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ARTICLE INFO ABSTRACT

Keywords: Ancylostoma caninum is the most prevalent intestinal nematode of dogs, and has a zoonotic potential. Multiple-
Ancylostoma caninum drug resistance (MDR) has been confirmed in a number of A. caninum isolates, including isolate Worthy 4.1F3P,
Hookworms

against all anthelmintic drug classes approved for hookworm treatment in dogs in the United States (US). The
cyclooctadepsipeptide emodepside is not registered to use in dogs in the US, but in a number of other countries/
regions. The objective of this study was to evaluate the efficacy of emodepside + praziquantel, as well as three
commercial products that are commonly used in the US for treatment of hookworms, against a suspected
(subsequently confirmed) MDR A. caninum isolate Worthy 4.1F3P. 40 dogs infected on study day (SD) 0 with 300
third-stage larvae, were randomly allocated to one of five treatment groups with eight dogs each: pyrantel
pamoate (Nemex®-2), fenbendazole (Panacur® C), milbemycin oxime (Interceptor®), emodepside + praziquantel
tablets and non-treated control. Fecal egg counts (FEC) were performed on SDs 19, 20, 22, 27, 31 and 34. All
treatments were administered as per label requirements on SD 24 to dogs in Groups 1 through 4. Two additional
treatments were administered on SDs 25 and 26 to dogs in Group 2 as per label requirements. Dogs were
necropsied on SD 34 and the digestive tract was removed/processed for worm recovery and enumeration. The
geometric mean (GM) worm counts for the control group was 97.4, and for the pyrantel pamoate, fenbendazole,
milbemycin oxime, and emodepside + praziquantel groups were 74.8, 72.0, 88.9, and 0.4, respectively. These
yielded efficacies of 23.2%, 26.1%, and 8.8%, and 99.6%, respectively. These data support previous findings of
the MDR status of Worthy 4.1F3P as treatments with pyrantel pamoate, fenbendazole and milbemycin oxime
lacked efficacy. In sharp contrast, Worthy 4.1F3P was highly susceptible to treatment with emodep-
side + praziquantel.

Lack of efficacy

Multiple-drug resistance (MDR)
Treatment

Emodepside

1. Introduction moxidectin and milbemycin oxime of the macrocyclic lactone class

(sub-class milbemycins), and pyrantel of the tetrahydropyrimidine

The canine hookworm, Ancylostoma caninum is the most prevalent
and important intestinal nematode parasite of dogs in the United States
(US) with the prevalence depending on age, level of care and geo-
graphic location of the dog (Little et al., 2009). A recent study evalu-
ating over 39 million fecal samples from 2012 to 2018, showed evi-
dence of a steady yearly increase in prevalence from 2015 onwards,
with an overall increase of 47% (Drake and Carey, 2019). Anthelmintic
drugs currently approved for treatment of A. caninum in the United
States include, febantel and fenbendazole of the benzimidazole class,

class. In registration studies, febantel, moxidectin and milbemycin
oxime all demonstrated efficacies > 99% (F.D.A, 1994, 1998, 2006),
fenbendazole demonstrated an efficacy > 98% (F.D.A, 1983) and pyr-
antel demonstrated a somewhat variable efficacy, with a mