotein gene of
said nematode corresponding to positions 11 and 618 in SEQ ID NO: 1.

In another aspect, the invention relates to a method for selecting a prophylactic to
prevent an animal from becoming infected by a Dirofilaria spp. nematode, the method
comprising determining the genotype of said nematode at a position in a P-glycoprotein
gene of said nematode corresponding to position 11 in SEQ ID NO: 1, and selecting the
prophylactic based on the genotype of said nematode. This method may further comprise
the steps of determining the genotype of said nematode at a position in the P-glycoprotein
gene of said nematode corresponding to position 618 in SEQ ID NO: 1 and/or of providing
the animal with the selected prophylactic, wherein the prophylactic is diethylcarbamazine, if
the nematode has the genotype GG at a position in the P-glycoprotein gene of the nematode
corresponding to position 11 in SEQ 1D NO: 1; or if the nematode has the genotype GG at
positions in the P-glycoprotein gene of the nematode corresponding to positions 11 and 618
in SEQ ID NO: 1.

In a further aspect, the invention relates to an isolated nucleic acid molecule

comprising the sequence depicted in SEQ ID NO: 1.

Methods of the invention may further comprise steps of obtaining a sample
comprising the nematode from a subject such as an animal, isolating the nematode from the
sample, isolating nucleic acids from the nematode, and optionally purifying the nucleic acids
prior to the step of determining the genotype of the nematode. Moreover, the genotype of
the nematode may be determined using known techniques, such as, DNA sequencing,
hybridization with allele specific oligonucleotides, single strand conformational polymorphism
(SSCP), microarray analysis or approaches based on PCR, RT-PCR or gRT-PCR.
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Other aspects, advantages and features of the present invention will become
apparent to those of ordinary skill in the art upon review of the following description of

specific embodiments of the invention in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1: A nucleotide sequence comprising a partial coding sequence for P-glycoprotein
(SEQ ID NO: 1). The SNPs are indicated in bold.

Figure 2: Genotype frequency of SNP at position 11 of P-glycoprotein gene (* = p-value

significant).

Figure 3: Genotype frequency of the combined SNP at positions 11 and 618 of

P-glycoprotein gene (* = p-value significant).

Figure 4: Genotype frequency of the combined SNP at positions 11 and 618 of
P-glycoprotein of Group C.

Figure 5: Linear regression of P-glycoprotein genotype GG-GG versus IVM-LDgs%.

Figure 6: F-coefficient, or deviation from Hardy-Weinberg equilibrium, for ten SNPs in three
genes: B-tubulin (tub), heat shock protein 60 (hsp), P-glycoprotein (pgp). F= +1, 100%
homozygous; F= -1, 100% heterozygous. The number next to the gene corresponds to the

position of the SNP in the segment analyzed.

DETAILED DESCRIPTION

Macrocyclic lactones, including but not limited to avermectins and milbemycins, are
products, or chemical derivatives thereof, of soil microorganisms that belong to the genus
Streptomyces. These molecules are widely used to treat hundreds of species of endo- and
ectoparasites in a wide range of hosts. Avermectins in commercial use include, without
limitation, ivermectin, abamectin, doramectin, eprinomectin and selamectin. Commercially
available milbemycins include, without limitation, milbemycin oxime and moxidectin.
Macrocyclic lactones have a potent, broad antiparasitic spectrum at low dose levels. They
are active against many immature nematodes (including hypobiotic larvae) and arthropods.
A single therapeutic dose may persist in concentrations sufficient to be effective against

incumbent nematode infections for prolonged periods after treatment.

Macrocyclic lactone (ML) heartworm preventatives were developed for the treatment

of dogs and cats, which were not already infected, to prevent establishment of adult
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infections by targeting the developing L3/L4 stages. Macrocyclic lactones also have effects
on the microfilarial stage (L1) (Bowman et al., 1992; Courtney et al., 1998; McCall et al.,
1998). Macrocyclic lactone endectocides such as ivermectin (IVM), milbemycin oxime
(MBO), moxidectin (MOX) and selamectin (SLM) are used during the transmission season
for chemoprophylaxis for heartworm in dogs and cats. However, in recent years, some
experts have suggested that macrocyclic lactones could be used monthly to suppress
reproduction in adult worms and remove microfilarial (mf) stages, thereby reducing
transmission and gradually causing the attrition of adult worms. It would not be necessary to
only treat animals without an established adult infection in order to prevent infection and
gradually remove an existing infection — the “safety net story about macrocyclic lactone

heartworm preventives” (McCall, 2005).

While the developing L3/L4 stages of D. immitis are ultra sensitive to macrocyclic
lactones, it appears that macrocyclic lactones cause a cumulative insult which affects the
ability of adults to reproduce and can eventually be lethal to both adults and microfilaria.
However, it is not known how the macrocyclic lactones act on the different stages of this
parasite. The classical view is that macrocyclic lactones act by opening glutamate- or
GABA-gated chloride channels, which leads to paralysis of the pharynx and/or the body
muscles, resulting in starvation or an inability of the nematodes to move, which is lethal for
parasites in the gastrointestinal tract. These effects are based on observations in
Caenorhabditis elegans and trichostrongylid nematode parasites, are relatively acute, and
lead to fairly rapid paralysis and death. In filarial nematodes such as D. immitis, these rapid
effects do not occur, at least not in adults and microfilariae, and repeated treatments are
required to produce lethality. IVM does not paralyze adult filariae or microfilariae in vitro
(Bennett, Williams & Dave, 1988) and it is believed that in the filarial nematodes the pharynx

is vestigial and that nutrient uptake occurs through the cuticle (Stote, Bonow & Attah, 1996).

There is much evidence of macrocyclic lactone resistance in nematode parasites of
ruminants (for reviews see Kaplan, 2004; Wolstenholme et al., 2004; Geary, 2005) and
recently there have been reports of IVM resistance in nematode parasites of horses
(Boersema, Eysker & Nas, 2002; Hearn & Peregrine, 2003), including Cyathostomum
species (Trawford, Burden & Hodgkinson, 2005; Molento, pers. comm.) and in the human
filarial nematode Onchocerca volvulus (Osei-Atweneboana et al., 2007). Unfortunately,
there is some evidence now (Hampshire, 2005) that there has been a loss of efficacy of
macrocyclic lactone heartworm preventatives, against D. immitis, in some locations in recent

years.
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When macrocyclic lactone-resistant trichostrongylid parasites, such as Haemonchus
contortus and Cooperia oncophora, have been compared with macrocyclic lactone
susceptible isolates, genetic changes in glutamate-gated chloride channel (GluCl) subunits
(Blackhall et al., 1998a; Njue et al., 2004), a GABA-gated chloride channel (GABA-CI)
subunit (Feng et al., 2002; Blackhall et al., 2003), P-glycoprotein (Pgp) ABC transporters
(Blackhall et al., 1998b; Xu et al., 1998; Le Jambre et al., 1999; Sangster et al., 1999) and in
B-tubulin (Eng et al., 2006; Mottier & Prichard, 2008) have been reported. In the free-living
nematode C. elegans, the deletion of three GluCl subunits resulted in a high level loss of
susceptibility to IVM (Dent et al., 2000), indicating that these GluCls are involved in the
action of IVM on this nematode. However, this cannot be interpreted to imply that
macrocyclic lactone resistance mechanisms in parasitic nematodes necessarily involve

changes in GluCls.

As noted above, IVM resistance (Osei-Atweneboana et al., 2007) and sub-optimal
responses to IVM (Ali et al., 2002; Awadzi et al., 2004a, 2004b) have now been reported in
the human filarial parasite O. volvulus. It should be noted that O. volvulus is phylogenetically
much closer to D. immitis than are the trichostrongylid parasites or C. elegans. Extensive
investigations have been made into genetic changes that may be associated with a
developing IVM resistance in O. volvulus. Eng & Prichard (2005) investigated a large
number of candidate and non-candidate genes for association with IVM resistance in O.
volvulus. No evidence was found for selection on GluCl or GABA-CI genes, but significant
selection on B-tubulin and P-glycoprotein gene were observed. Further investigations have
confirmed selection on B-tubulin (Eng et al., 2006; Bourguinat et al., 2007}, on
P-glycoprotein gene, and on other ABC transporter genes in O. volvulus (Ardelli & Prichard,
2004; Ardelli & Prichard, 2007; Ardelli et al., 2005; 2006a; 2006b; Bourguinat et al., 2008).
Single nucleotide polymorphisms (SNPs) for IVM selection have been identified for
O. volvulus in B-tubulin (Eng et al., 2006) and a half-sized ABC transporter, OvPLP
(Bourguinat et al., 2008) and may be useful markers for monitoring for macrocyclic lactone

resistance in this filarial nematode.

The loss of efficacy of macrocyclic lactone heartworm preventatives could have a
genetic basis and indicate a developing drug resistance situation in Dirofilaria immitis. IVM
is a substrate of P-glycoprotein (Lespine et al. 2009) and P-glycoprotein has been shown to

be implicated in resistance to avermectin anthelminthics (Xu et al. 1998).

The present invention relates to methods and kits for determining the responsiveness
of a Dirofilaria spp. nematode to a macrocyclic lactone and to an isolated nucleic acid

molecule of said nematode.
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Nucleic Acid Molecule

In one aspect, the invention relates to an isolated nucleic acid molecule possessing
at least 80% sequence identity to SEQ ID NO: 1 over its entire length and comprising the
nucleotide guanine (G) at a position corresponding to position 11 of SEQ ID NO: 1, ora
fragment of said nucleic acid molecule having a length of at least 50 nucleotides and

containing said G nucleotide at a position corresponding to position 11 of SEQ ID NO: 1.

In one embodiment of the invention, the isolated nucleic acid molecule may further
comprise the nucleotide guanine (G) at a position corresponding to position 618 of SEQ ID
NO: 1, or a fragment of said nucleic acid molecule having a length of at least 50 nucleotides
and containing said G nucleotide at a position corresponding to position 618 of SEQ ID
NO: 1.

In another aspect, the invention relates to an isolated nucleic acid molecule
comprising, consisting of, or consisting essentially of the sequence depicted in SEQ ID
NO: 1.

As used herein, “nucleic acid”, "nucleotide sequence” or “nucleic acid molecule”™ may
refer to a polymer of DNA and/or RNA which may be single or double stranded and
optionally containing synthetic, non-natural or altered nucleotide bases capable of
incorporation into DNA or RNA polymers. "Nucleic acids”, "Nucleic acid sequences" or
“Nucleic acid molecules™ may encompass genes, cDNA, DNA (e.g. genomic DNA) and RNA
encoded by a gene. Nucleic acids or nucleic acid sequences may comprise at least 3, at
least 10, at least 100, at least 1000, at least 5000, or at least 10000 nucleotides or base

pairs.

"Nucleic acids”, "Nucleic acid sequences” or “Nucleic acid molecules” may be
modified by any chemical and/or biological means known in the art including, but not limited
to, reaction with any known chemicals such as alkylating agents, browning sugars, etc;
conjugation to a linking group (e.g. PEG); methylation; oxidation; ionizing radiation; or the
action of chemical carcinogens. Such nucleic acid modifications may occur during synthesis

or processing or following treatment with chemical reagents known in the art.

As used herein, “consists essentially of” or “consisting essentially of” means that the
nucleic acid sequence may include one or more nucleotide bases, including within the
sequence or at one or both ends of the sequence, but that the additional nucleotide bases

do not materially affect the function of the nucleic acid sequence.
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A nucleic acid molecule of the invention may comprise a sequence corresponding to
that of SEQ ID NO: 1 over its length. In embodiments of the invention, the nucleic acid
sequence may be at least about 80%, at least about 81%, at least about 82%, at least about
83%, at least about 84%, at least about 85%, at least about 86%, at least about 87%, at
least about 88%, at least about 89%, at least about 90%, at least about 91%, at least about
91%, at least about 92%, at least about 93%, at least about 94%, at least about 95%, at
least about 96%, at least about 97%, at least about 98%, at least about 99% or 100%
identical to SEQ ID NO: 1, but that was isolated from a nematode having the genotype GG
at a position corresponding to position 11 of SEQ ID NO: 1 or at positions corresponding to
positions 11 and 618 of SEQ ID NO: 1.

An "isolated nucleic acid molecule" may refer to a nucleic acid molecule that does not
occur in nature as part of a larger polynucleotide sequence; and/or may be substantially free
from any other nucleic acid molecules or other contaminants that are found in its natural
environment. As used herein, an "isolated nucleic acid molecule” may also encompass

recombinantly or synthetically produced nucleic acid molecules.

The term “identity” or “identical” refers to sequence similarity between two
polypeptide or polynucleotide molecules. Identity can be determined by comparing each
position in the aligned sequences. A degree of identity between amino acid or nucleic acid
sequences is a function of the number of identical or matching amino acids or nucleic acids
at positions shared by the sequences, for example, over a specified region. Optimal
alignment of sequences for comparisons of identity may be conducted using a variety of
algorithms, as are known in the art, including the Clustal W™ program, available at
http://clustalw.genome.ad.jp, the local homology algorithm of Smith and Waterman, 1981,
Adv. Appl. Math 2: 482, the homology alignment algorithm of Needleman and Wunsch,
1970, J. Mol. Biol. 48:443, the search for similarity method of Pearson and Lipman, 1988,
Proc. Natl. Acad. Sci. USA 85:2444, and the computerised implementations of these
algorithms (such as GAP, BESTFIT, FASTA and TFASTA in the Wisconsin Genetics
Software Package, Genetics Computer Group, Madison, WI, U.S.A.). Sequence identity
may also be determined using the BLAST algorithm (e.g. BLASTn and BLASTp), described
in Altschul et al., 1990, J. Mol. Biol. 215:403-10 (using the published default settings).
Software for performing BLAST analysis is available through the National Center for
Biotechnology Information (through the Internet at http://www.ncbi.nim.nih.gov/). In one
aspect, two sequences may be aligned using the “Blast 2 Sequences” tool at the NCBI
website at default settings (Tatusova and Madden. FEMS Microbiol Lett, 174; 247-250,
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1999). In another embodiment, the person skilled in the art can readily and properly align

any given sequence and deduce sequence identity/homology by mere visual inspection.

A nucleic acid molecule of the invention may be derived from a Dirofilaria immitis
nematode with the genotype GG in P-glycoprotein at positions corresponding to position 11
or at positions 11 and 618 of SEQ ID NO: 1. As used herein, “derived from” may refer to a
nucleic acid molecule that was isolated from a natural source, e.g. a Dirofilaria immitis
nematode. It may also refer to a nucleic acid molecule that is man-made, e.g. recombinantly
or synthesized on the basis of a nucleic acid molecule isolated from a Dirofilaria immitis

nematode.

As used herein, “genotype” refers to the genetic constitution of a cell, an organism, or
an individual (i.e. the specific allele makeup of the individual) usually with reference to a
specific character under consideration. In the context of the invention, e.g. a GG genotype
may mean that at a specific position of a gene which has two alleles, the nucleotide at the
same location in each allele is G (guanine). Alleles are alternative DNA sequences at the
same physical locus, which may or may not result in different phenotypic traits. In any
particular diploid organism, with two copies of each chromosome, the genotype for each
gene comprises the pair of alleles present at that locus, which are the same in homozygotes

and different in heterozygotes.

Genetic analysis provided herein linked macrocyclic lactone resistance with a
polymorphic variant of P-glycoprotein. As used herein, the term "polymorphic site" refers to
a region in a nucleic acid at which two or more alternative nucleotide sequences are
observed in a significant number of nucleic acid samples from a population of individuals. A
polymorphic site that is one nucleotide in length may be referred to herein as a "single

nucleotide polymorphism" or a "SNP."

The sequence depicted in SEQ ID NO: 1 encodes a portion of P-glycoprotein from
Dirofilaria immitis. P-glycoprotein was first cloned from Chinese hamster ovary cells and
characterized on the basis of its ability to confer a multidrug resistance phenotype to cancer
cells that had developed resistance to chemotherapy drugs [Juliano et al. Biochim. Biophys.
Acta 455 (1): 152-62, 1976].

P-glycoprotein is extensively distributed and may be expressed, for example, in the
intestinal epithelium, hepatocytes, renal proximal tubular cells, adrenal gland and capillary

endothelial cells comprising the blood-brain and blood-testis barrier.
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P-glycoprotein is a member of the superfamily of ATP-binding cassette (ABC)
transporters. Specifically, P-glycoprotein is a member of the MDR/TAP subfamily, which are
involved in multidrug resistance. P-glycoprotein is an ATP-dependent drug efflux pump for
xenobiotic compounds with broad substrate specificity. It may be responsible for decreased
drug accumulation in multidrug-resistant cells and often mediates the development of

resistance to drugs.

A skilled person would appreciate that a nucleic acid molecule derived from a
Dirofilaria immitis nematode with the genotype GG at a position in P-glycoprotein
corresponding to position 11 of SEQ ID NO: 1, or from a Dirofilaria immitis nematode with
the genotype GG at positions in P-glycoprotein corresponding to positions 11 and 618 of
SEQ ID NO: 1 may encode a P-glycoprotein that differs from that of a macrocyclic lactone
sensitive nematode. For example, such a P-glycoprotein may have at least one amino acid
modification. A non-limiting amino acid modification may include an amino acid substitution.
In one embodiment, the amino acid substitution may be a conservative substitution. As used
herein, the term “conservative substitution” refers to the substitution of one amino acid for
another at a given location in the peptide, where the substitution can be made without
substantial loss of the relevant function. In making such changes, substitutions of like amino
acid residues can be made on the basis of relative similarity of side-chain substituents, for
example, their size, charge, hydrophobicity, hydrophilicity, and the like, and such

substitutions may be assayed for their effect on the function of the peptide by routine testing.

Specific, non-limiting examples of a conservative substitution include the following:

Original Residue Conservative Substitutions
Ala Ser

Arg Lys

Asn GIn, His

Asp Glu

Cys Ser

GlIn Asn

Glu Asp

His Asn; GIn
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lle Leu, Val

Leu lle; Val

Lys Arg; Gin; Glu
Met Leu; lle

Phe Met; Leu; Tyr
Ser Thr

Thr Ser

Trp Tyr

Tyr Trp; Phe

Val lle; Leu

In another embodiment, the at least one amino acid modification may be a
substitution modification that affects the function of P-glycoprotein. For example, Dirofilaria
immitis expressing the modified P-glycoprotein may be, for example, resistant or sensitive to

a macrocyclic lactone.

In further embodiments, the altered P-glycoprotein may be a marker for a
macrocyclic lactone resistant Dirofilaria immitis nematode; or may contribute to macrocyclic

lactone resistance in a Dirofilaria immitis nematode.

Methods of Determining Responsiveness of D. immitis to a macrocyclic lactone

In another aspect, the present invention relates to a method for determining the
responsiveness of a Dirofilaria spp. nematode to a macrocyclic lactone, said method
comprising determining the genotype of said nematode at a position in a P-glycoprotein

gene of said nematode corresponding to position 11 in SEQ ID NO: 1.

In an embodiment of the invention, the method may further comprise determining the
genotype of said nematode at a position in said P-glycoprotein gene of said nematode

corresponding to position 618 in SEQ ID NO: 1.

In the context of the invention, a nematode is likely to be resistant to said macrocyclic

lactone if the nematode has the genotype GG at a position in P-glycoprotein corresponding
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to position 11 in SEQ ID NO: 1. In one aspect, a nematode is likely to be resistant to said
macrocyclic lactone if the nematode has the genotype GG at positions in P-glycoprotein

corresponding to positions 11 and 618 in SEQ ID NO: 1.

As used herein, the term “responsiveness” may mean that the nematode responds
following exposure to a macrocyclic lactone. In embodiments of the invention, a nematode
may respond by being sensitive or resistant to a macrocyclic lactone. Sensitivity to a
macrocyclic lactone means that the macrocyclic lactone adversely affects the exposed
Dirofilaria immitis nematode. For example, a macrocyclic lactone may be lethal or sub-lethal
to the Dirofilaria immitis nematode, or shorten its life-span. Resistance is the reduction in
effectiveness of a drug in curing a disease or improving a patient's symptoms. A Dirofilaria
immitis nematode may be macrocyclic lactone resistant if the drug meant to neutralize it is
ineffective. A Dirofilaria immitis nematode may also be macrocyclic lactone resistant if the

drug, at a specific dose that is meant to neutralize it, has reduced effect.

In embodiments of the invention, responsiveness of a nematode to a macrocyclic

lactone may be determined in vivo or in vitro.

In one embodiment, a Dirofilaria immitis nematode may be said to be resistant to a
macrocyclic lactone if less than about 93%, less than about 91%, less than about 89%, less
than about 87%, less than about 85%, less than about 83%, less than about 81%, less than
about 79%, less than about 77%, less than about 75%, less than about 73%, less than about
71%, less than about 69%, less than about 67%, less than about 65%, less than about, 63%,
less than about 61%, less than about 59%, less than about 57%, less than about 55%, less
than about 53%, less than about 51%, less than about 49%, less than about 47%, less than
about 45%, less than about 43%, less than about 41%, less than about 39%, less than about
37%, less than about 35%, less than about 33%, less than about 31%, less than about 29%,
less than about 27%, less than about 25%, less than about 23%, less than about 21%, less
than about 19%, less than about 17%, less than about 15%, less than about 13%, less than
about 11%, less than about 9%, less than about 7%, less than about 5%, less than about
3%, less than about 1% or if 0% of nematodes died following exposure to a LD95 (a lethal
dose or concentration of a drug that should have killed 95% of Dirofilaria immitis nematodes)

dose or concentration of a macrocyclic lactone.

In another embodiment, a Dirofilaria immitis nematode may be said to be sensitive to
a macrocyclic lactone if at most about 5%, at most about 4%, at most about 3%, at most

about 2%, at most about 1% or if 0% of nematodes survived following exposure to a LD95 (a
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lethal dose or concentration of a drug that should have killed 95% of Dirofilaria immitis

nematodes) dose or concentration of a macrocyclic lactone.
Contacting the nucleic acid sample with a probe

A biological sample comprising a Dirofilaria immitis nematode may be obtained from
a subject. The subject may be, without limitation, a dog, fox, wolf, coyote or cat. In the
context of the invention, a biological sample may be any sample (e.g. bodily fluid,
excrement, organ, tissue, etc) from a subject. The biological sample may be from a subject
that is known to have, or is suspected of having, a Dirofilaria immitis nematode infection.
The Dirofilaria immitis nematode may be isolated from the biological sample with standard

separation methods and techniques.

A nucleic acid sample may be isolated or obtained from a Dirofilaria immitis
nematode prior to use. Methods of isolating nucleic acids from organisms and tissues are
known. Such methods may include, but are not limited to, traditional DNA extraction, with
proteinase K digestion followed by phenol chloroform extraction, sodium hydroxide
extraction, and physical disruption, followed by purification, e.g. by cesium chloride
centrifugation or high performance liquid chromatography (HPLC); or the use of commercial
kits, e.g. QlAamp™ or DNeasy™. A skilled person would appreciate that different
approaches may be used to isolate a nucleic acid sample from an adult Dirofilaria immitis
nematode in comparison to a microfilaria. In an embodiment of the invention, the nucleic

acid sample comprises genomic DNA.

A nucleic acid sample may be contacted with a probe to determine the genotype of a
nematode at one or more positions in P-glycoprotein. A suitable incubation medium and
incubation conditions may be used to incubate the probe and the sample. In one
embodiment, the probe and the nucleic acid sample may be incubated in any medium that
allows the probe and the nucleic acid sample to interact, for example by contact. For
example, the incubation medium may be a buffer, such as PBS. A skilled person would
appreciate that the composition of the incubation medium may depend on the probe used

and/or the constituents of the nucleic acid sample.
Probe

Methods and kits of the invention may comprise a probe to detect the genotype of the
nematode at a position in P-glycoprotein. A probe of the invention may be used to
determine the genotype of the nematode at a position in P-glycoprotein corresponding to

position 11 of SEQ ID NO: 1. In one embodiment of the invention, a probe may be used to
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simultaneously or serially determine the genotype of the nematode at positions in

P-glycoprotein corresponding to positions 11 and 618 of SEQ ID NO: 1.

A probe of the invention may be one or more molecules that are capable of binding
to, or associating with, the nucleic acid sample to determine the genotype of the nematode
at one or more specific positions in P-glycoprotein. In this regard, the probe may be, for

example, an oligonucleotide, a primer, an aptamer or an antibody.

An oligonucleotide of the invention is capable of determining the genotype of a
nematode at a position in P-glycoprotein corresponding to position 11 of SEQ ID NO: 1 or at
positions corresponding to position 11 and 618 of SEQ ID NO: 1, in an allele specific
manner. An oligonucleotide may comprise any size, shape and composition that is suitable
for use in the context of the invention. Preferably, an oligonucleotide of the invention may
comprise DNA, RNA, synthetic nucleotides, non-natural nucleotides, altered nucleotides, or
combinations of one or more thereof. In one embodiment, an oligonucleotide of the

invention may comprise locked nucleic acids and/or peptide nucleic acids.

An oligonucleotide may be of any length that is suitable for use in methods of the
invention. Generally, an oligonucleotide that is capable of detecting the genotype of a
nematode at one position does not interfere with the detection at the other. However, an
oligonucleotide of the invention may be capable of simultaneously detecting the genotype of
a nematode at two positions in P-glycoprotein (e.g. at positions corresponding to positions
11 and 618 of SEQ ID NO: 1). In embodiments of the invention, an oligonucleotide may
comprise a sequence of at least 5, at least 10, at least 15, at least 20, at least 25, at least
30, at least 35, at least 40, at least 45, at least 50, at least 55, at least 60, at least 65, at
least 70, at least 75, at least 80, at least 85, at least 90, at least 95, at least 100, at least

125, at least 150, at least 175, at least 200, at least 250, or more nucleotides.

In embodiments of the invention, an oligonucleotide may encompass, without
limitation, a primer or more than one primer, e.g. a primer pair, such as a forward primer and

a reverse primer.

A primer may be an oligonucleotide that may be used to initiate DNA replication.
Typically, a primer is a short oligonucleotide that may be about 10, about 15, about 20, about
25, about 30, about 35, about 40, about 45, about 50, about 55, about 60, about 65, about
70, about 75, about 80, about 85, about 90, about 95, about 100 or more nucleotides.

A primer may be used as part of an approach to detect the genotype of a nematode

at a specific location of a gene. For example, a primer may be useful in amplifying DNA
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such as by PCR, RT-PCR and gRT-PCR, for subsequent analysis, such as by Southern blot,
sequencing or SSCP.

As used herein, an “aptamer” may be a nucleic acid or a peptide molecule that binds
to a specific molecular target. For example, in solution, a chain of nucleotides may form
intramolecular interactions that fold the aptamer into a complex three-dimensional shape.
The shape of that aptamer allows it to bind tightly against the surface of its target molecule.
Because of the diversity of molecular shapes that exists for nucleotide and amino acid
sequences, aptamers may be obtained for a wide array of molecular targets, including, but
not limited to, nucleic acid molecules, enzymes, membrane proteins, viral proteins,

cytokines, growth factors, and immunoglobulins.

An aptamer of the invention may be a nucleic acid molecule. Said aptamer may
comprise DNA, RNA, synthetic nucleotides, non-natural nucleotides, altered nucleotides, or
combinations of one or more thereof. The nucleic acid aptamer may be single-stranded or
double-stranded. A nucleic acid aptamer may comprise a sequence of at least 5, at least 10,
at least 15, at least 20, at least 25, at least 30, at least 35, at least 40, at least 45, at least
50, at least 55, at least 60, at least 65, at least 70, at least 75, at least 80, at least 85, at
least 90, at least 95, at least 100, at least 125, at least 150, at least 175, at least 200, at
least 250, at least 300, at least 350, at least 400, at least 500, or more nucleotides. A
preferred nucleic acid aptamer may be a single stranded nucleic acid molecule and comprise

a sequence of less than about 100 nucleotides.

An aptamer of the invention may be a peptide molecule. A peptide aptamer may
comprise a sequence of at least 5, at least 10, at least 15, at least 20, at least 25, at least
30, at least 35, at least 40, at least 45, at least 50, at least 55, at least 60, at least 65, at
least 70, at least 75, at least 80, at least 85, at least 90, at least 95, at least 100, at least
125, at least 150, at least 175, at least 200 or more amino acid residues. A preferred
peptide aptamer may comprise a sequence of between about 15 to about 75 amino acid

residues.

As used herein, the terms "peptide”, "oligopeptide", "polypeptide" and "protein” may
be used interchangeably and may encompasses any chain of naturally or non-naturally
occurring amino acids (either D- or L-amino acids), regardless of length (e.g., at least 5, 6, 8,
10, 12, 14, 16, 18, 20, 25, 30, 40, 50, 100 or more amino acids) or post-transiational
modification (e.g., glycosylation or phosphorylation) or the presence of e.g. one or more non-
amino acyl groups (for example, sugar, lipid, etc.) covalently linked to the peptide, and

includes, for example, natural proteins, synthetic or recombinant polypeptides and peptides,
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hybrid molecules, peptoids, peptidomimetics, etc. Peptides may also be monomeric or
multimeric. Peptide fragments may comprise a contiguous span of at least 5, at least 10, at
least 25, at least 50, at least 100, at least 250, at least 500, at least 1000, at least 1500, or at
least 2500 consecutive amino acids and may retain the desired activity of the full length

peptide.

As used herein, an “antibody” may include monoclonal antibodies (including full
length monoclonal antibodies), polyclonal antibodies, multispecific antibodies (e.qg., bispecific
antibodies), single domain antibodies and antibody fragments. "Antibody fragments”
comprise a portion of a full length antibody, generally the antigen binding or variable region
thereof. Examples of antibody fragments include, but are not limited to, Fab, Fab', F(ab")2,
and Fv fragments; diabodies; linear antibodies; single-chain antibody molecules; and multi-
specific antibodies formed from antibody fragments. The term “antibody” may also include

chimeric or humanized antibodies.

A probe of the invention may be prepared according to standard techniques known to
a skilled person. For example, a probe may be produced synthetically, recombinantly or
may be isolated from a natural source. In one embodiment, the source may be a biological
source, for example, from a microorganism (e.g. a bacteria or a virus), an animal (e.g. a

mouse, a rat, a rabbit, a goat, or a human), or a plant.

In the context of the invention, “a probe” may mean one probe or more than one
probe. In one embodiment, a single probe may be used to detect the genotype of a
nematode at positions in P-glycoprotein corresponding to positions 11 and 618 of SEQ ID
NO: 1. A skilled person would appreciate that one or more probes may be useful in the
context of the invention and may depend on the genotyping approach taken. For example, a
primer is often used in pairs, i.e. a forward primer and a reverse primer, in amplification
reactions. The amplified products may be subsequently analyzed to identify the nucleotide

at a specific location.

One or more types of probes may be simultaneously used in methods of the
invention. In one embodiment two probes of different types may be used to simultaneously
detect in a sequence from a nematode positions corresponding to positions 11 and 618 of
SEQ ID NO: 1. For instance, one probe may be an oligonucleotide to detect a nucleotide at
a position corresponding to position 11 of SEQ ID NO: 1; and another probe may be an
antibody to detect the nucleotide at a position corresponding to position 618 of SEQ ID

NO: 1. In another embodiment, the two probes may comprise the same type of molecule.
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Probe design and production are known in the art. Generally, a probe may be
produced recombinantly, synthetically, or isolated from a natural source, e.g. from a cell, an
animal or a plant. However, a skilled person would appreciate that probe production may

depend on the type of probe at issue.

A skilled person would appreciate that a probe of the invention may need to be able
to differentiate between the GG/GG genotype (i.e. a nematode having a GG genotype at
positions in P-glycoprotein corresponding to positions 11 and 618 of SEQ ID NO: 1) from the
other possible genotypes, e.g. AA/AA, AG/AA ... AG/AG ....AA/AG, etc. A preferred probe
may be a nucleic acid molecule (e.g. a primer), with or without a fluorofior or dye. A probe
may be linear or in the form of a hairpin, with a fluoroflor, with or without a quencher or
another fluoroflor (e.g. for FRET analysis). It could also be an antibody that specifically
recognizes the DNA (or protein) sequence. Another probe could be based on a RNA
molecule. What would be preferred may depend on technical considerations, stability, cost,

ease of use, etc.
Determining genotype

A skilled person would understand that routine approaches may be used to
determine the genotype of a nematode at one or more position in P-glycoprotein. Suitable
approaches for use in the context of the invention may include, without limitation, PCR,
RT-PCR, gqRT-PCR, SSCP, hybridization with allele specific oligonucleotides and the use of
antibodies to determine the genotype of a nematode at a position in P-glycoprotein
corresponding to position 11 of SEQ ID NO: 1 or to determine the genotype of a nematode
at positions in P-glycoprotein corresponding to positions 11 and 618 of SEQ ID NO: 1. Other
approaches may include nucleic acid hybridization to DNA microarrays or beads, restriction
fragment length polymorphism (RFLP), terminal restriction fragment length polymorphism
(t-RFLP), amplified fragment length polymorphism (AFLP), and multiplex ligation-dependent
probe amplification (MLPA).

Polymerase chain reaction (PCR) (U.S. 4,683,195; 4,683,202; and 4,965,188) is a
process that is used to increase the concentration of a target nucleic acid sequence in a
sample. The method typically involves the use of forward and reverse primers that are
complementary to the target sequence to amplify the target sequence; and a cycle of three

temperatures to promote denaturation, annealing and extension.

Quantitative RT-PCR is used to quantify mRNA in both relative and absolute terms.

Real time PCR is based on the principle of PCR but allows the reliable detection and
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quantification of nucleic acid sequences. PCR reactions may be divided into three
segments: an exponential phase, a linear phase and a plateau phase. Theoretically, during
the exponential phase, there is a quantitative relationship between the amount of starting
target sequence and the amount of PCR product at any given cycle. Within the exponential
phase, a real-time PCR instrument calculates two values. The Threshold line is the level of
detection at which a reaction reaches a fluorescent intensity above background. The PCR
cycle at which the sample reaches this level is called the Cycle Threshold, Ct. The Ct value
is used in quantitation or presence/absence detection analysis. By comparing the Ct values
of samples of unknown concentration with a series of standards, the amount of template

DNA in an unknown reaction can be accurately determined.

Real time PCR relies on the nuclease activity of the polymerase and the use of a
reporter molecule that binds to the amplification product. Common reporter molecules
include, without limitation, (1) the use of fluorescent dyes that intercalate with double-
stranded DNA, and (2) modified DNA oligonucleotide probes that fluoresce when hybridized
with a complementary DNA. For example, the reporter molecule may comprise a labeled
oligonucleotide that binds a target to be amplified (template). The labeled oligonucleotide
may comprise a fluorescent molecule at one end and a quenching molecule at the other,
which quenches the fluorescence of the fluorescent molecule. As the polymerase traverses
the template, it will reach and cleave the fluorescent molecule from the labeled
oligonucleotide. The fluorescence of the cleaved fluorescent molecule may be detected.
The amount of fluorescence is directly proportional to the amount of template/pcr product

produced.

The amplified nucleic acid molecules may be used in conjunction with approaches to
determine the genotype of a nematode with respect to P-glycoprotein. Such approaches
may include, without limitation, DNA sequencing, hybridization with allele specific

oligonucleotides, southern blot analysis, and SSCP.

Single-strand conformation polymorphism (SSCP) technique is a simple and efficient
means to detect any small alteration in PCR-amplified product. It is based on the
assumption that subtle nucleic acid change affects the migration of single-stranded DNA
fragment and, therefore, results in visible mobility shifts across a nondenaturing
polyacrylamide gel (Orita, M., lwahana, H., Kanazawa, H., Hayashi, K., and Sekiya, T.
Detection of polymorphism of human DNA by gel electrophoresis as single-strand
conformation polymorphisms. Proc. Natl. Acad. Sci. USA 86, 2766-2770 (1989)).
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Hybridization with allele specific oligonucleotides. An allele-specific oligonucleotide
(ASO) is a short piece of synthetic DNA complementary to the sequence of a variable target
DNA. It may act as a probe to detect for the presence of the target in a Southern blot assay
or in a Dot blot assay. An ASO is typically an oligonucleotide of 15-21 nucleotide bases in
length. It is designed to be specific for only one version, or allele, of the DNA being tested.
The length of the ASO, which strand it is chosen from, and the conditions by which it is
bound to (and washed from) the target DNA all play a role in its specificity. These probes
can usually be designed to detect a difference of as little as 1 base in the target's genetic
sequence, a basic ability in the assay of single-nucleotide polymorphisms (SNPs). To be
detected after it has bound to its target, the ASO may be labeled with a radioactive,
enzymatic, or fluorescent tag. For example, the Illumina Methylation Assay technology takes
advantage of ASO to detect one base pair difference (cytosine versus thymine) to measure
methylation at a specific CpG site. PCR may be paired with ASO analysis [Saiki et al.
Nature 324(6093): 163-166, 1986].

Direct DNA sequencing and Restriction Fragment Length Polymorphism (RFLP)
based techniques are widely known. RFLP is a technique for analyzing the variable lengths
of DNA fragments that result from digesting a DNA sample with a restriction endonuclease,
followed by Southern blot analysis. The resultant pattern may be used in the detection of
polymorphisms. DNA sequencing refers to generally to methods for determining the order of

the nucleotide bases—adenine, guanine, cytosine, and thymine—in a molecule of DNA.

Other suitable methods of genotyping may include, without limitation, microarray
analysis, SmartAmp2 amplification, pyrosequencing, mass spectrometry, molecular
beacons, and ELISA (e.g. dipstick ELISA). A DNA microarray is a multiplex technology used
in molecular biology and in medicine. It consists of an arrayed series of thousands of
microscopic spots of DNA oligonucleotides, each containing picomoles (10-12 moles) of a
specific DNA sequence (probes). DNA microarrays can be used to measure changes in
expression levels, to detect single nucleotide polymorphisms (SNPs), to genotype or re-

sequence mutant genomes (see uses and types section) of a given sample.

Position 11 of SEQ ID NO: 1 is within an exon of P-glycoprotein and position 618 of
SEQ ID NO: 1 corresponds to a non-coding region. A macrocyclic lactone resistant
D. immitis has the genotype GG at a position in P-glycoprotein corresponding to position 11
or to positions 11 and 618 of SEQ 1D NO: 1. Thus, a P-glycoprotein expressed in a
macrocyclic factone resistant D. immitis nematode may have an altered amino acid
sequence that may be useful to indirectly detect the GG genotype of a nematode at a

position in P-glycoprotein corresponding to position 11 of SEQ ID NO: 1. In an embodiment
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of the invention, an antibody that is capable of detecting an amino acid sequence encoded
by a nucleic acid sequence which comprises guanine at a position corresponding to position
11 of SEQ ID NO: 1 may be useful in detecting the GG genotype of a nematode with respect
to P-glycoprotein.

Once a Dirofilaria immitis nematode with the genotype GG at a position in
P-glycoprotein corresponding to position 11 of SEQ ID NO: 1, or at positions corresponding
to positions 11 and 618 of SEQ ID NO: 1 has been identified, it may be useful to confirm the
result. In one embodiment, a functional assay may be used to confirm that the nematode is
macrocyclic lactone resistant. For example, the Dirofilaria immitis nematode may be
exposed to a dose of a macrocyclic lactone, e.g. a LD95 dose of a macrocyclic lactone, i.e. a

dose of the compound that is lethal to 95% of Dirofilaria immitis.

Kits and Commercial Packages

In embodiments of the invention, probes of the invention may be provided to a user
as a kit. A kit of the invention may contain one or more probes of the invention. For
example, a kit may comprise a probe capable of determining the genotype of a nematode at
a position in P-glycoprotein of the nematode corresponding to position 11 of SEQ ID NO: 1;
or a probe capable of determining the genotype of a nematode at positions in P-glycoprotein

of the nematode at positions corresponding to positions 11 and 618 of SEQ ID NO: 1.

The kit may further comprise one or more reagents, buffers, packaging materials,

instructions for using the kit and containers for holding the components of the kit.

Uses of the methods and Kits

Methods of the invention and kits to carry out the methods may have research,
medical and industrial applications. The invention finds broad application in the
management of heartworms in infected animals and in detecting macrocyclic lactone
resistant Dirofilaria immitis nematodes in an area. Representative, non-limiting applications
of the invention may include the detection, quantification and/or diagnosis of the existence of
individuals or populations of Dirofilaria immitis that are not susceptible to normal doses of
macrocyclic lactone for prophylaxis or therapy. In one embodiment, the ability to detect and
quantify nucleic acid molecules of the invention is valuable insofar as it will instruct a
practicing veterinarian to prescribe, and/or alter, a chemotherapeutic regimen for an animal
infected with Dirofilaria immitis nematodes bearing the GG genotype in P-glycoprotein at a
position corresponding to position 11 of SEQ ID NO: 1, or to Dirofilaria immitis nematodes

bearing the GG genotype in P-glycoprotein at positions corresponding to positions 11 and
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618 of SEQ ID NO: 1. Identification of such macrocyclic lactone resistant Dirofilaria immitis
nematodes may instruct a veterinarian to prescribe, and/or switch from macrocyclic lactone
therapy alone to, a therapy that may include alternative agents, such as an adulticide (e.g.
arsenic based drugs), diethylcarbamazine, antibiotics such as tetracycline, and combinations
of one or more thereof in order to achieve cure and/or to minimize the spread of the resistant
strain. Alternatively, a veterinarian may prescribe an atypical dosage (e.g. a higher than
normal dosage), or adjust the current dosage, of a macrocyclic lactone and/or treatment
regimen using a macrocyclic lactone in the treatment of an animal infected with a
macrocyclic lactone resistant nematode. Typical recommended dose rates for macrocyclic
lactone preventatives include, for example, 6 pg/kg for ivermectin; 500 mg/kg for milbemycin
oxime; 3 pg/kg (monthly) moxidectin; and 6 mg/kg for selamectin. A veterinarian may also
combine one or more of the treatment approaches and therapies noted above in any
combination suitable to treat an animal infected with a Dirofilaria spp. nematode, e.g. a
macrocyclic lactone resistant Dirofilaria immitis nematode. For example, a veterinarian may
treat such an animal with an adulticide, such as an arsenic based drug, and then follow up

with a microfilaricide, such as a macrocyclic lactone or diethylcarbamazine.

In one instance, an arsenic based drug may used to treat an animal infected with a
macrocyclic lactone resistant Dirofilaria immitis nematode. An arsenic based drug may
include, but is not limited to, melarsomine dihydrochloride. Melarsomine dihydrochloride
may be used, for example, at a dose of 2.5 mg/kg, twice, 24 hours apart. This may be
repeated in 4 months depending on the response to the first treatment and the condition,
age, and use of the animal. However, a skilled person would understand that the dosage
may vary depending on the severity of the infection. For example, an infected animal such
as a dog with severe (class 3) disease may receive one dose and allowed to recover for a

few months before receiving the complete set of 2 doses.

In another instance, diethylcarbamazine may used to treat an animal infected with a
macrocyclic lactone resistant Dirofilaria immitis nematode. Diethylcarbamazine may be
used, for example, at a dose of 25 to 50 mg per pound of an animal. The duration of
administration may depend on the condition being treated, response to the medication and

the development of any adverse effects.

In another instance, an antibiotic may used to treat an animal infected with a
macrocyclic lactone resistant Dirofilaria immitis nematode. Said antibiotic may include, but is
not limited to, tetracycline. A tetracycline, such as doxycycline, which targets the Wolbachia
endosymbionts in Dirofilaria immitis may be used, for example, at a dose of 10 mg/kg/day for
40 days.
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In a further instance, another antihelminthic agent may be used. Such other
antihelminthic agent may include, but is not limited to, acaciasides. An acaciaside may be

used, for example, at a dose of 10 mg/kg/day for 7 days.

In another embodiment, the detection of Dirofilaria immitis nematodes populations
with the above mentioned genotype in P-glycoprotein may instruct a veterinarian to prescribe
the use of alternative agents, such as diethylcarbamazine as a prophylactic to protect

susceptible animals, e.g. dogs.

In one instance, diethylcarbamazine may be used to prevent an animal from
becoming infected with a macrocyclic lactone resistant Dirofilaria immitis nematode. In this
regard, diethylcarbamazine may be used, for example, at a dose of 3 mg per pound of an

animal once daily.

In another embodiment, a kit of the invention may be useful in as a commercial
product in the detection of macrocyclic lactone resistant Dirofilaria immitis nematodes. Such
a product may be suitable for use by, without limitation, a veterinarian, a physician, a pet

owner, a farmer, a zoo keeper, an epidemiologist, or another consumer in need thereof.
The invention is further illustrated by the following, non-limiting examples.
EXAMPLES
EXAMPLE: 1

Material and methods

Samples

Four groups of samples were available. Group A corresponds to thirty nine naive
individual worms that were never been exposed to macrocyclic lactones. Group B
corresponds to thirty five individual worms that were exposed, or their ancestors were likely
exposed to macrocyclic lactone in Florida, Louisiana and Texas. For these samples, the
treatment history of the dogs is not precise however macrocyclic lactones are commonly
used in these regions. Group C corresponds to one hundred seventeen individual
microfilaria that showed in an in vitro assay low sensitivity to IVM. Group D corresponds to
thirty three individual worms that were exposed, or their ancestors were likely exposed to
macrocyclic lactones in Japan. For these samples, the treatment history of the dogs is not

precise however macrocyclic lactones are commonly used in Japan.
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Experiment

Microfilariae were collected from three dogs named Tip, Kendall and Tootie. These
microfilaria are from the same population of Group C. In vitro assay on these microfilariae
from each individual dog was performed using one dose of IVM lethal dose 95% (IVM-LD®)
which means that at that dose 95% of the naive microfilaria should died. The microfilaria
that died was counted. Then, the microfilaria was incubated in a second dose of IVM that

correspond to two times the IVM-LD®. The microfilariae that died were counted.

Molecular biology

The genomic DNA for the individual adult worms was extracted with DNeasy™ kit
from Qiagen (Qiagen Inc, Mississauga, Canada). The genomic DNA extraction of individual
microfilaria was extracted using QlAamp DNA kit from Qiagen followed by Repli-g®
screening kit from Qiagen which allow amplifying the full genome from a very small amount
of DNA. Only few sequences of D. immitis are available in GenBank so bioinformatic
research was performed based on O. volvulus, B. malayi, C. elegans or H. contortus
sequences, to be able to amplify a segment of 620 bp of the D. immitis P-glycoprotein gene.
The ampilification was done by PCR using the following primers: Pgp-1-sens 5 gga caa tta
tcc ggt ggt ca 3° [SEQ ID NO: 2] and Pgp-1-antisens 5’ tcg caa att tcc ttc cac tt 3° [SEQ ID
NO: 3]. Denaturation was performed at 94°C for 45s; annealing at 56° C for 45s; and
extension at 68° C for 2 min for 35 cycles. PCR amplification was confirmed by gel
electrophoresis at 100V for 40 min with a 1% agarose gel containing 0.5ug/ml ethidium
bromide. PCR products were sequenced using the 3730XL DNA Analyser system (McGill
University/Genome Quebec Innovation Centre). High Fidelity Platinium® Tag DNA
polymerase (Invitrogen) was used in the PCR reaction to avoid the introduction of errors
during amplification. Each individual chromatogram was analysed with Sequencher™ 4.7
software (Gene Codes Corporation, Ann Arbor, Ml 48108, USA). This program allowed the
discrimination at each nucleotide and selection for only secondary peaks which were more
than 90% of the major nucleotide peak on the chromatogram. This high level of
discrimination provided confidence in determining homozygosity and heterozygosity at the

polymorphic positions.

Statistical analysis

Genotypic frequencies of the single nucleotide polymorphism (SNP) of Group C
(macrocyclic lactone low responders) were compared to the genotypic frequencies of the

SNPs of the three other groups using x°test and Fisher's exact test.
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The linear regression to assess if there is a correlation between the genotype of
P-glycoprotein of the microfilaria from Group C and their corresponding Ivermectin-LD%%
phenotype was performed using GraphPad Prism version 5.00 for Windows, GraphPad

Software, San Diego California USA, www.graphpad.com.
Results

Two common SNPs were found in the fragment analysed [Figure 1; SEQ ID NO: 1].
One was located at position 11 (A11G) of that fragment analysed while the second one was
at position 618 (A618G). The A11G SNP was in a coding region just before the second ATP
binding domain and resulted in an amino change from a lysine to an arginine. The A618G
SNP was located in a non coding region. Based on sequences available from O. volvulus,
B. malayi and C. elegans, the fragment analysed would start approximately at position 1200

of the amino acid sequence.

Among the 37 adult worms that were genotyped in Group A, the genotype
frequencies at position 11 of homozygotes AA, GG and heterogygotes AG were 81.1%, 0%
and 18.9% respectively. Among the 34 adult worms that were genotyped in Group B, the
genotype frequencies at position 11 of homozygotes AA, GG and heterogygotes AG were
91.2%, 2.9% and 5.9% respectively. Among the 92 microfilariae that were genotyped in
Group C, the genotype frequencies at position 11 of homozygotes AA, GG and
heterogygotes AG were 57.6%, 35.9% and 6.5% respectively. Among the 33 adult worms
that were genotyped in Group D, the genotype frequencies at position 11 of homozygotes
AA, GG and heterogygotes AG were 100%, 0% and 0% respectively [Figure 2]. The
homozygote AA genotype frequency was significantly lower in Group C compared to
Group A (p=0.008), Group B (p= 0.0001) and Group D (p=0.000006). The homozygote GG
genotype frequency was significantly higher in Group C compared to Group A (p=0.000001),
Group B (p= 0.00005) and Group D (p=0.000006) [Table 1]. Moreover, allele A and allele G
frequency were significantly lower and higher respectively in Group C compared to Group A
(p=0.000002), Group B (p= 0.0000001) and Group D (p=0.00000000001) [not shown].

Table 1: Comparison of genotype frequency of SNP at position 11 of Group C

versus the other three groups

GroupC

AA p-value AG p-value GG p-value
GroupA 0.008 0.04 0.000001
GroupB 0.0001 0.6 0.00005
GroupD 0.000006 0.1 0.000006
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The genotype from SNP at position 11 and 618 was combined [Figure 3]. For
example, AA-GG genotype corresponded to genotype AA at position 11 and genotype GG at

position 618. Among the 9 possible combined genotypes, only six different genotypes were
found in the total sample population, AA-AA, AA-GG, AA-AG, AG-GG, AG-AG and GG-GG.
In Group D, only genotype AA-GG was found. Some genotypes were not found in some
groups like GG-GG in Group A, AG-AG and AA-AA in Group B. Group C was the only group

where all six different genotype were found. Interestingly, the genotype GG-GG was

significantly higher in Group C compared to Group A (p=0.000001), Group B (p=0.00005)
and Group D (p=0.000006) [Table 2] and was not found in Group A and D.

Table 2: Comparison of genotype frequency of combined SNP at position 11 and

618 of Group C versus the other three groups

GroupC
AA-AA AA-GG AA-AG AG-GG AG-AG GG-GG
p-value p-value p-value p-value p-value p-value
GroupA 0.1 0.07 0.0000007 0.1 0.1 0.000001
GroupB 0.2 0.00007 0.4 0.5 0.5 0.00005
GroupD 0.2 | 0.00000002 0.7 0.3 0.5 0.000006

Group C is a group of individual microfilaria isolated from three dogs: Tip, Kendall

and Tootie. Microfilaria from Tip and Kendall were only of genotypes GG-GG and AA-GG,

whereas the six different genotypes were all found in microfilaria from Tootie [Figure 4].

The frequency of GG-GG genotype was 51.3%, 30.7% and 20.7% in microfilaria collected

from Tip, Kendall and Tootie respectively.

The in vitro study [Table 3] showed that only 8% and 39% of the microfilaria from Tip

died after exposure to one dose of IVM at the LDg5% which is the dose where 95% of the

microfilaria should died. By exposing the microfilaria from Tip at the double LDgs%, only
24 1% and 50.4% died. 56% and 79% of the microfilaria from Kendall and Tootie died after

one dose of IVM at the LDgs%, however 99.2% and 100% of the microfilaria from that two

dogs died after exposure the double LDgs%.
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Table 3: Results of in vifro assay

VM Tip Tip Kendall [Tootie
LDgs 5/62.2 [13/33.3 |[14.2/25.6)27.5/35
8% 39% 56% 79%

LDgs (x2) |[14.2/58.8]16.3/32.3]25/25.2 |44.2/44 .2

24.1% [50.4% [99.2% |[100%

A significant correlation (Goodness of fit r* =0.93; p=0.008) [Figure 5] was found
between the GG-GG genotype of the microfilaria from Tip, Kendall and Tootie and their
IVM-LDgs% phenotype.

Discussion

From different reports on veterinary nematode, and more recently on O. volvulus,
which is phylogenetically more closely related to D. immitis, it is known now that genetic
selection occurs under repeated macrocyclic lactone treatment in ABC transporter genes.
With the new emergence of dogs with low responses to macrocyclic lactone, it is important
to have reliable genetic marker to detect genetic changes associated with a potential spread

of macrocyclic lactone resistance.

The study is unique because D. immitis samples with different treatment history and
from different regions were compared. In this regards, worms that never been exposed to
IVMwere compared to samples that were exposed to macrocyclic lactone and to samples
that showed low response to IVM after strong exposure to the drug. Each individual sample
was sequenced for a specific region of P-glycoprotein gene which was not available in
GenBank.

The data shows that there is a clear selection pressure of macrocyclic lactone on
P-glycoprotein gene in D. immitis. The GG-GG genotype of P-glycoprotein may be used as
a genetic marker tool in the field to follow the spread of IVM/macrocyclic lactone sub-optimal

responders in dogs infected with heartworms.

EXAMPLE: 2

As noted in Example 1, a strong correlation was found between a GG-GG genotype
in a P-glycoprotein (accession number: HM596853 — SEQ ID NO: 6) and an IVM insensitivity

phenotype in D. immitis mf in an in vitro assay; the more insensitive the mf were to IVM, the
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higher the frequency of the GG-GG genotype. In this example, the response to treatment in
a heartworm-positive dog, originally from New Orleans, is reported and the frequency of the

Pgp gentotype associated with lack of macrocyclic lactone sensitivity was determined.

Materials and Methods

Case: The dog was a male neutered Labrador mix, born in February, 2006, that
weighed approximately 31 kg. He was a rescue dog from New Orleans, Louisiana, U.S.A,,
collected by the Boudreaux Rescue Crew, New Orleans, and subsequently transferred to

Canada where he was adopted in January, 2008.

Diagnosis: The dog was brought to the Main West Animal Hospital (MWAH) in
Welland, Ontario on June 6, 2008 (day 1) for a check up. Blood collected from the dog
tested positive with a heartworm antigen test (PetChek® PF (IDEXX Laboratories,
Westbrook, ME)) and contained mf of D. immitis. On June 11, 2008 (day 6), initial work-up
(bloodwork, thoracic radiographs, physical exam, urinalysis) was performed. Auscultation
revealed a mild increase in bronchovesicular sounds in the lungs and a grade llI-IV/VI] heart
murmur. The remainder of the physical exam was unremarkable. Thoracic radiography
revealed moderate right-sided heart enlargment and an interstitial lung pattern in the
caudodorsal lung field. These examinations indicated a diagnosis of class 2 heartworm

disease.

Treatment history: Adulticide treatment was initiated on June 11, 2008 (day 6) with
2.5 mg/kg IM melarsomine dihydrochloride (Immiticide®, Merial Inc.). The treatment was
followed by two IM treatments with 2.5 mg/kg melarsomine dihydrochloride on July 9 and
July 10 (days 34, 35). Over the following 90 days, in order to eliminate circulating mf, the
dog was treated on one occasion with milbemycin oxime (MO) and on two occasions with
IVM (see Table 4). On days 159 and 160, four months after the last dose of adulticide, the
dog was again treated with 2.5 mg/kg melarsomine dihydrochloride IM. The subsequent

diagnostic testing and microfilaricidal treatments are summarized in Table 4.

Heartworm antigen tests: During the treatment of the dog, several heartworm
antigen tests were conducted, including DiroChek® (Synbiotics Corporation, San Diego, CA)
and PetChek® PF (IDEXX Laboratories, Westbrook, ME), which are microwell ELISA tests,
and SNAP® PF (IDEXX Laboratories, Westbrook, ME), a membrane format test designed for

rapid in-clinic use (see Table 4).

Knott’s test: Nine ml of 2% formalin and 1 ml blood (collected in EDTA) were mixed

in a centrifuge tube. Centrifugation was performed in a LW Scientific EZ Swing SK
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centrifuge at 3000 rpm (604 m/s?) for 5 min. The supernatant fluid was discarded. A drop of
0.1% methylene blue solution was added to the pellet at the bottom of the centrifuge tube,
mixed, and a drop of stained mixture examined under the microscope for D. immitis mf.
Table 4 indicates when this test was carried out and, when determined, the level of

microfilaremia.

Genetic analysis: On May 12, 2010 (day 706), a blood sample (5 ml) was collected
in EDTA for genetic investigation of mf. The blood was highly microfilaremic. Fifty-three
live, individual mf were isolated from the blood sample. Genomic DNA from individual mf
was extracted using a QlAamp DNA kit (Qiagen Inc, Mississauga, Canada), followed by
amplification of the full genome with a Repli-g® screening kit (Qiagen Inc, Mississauga, ON,
Canada). PCR amplification of the P-glycoprotein (Pgp) gene was performed using primers
Pgp-1-sense (5’ gga caa tta tcc ggt ggt ca 3’) [SEQ ID NO: 2] and Pgp-1-antisense (5’ tcg
caa att tce ttc cac tt 3') [SEQ ID NO: 3]. As described herein, a genotype of GG at positions
in P-glycoprotein corresponding to positions 11 and 618 in SEQ 1D NO:1 was found to
correlate with insensitivity to MLs. Denaturation was performed at 94°C for 45 s, annealing
at 56° C for 45 s and extension at 68° C for 2 min for 35 cycles. High Fidelity Platinum® Tag
DNA polymerase (Invitrogen, Burlington, ON, Canada) was used in the PCR to minimize the
introduction of errors during amplification. PCR amplification was confirmed by
electrophoresis through a 1% agarose gel. PCR products were sequenced using the
3730XL DNA Analyser system (Genome Quebec Innovation Centre, McGill University).
Each chromatogram was analyzed with Sequencher™ 4.7 software (Gene Codes

Corporation, Ann Arbor, Ml).

Deviation from Hardy-Weinberg equilibrium: The Wright’s hierarchical F-statistic
was calculated for a total of ten different single nucleotide polymorphisms (SNPs) from three
genes. In addition to the two SNPs in P-glycoprotein, measured above, an additional eight
SNPs were investigated, two in a B-tubulin gene (accession number: HM596854 — SEQ ID
NO: 4), and six in a heat shock protein gene (accession number: HM596851 — SEQ ID
NO: 5), based on a previous analysis performed to determine genetic baseline information

for D. immitis, which showed polymorphism at these sites.

Statistical analysis: Genotype frequencies were compared using Fisher’s exact

test.
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Results

Treatment: Two days after the last of three doses of melarsomine dihydrochloride in
July 2008 (i.e., on day 37), the dog showed transitory signs consistent with death of adult
heartworms (elevated rectal temperature, lethargy, cough, increased lung sounds).
Beginning on day 41, these signs were managed with prednisone (Apo-Prednisone; Apotex,
Toronto, ON, Canada), 1.3 mg/kg bid for 6 days.

Following the administration of milbemycin oxime (MO) per os at 0.74 mg/kg on day
74, IVM per os at 50 ug/kg on day 95, and IVM per os at 200 ug/kg (4X the normal
microfilaricidal dose rate) on day 125, the dog remained continually microfilaremic. On day
207, six weeks after the second treatment regimen of melarsomine dihydrochloride, on days
159 and 160, a Knott’s test was still positive, so the dog was again treated with 200 ug/kg
IVM per os. One month later, on day 242, a D. immitis antigen test was negative, which
confirmed that the dog was free of adult worms. However, the dog was still microfilaremic.
Thus, beginning on day 243, the dog was given MO per os at 0.74 mg/kg every 2 weeks on
four occasions (see Table 4). Despite this, the dog remained microfilaremic on day 298. It
was therefore administered MO per os at 1.1 mg/kg on days 298, 312, 326, 340 and 354.
On day 356, blood was collected from the dog and examined: mf were still present, and a
D. immitis antigen test was still negative. On day 375, a blood sample was sent to Animal
Health Laboratory, University of Guelph (AHLUG): microfilaremia was 6530 mf/ml, and an
antigen test was still negative (see Table 4). As a result, beginning on day 384, the dog was
administered MO per os at 2.0 mg/kg once daily for 7 days. On day 420, the dog had a
microfilaraemia of 355 mf/ml. On day 420, the dog was again treated with MO per os at
2.0 mg/kg, and this was continued once daily for 8 days. Despite this second high-dose
regimen, on day 480, while still testing negative with a heartworm antigen test, the dog had a

microfilaremia of 1810 mf/mL.

Genetic analysis: Blood was collected from the dog on day 706 and microfilariae in
the blood isolated for genetic analysis. Between day 428 and day 706, the dog was not
treated with macrocyclic lactones. The frequency of the GG-GG genotype in the Pgp gene
was 45.3% in the live mf isolated from the blood sample. The GG-GG genotype refers to the
genotype of Pgp at positions corresponding to positions 11 and 618 of SEQ ID NO:1]

Deviation from Hardy-Weinberg equilibrium: The F coefficient varied from 0.23 to
1 for the different SNPs, indicating an excess of homozygosity in this population (Figure 6).
In particular, the excess of homozygosity was very high for the Pgp SNPs (F coefficients of
0.88 and 1).
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Table 4 - Diagnostic testing and treatment history for dog between 2008 and 2009.

Date (day)

Antigen test
Name-result
(+ve or -ve)

Adulticide
(melarsomine)
* dosage

Microfilariae
concentration in
blood (mf/ml)

Microfilaricide
drug dosage
(PO)

Comments

2008

June 6 (1)

PetChek +ve®

Knott's test +ve®

June 11 (6)

2.5 mg/kg

Classified as
Class 2
heartworm
disease

July 9(34)

2.5 mg/kg

July 10(35)

2.5 mg/kg

August 18 (74)

MO, 0.74 mg/kg

September 3
(90)

Knott's test +ve®

September 8
(95)

VM, 50 ug/kg

October 6
(123)

Knott's test +ve®

October 8
(125)

VM, 200 pg/kg

November 10
(158)

Knott's test +ve®

November 11
(159)

2.5 mg/kg

November 12
(160)

2.5 mg/kg

December 12
(190)

MO, 0.74 mg/kg

December 29
(207)

Knott's test +ve®

December 30
(208)

VM, 200 pg/kg

2009

February 2
(242)

SNAP -ve®

Knott's test +ve®
>100°

Interpretation: no
adult heartworms

February 3
(243)

MO, 0.74 mg/kg

February 17
(257)

MO, 0.74 mg/kg

March 3 (271)

Knott's test +ve®
>100"

MO, 0.74 mg/kg

March 17 (285)

MO, 0.74 mg/kg

March 30 (298)

Knott's test +ve®
>100°

MO, 1.1 mg/kg

April 13 (312)

MO, 1.1 mg/kg

April 27 (326)

MO, 1.1 mg/kg

April 28 (327)

Knott's test +ve®

May 11 (340)

MO, 1.1 mg/kg

May 25 (354)

MO, 1.1 mg/kg

May 27 (356)

SNAP -ve®

Knott's test +ve®

No adult
heartworm

June 8 (368)

MO, 1.1 mg/kg

June 15 (375)

DiroChek -ve©

Knott's test +ve®
6530

No adult
heartworm

June 24 (384)

MO, 2.0 mg/kg
daily for 7 days

July 30 (420)

Knott's test +ve®
355

MO, 2.0 mg/kg
daily for 8 days

September 28
(480)

PetChek -ve®

Knott's test +ve®
1810
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2010

May 12 (706) Microfilariae
collected for
genetic analysis

MO = milbemycin oxime (Interceptor®); IVM = ivermectin (Ilvomec® Injection for cattle, sheep
and swine, Merial Inc.); *Adulticide = Immiticide®; # = Main West Animal Hospital (i.e. test
carried out in house); ® = Idexx Laboratories; © = Animal Health Laboratory, University of
Guelph

Discussion

It was found that mf or adult D. immitis from dogs known to be sensitive to MLs had
frequencies of the GG-GG genotype in the Pgp gene ranging from 0 to 18.5%, whereas the
most IVM-resistant mf (by in vifro assay) had a GG-GG frequency of 51.3%, and the
frequency of this genotype was very highly correlated with the level of insensitivity to IVM. In
mf from the case described here, the GG-GG genotype frequency was 45.3% (p = 0.002
compared with mf from a susceptible canine infection, and p = 0.000006 compared with
adult worms from different susceptible infections, as reported in Example 1). The correlation
found in Example 1 between the Pgp genotype and IVM response phenotype appears to
reflect the in vivo sensitivity, and suggests a high level of insensitivity to IVM in mf from the
described case. The high excess of homozygosity of the Pgp SNPs is consistent with the
selection of a particular Pgp genotype as a result of drug pressure. MO and IVM have
previously been shown to kill mf at 500 pg/kg and 50 ug/kg, respectively. However, none of
the drug regimens used in this case, either at increased dose rates or using multiple
treatment protocols (e.g., MO at 2.0 mg/kg daily for 8 days) cleared the mf. Given the
treatment response phenotype and the genotype which has been shown to correlate with ML

insensitivity, a conclusion of ML resistance in the D. immitis in this dog can be made.

Two treatment scenarios, administration of ML preventives to dogs containing
developing stages of D. immitis which are older than 3.5 months of age, and administration
of heartworm preventives to microfilaremic dogs, have been suggested to potentially lead to
development of ML resistance in D. immitis. Resistance is more likely to develop in areas of
more intense transmission and hence higher drug pressure. Prophylaxis unquestionably
remains the best tool to control heartworm infection, provided the drugs are effective.
Having said that, given anecdotal reports of lack of response to ML heartworm preventives,
there is reason to believe that the case described here is probably not the only dog infected
with ML-resistant D. immitis. A survey of the prevalence of ML resistance is therefore

urgently needed. In this regard, the genotype assay described here, and in Bourguinat et al.
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may be useful. New strategies may need to be developed for controlling ML-resistant
D. immitis. A survey should indicate whether this genotype is confined to a specific focus or
is more widespread; such knowledge could be important for guiding the development and

use of possible alternative control strategies.
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CLAIMS

1. A method for determining the responsiveness of a Dirofilaria spp. nematode to a
macrocyclic lactone, said method comprising determining the genotype of said nematode at
a position in a P-glycoprotein gene of said nematode corresponding to position 11 in SEQ ID
NO: 1.

2. The method according to claim 1, wherein the genotype GG at said position
corresponding to position 11 in SEQ ID NO: 1 indicates that the nematode is likely to be

resistant to said macrocyclic lactone.

3. The method according to claim 1 or 2, further comprising determining the genotype of
said nematode at a position in said P-glycoprotein gene of said nematode corresponding to
position 618 in SEQ ID NO: 1.

4, The method according to claim 3, wherein the genotype GG at said position
corresponding to position 618 in SEQ 1D NO: 1 indicates that the nematode is likely to be

resistant to said macrocyclic lactone.

5. The method according to any one of claims 1 to 4, wherein said Dirofilaria spp.

nematode is Dirofilaria immitis.

6. The method according to any one of claims 1 to 5, wherein the macrocyclic lactone

is, for example, ivermectin, selamectin, milbemycin oxime or moxidectin.

7. The method according to any one of claims 1 to 6, wherein the nucleic acid sequence
of the P-glycoprotein of the nematode possesses at least 80% identity to SEQ 1D NO: 1 over

its entire length.

8. The method according to claim 7, wherein the nucleic acid sequence of the
P-glycoprotein of the nematode possesses at least 90% identity to SEQ ID NO: 1 over its

entire length.

9. The method according to claim 8, wherein the nucleic acid sequence of the

P-glycoprotein of the nematode is identical to SEQ ID NO: 1 over its entire length.

10. The method according to any one of claims 1 to 9, further comprising the step
isolating nucleic acids from the nematode, and optionally purifying the nucleic acids prior to

determining the genotype of the nematode.
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11. The method according to any one of claims 1 to 10, wherein the genotype of the
nematode is determined by DNA sequencing, hybridization with allele specific
oligonucleotides, single strand conformational polymorphism (SSCP), microarray analysis or
approaches based on PCR, RT-PCR or gqRT-PCR.

12. The method according to any one of claims 1 to 10, wherein the genotype of the
nematode is determined using a probe, such as an oligonucleotide, a primer, an aptamer or

an antibody.

13 An isolated nucleic acid molecule possessing at least 80% sequence identity to SEQ
ID NO: 1 over its entire length and comprising the nucleotide guanine (G) at a position
corresponding to position 11 of SEQ ID NO: 1, or a fragment of said nucleic acid molecule
having a length of at least 50 nucleotides and containing said G nucleotide at a position

corresponding to position 11 of SEQ ID NO: 1.

14. The isolated nucleic acid molecule according to claim 13, further comprising the
nucleotide guanine (G) at a position corresponding to position 618 of SEQ ID NO: 1, ora
fragment of said nucleic acid molecule having a length of at least 50 nucleotides and

containing said G nucleotide at a position corresponding to position 618 of SEQ ID NO: 1.

15. The nucleic acid molecule according to claim 13 or 14, which possess at least 90%
identity to SEQ ID NO: 1 over its entire length.

16. The nucleic acid molecule according to claim 15, which is identical to SEQ ID NO: 1

over its entire length.

17. A kit for determining the responsiveness of a Dirofilaria spp. nematode to a

macrocyclic lactone, the kit comprising:

a probe capable of determining the genotype of the Dirofilaria spp. nematode at a
position in a P-glycoprotein gene of the nematode corresponding to position 11 of SEQ ID
NO: 1; or

a probe capable of determining the genotype of the Dirofilaria spp. nematode at
positions in a P-glycoprotein gene of the nematode corresponding to positions 11 and 618
of SEQ ID NO: 1.

18. The kit according to claim 17, wherein

the genotype GG at said position corresponding to position 11in SEQ ID NO: 1, or

39



10

15

20

25

WO 2011/120165 PCT/CA2011/050169

the genotype GG at said positions corresponding to positions 11 and 618 in SEQ ID
NO: 1,

indicates that the nematode is likely to be resistant to said macrocyclic lactone.

19. The kit according to claim 17 or 18, wherein said Dirofilaria spp. nematode is

Dirofilaria immitis.

20. The kit according to any one of claims 17 to 19, wherein the macrocyclic lactone is,

for example, ivermectin, selamectin, milbemycin oxime or moxidectin.

21. The kit according to any one of claims 17 to 20, wherein the probe is an

oligonucleotide, a primer, an aptamer or an antibody.

22. The kit according to any one of claims 17 to 20, wherein the genotype of the
nematode is determined by DNA sequencing, hybridization with allele specific
oligonucleotides, single strand conformational polymorphism (SSCP), microarray analysis or
approaches based on PCR, RT-PCR or gRT-PCR.

23. A method for selecting a treatment to treat an animal infected with a Dirofilaria spp.
nematode, the method comprising determining the genotype of said nematode at a position
in a P-glycoprotein gene of said nematode corresponding to position 11 in SEQ ID NO: 1,

and selecting the treatment based on the genotype of said nematode.

24, The method according to claim 23, further comprising the step of determining the
genotype of said nematode at a position in the P-glycoprotein gene of said nematode

corresponding to position 618 in SEQ ID NO: 1.

25. The method according to claim 23 or 24, wherein the Dirofilaria spp. nematode is

Dirofilaria immitis.

26. The method according to any one of claims 23 to 25, further comprising the step
isolating nucleic acids from the nematode, and optionally purifying the nucleic acids prior to

determining the genotype of the nematode.

27. The method according to any one of claims 23 to 26, wherein the genotype of the
nematode is determined by DNA sequencing, hybridization with allele specific
oligonucleotides, single strand conformational polymorphism (SSCP), microarray analysis or
approaches based on PCR, RT-PCR or gqRT-PCR.
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28. The method according to any one of claims 23 to 27, further comprising the step of
treating the animal with the selected treatment, wherein said treatment is an arsenic-based
therapy, diethylcarbamazine, antibiotics, or a combination of one or more thereof, if the
nematode has the genotype GG at a position in the P-glycoprotein gene of said nematode
corresponding to position 11 in SEQ 1D NO: 1; or if the nematode has the genotype GG at
positions in the P-glycoprotein gene of said nematode corresponding to positions 11 and 618
in SEQ ID NO: 1.

29. A method for selecting a prophylactic to prevent an animal from becoming infected by
a Dirofilaria spp. nematode, the method comprising determining the genotype of said
nematode at a position in a P-glycoprotein gene of said nematode corresponding to

position 11 in SEQ ID NO: 1, and selecting the prophylactic based on the genotype of said

nematode.

30. The method according to claim 29, further comprising the step of determining the
genotype of said nematode at a position in the P-glycoprotein gene of said nematode

corresponding to position 618 in SEQ ID NO: 1.

31. The method according to claim 29 or 30, wherein the Dirofilaria spp. nematode is

Dirofilaria immitis.

32. The method according to any one of claims 29 to 31, further comprising the step
isolating nucleic acids from the nematode, and optionally purifying the nucleic acids prior to

determining the genotype of the nematode.

33. The method according to any one of claims 29 to 32, wherein the genotype of the
nematode is determined by DNA sequencing, hybridization with allele specific
oligonucleotides, single strand conformational polymorphism (SSCP), microarray analysis or
approaches based on PCR, RT-PCR or gqRT-PCR.

34. The method according to any one of claims 29 to 33, further comprising the step of
providing the animal with the selected prophylactic, wherein said prophylactic is
diethylcarbamazine, if the nematode has the genotype GG at a position in the P-glycoprotein
gene of said nematode corresponding to position 11 in SEQ ID NO: 1; or if the nematode
has the genotype GG at positions in the P-glycoprotein gene of said nematode

corresponding to positions 11 and 618 in SEQ ID NO: 1.

35. An isolated nucleic acid molecule comprising the sequence depicted in SEQ ID
NO: 1.

41



PCT/CA2011/050169

WO 2011/120165

1/6

DDIYYYIYOL
009

YYDOYLDLLLL
004

LOYOYDYOLL
GO0¥

YYDYLLYOLY
00t

LLIYLILYDYD
60¢

YODLLOLOLY
00T

DOYDLLLYOY

LIYILYDYOLY

LEOLLLDYIY

YOLLLLLLYY

TODOLLLOLD

YLLLLLYYYL

FIOYIIID0LO

DYODLLLDYD

QLY LILYOLOL

FODYLILYYL

YYYYYLLLLY

LLIYVYLLLLL

YYLLLYDLOD

LLYOOLYOLY

LYYLOYLLOL

FLYYDLOYYY

YIVLOLIYYY

LODYLIOYOY

DYLDYYDDD0

LOVOYLYOYD

LLLLLOODLL

LODYOLYYLY

YYYOLLLDDL

YYDLOYYYDD

{(sututbar) ¥ proe ourtwe
{(sutsiT) ¥ pToR ourwe

YODLLYYDLL

DLLDYOY.LLY

YYDLLLLOY.L

DDOYLLDLLLY

LOVLILYYYYY

DDLYDYLIYO

TOLODYDYYED

LOIYOYYDOL

YYDODLLIYILY

LYY LIYDDYL

DOYOLOYLLL

DLOYO0YDOD

Figure 1

=5 SpTIo8[ONU T WOTITSOd
=y SpT3oe[onu T UWOT3ITsOd

VIO DINIVYLVYDY YVDIYYYDYOL

€9

LYOYOYYDOD

DOODYLDYYD

YDLDLYIYYY

LYYYYYDLYO

LOLLYLOYOL

YYDLYDLLOD

2

FOOYDLLDYL

DLLODOYDOLL

YYYYLOOYDL

LLOLYILYYLL

LYY LLLLLYD

LIV LIYLYDY
D

109

DYYYYDDLYY
10S

LODYYOYYOL
0%

YOYYDDYYILY
T0¢€

LYYOYLDLYO
102

LYVYDLIYIOY
10T

YYOOLYYEDO

L



WO 2011/120165 PCT/CA2011/050169

216
100=
*
80=
R 60«
40+
20+ -
0 lom -
AG
Genotype

£ GroupA-ML-naive=37

=1 GroupB-ML-exposed-US=34
GroupC-ML-low responders-US=92
GroupD-ML-exposed-Japan=33

Figure 2



WO 2011/120165 PCT/CA2011/050169

3/6

100-

80«

60«

%

40=

20+

[ GroupA-ML-naive=37

=1 GroupB-ML-exposed-US=34
GroupC-ML-low responders-US=92
GroupD-ML-exposed-Japan=33

Figure 3



WO 2011/120165 PCT/CA2011/050169

4/6

80
60= Z
"
;.
2
‘:
g4
§ 7
52 40= 1
._
8
1
(e ey
e
:N: E
= o
= P 2|
(p=te lEa L] ] ]
G < s G <) ™
< o ko S kod o

Tip=37
Kendall=26
B Tootie=29

Figure 4



WO 2011/120165 PCT/CA2011/050169

5/6

120 -
Yy
oy
Y
Yoy
Yy
100- "
oy
Yy
oy
Ay
\\
© LR & o
7y g, *
5 Nﬂ“‘\ ™ -
\\ oy
- e e ‘s\\
L) \\\ *‘\\
S A RaR
= 40 Tl ®
\\
\\\
2= R
Y,
Gy,
\\\ P
] 4
] 20 40 60

GG-GG genotype

Figure 5



PCT/CA2011/050169

WO 2011/120165

6/6

[ T oesdsy
[ tescdsy
L Terrdsy

| g1o-dsd

i ry-dsd

SSLT-4NY

_ [9s-qng

L]
o
<

H) § ¥ § 1 1)
S 9% e -2
e o e & W & &

0.9 ~
0.3

1]

=~

==
JUAID1}J200-

Loci

Figure 6



INTERNATIONAL SEARCH REPORT International application No.

PCT/CA2011/050169

A CLASSIFICATION OF SUBJECT MATTER
IPC: C12N 15/12 (2006.01) , CO7H 21/04 (2006.01) , CI12Q 1/68 (2006.01)

According to International Patent Classification (IPC) or to both national classification and TPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification svmbols)

IPC: C12N 15/12 (2006.01) , CO7H 21/04 (2006.01) , CI12Q 1/68 (2006.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)
Canadian Patent Database (CPD). Scopus, TotalPatent, GenomeQuest
kevwords: P-glvcoprotein, Dirofilaria, immitis, polvmorphism, nematode, macrocvclic lactone, heartworm

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Categorv* [Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A BOURGUINAT, C. et al. (2008) P-glvcoprotein-like protein, a possible genetic 1-35
marker for invermectin resistance selection in Onchocerca volvulus. MOL.
BIOCHEM. PARASITOL. 158: 101-111. ISSN: 0166-6851

*whole document*

A MEALEY, K. L. (2008) Canine ABCBI and macrocyclic lactones: Heartworm 1-35
prevention and pharmacogenetics. VET. PARASITOL. 158: 215-222. ISSN:
0304-4017

*whole document*

A EP 0979278 B1 (PRICHARD, R. K. et al.) 16 February 2000 (16-02-2000) 1-35
*whole document*

P.X BOURGUINAT, C. et al. (22 March 2011) Correlation between loss of efficacy of 1-35
macrocyclic lactone heartworm anthelmintics and P-glvcoprotein genotype. VET.
PARASITOL. 176: 374-381. ISSN: 0304-4017

*whole document*

[X] Further documents are listed in the continuation of Box C. [X] See patent family annex.

* Special categories of cited documents : “T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
“AT document detining the general state of the art which 1s not considered the principle or theory underlying tile mvention
to be of particular relevance

"X document of particular relevance; the claimed mvention cannot be

“E” earlier application or patent but published on or after the mternational
filing date

“L” document which may throw doubts on priority clami(s) or which 1s
cited to establish the publication date of another citation or other
special reason (as specitied)

O document referring to an oral disclosure, use. exhibition or other means

“pr document published prior to the international filing date but later than
the priority date claime

considered novel or cannot be considered to involve an mventive
step when the document is taken alone

document of particular relevance; the claimed mvention cannot be
considered to mvolve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

20 May 2011 (20-05-2011) 16 June 2011 (16-06-2011)

Name and mailing address of the ISA/CA Authorized officer
Canadian Intellectual Property Office

Place du Portage I, C114 - st Floor, Box PCT
50 Victoria Street

Gatmeau, Quebec K1A 0C9

Facsimile No.: 001-819-953-2476

Kerry Ferguson (819) 994-9451

Form PCT/ISA/210 (second sheet ) (July 2009) Page 4 of 6




INTERNATIONAL SEARCH REPORT International application No.
PCT/CA2011/050169

Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of the first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons :

1. [X] ClaimNos.: 28 and 34

because they relate to subject matter not required to be searched by this Authority, namely :

Claims 28 and 34 encompass a method of medical treatment of the human or animal body by surgery or therapy, which the
Authority 1s not required to search under Rule 39.1(iv) of the PCT, namely, the step in which the animal is treated with the
selected treatment. Regardless, this Authority has carried out a search based on the alleged effect or purpose/use use of the

nucleic acid molecule comprising SEQ ID NO:1 comprising the nucleotide guanine (G) at a position corresponding to position 11
of SEQ ID NO:1.

2. [ ] Clamm Nos. :

because they relate to parts of the international application that do not comply with the prescribed requirements to such an extent
that no meaningful international search can be carried out, specifically :

3. [ ] Claim Nos. :

because they are dependent claims and are not drafted i accordance with the second and third sentences of Rule 6.4(a).

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows :

1. [ ] Asall required additional search fees were timely paid by the applicant, this international search report covers all

searchable claims.

2. [ ] Asall searchable claims could be searched without effort justifving additional fees, this Authority did not invite

pavment of additional fees.

3. [ ] Asonlysome of the required additional search fees were tumely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claim Nos. :

4. [ ] No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the mvention first mentioned in the claims; it i1s covered by claim Nos. :

Remark on Protest [ ]| The additional search fees were accompanied by the applicant’s protest and, where applicable,

the payvment of a protest fee.

[ ] The additional search fees were accompanied by the applicant's protest but the applicable protest

fee was not paid within the time limit specified in the invitation.

[ ] No protest accompanied the pavment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009) Page 3 of 6




INTERNATIONAL SEARCH REPORT International application No.

PCT/CA2011/050169

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Relevant to claim No.

Categorv* | Citation of document, with indication, where appropriate, of the relevant passages

P, X BOURGUINAT, C. et al. (22 March 2011) Genetic polvmorphism in Dirofilaria 1-35
immitus. VET. PARASITOL. 176: 368-373. ISSN: 0304-4017
*whole document*

P. X BOURGUINAT., C. et al. (11 March 2011) Genbank Accession No. HM596853 13-16 and 35

Form PCT/ISA/210 (continuation of second sheet) (July 2009)

Page 5 of 6



INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/CA2011/050169

Patent Document Publication Patent Family
Cited in Search Report Date Member(s)

EP 0979278 Al 16-02-2000 AT373709T
AU748564B2
AU748564C
AUT073098A
CA2288853A1
DE69838450D1
DE69838450T2
DK0979278T3
EP0979278B1
EP1832655A2
EP1832655A3
EP2305247A2
EP2305247A3
ES2294813T3
NZ500430A
NZ512128A
PT979278E
US6403308B1
US2002037920A1
US6593087B2
US2003190666A1
US7358053B2
WO09849294A1

Publication
Date

15-10-2007
06-06-2002
20-03-2003
24-11-1998
05-11-1998
31-10-2007
26-06-2008
05-11-2007
19-09-2007
12-09-2007
18-06-2008
06-04-2011
20-04-2011
01-04-2008
27-07-2001
26-11-2002
17-12-2007
11-06-2002
28-03-2002
15-07-2003
09-10-2003
15-04-2008
05-11-1998

Form PCT/ISA/210 (patent tamily annex ) (July 2009)

Page 6 of 6




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - wo-search-report
	Page 50 - wo-search-report
	Page 51 - wo-search-report
	Page 52 - wo-search-report

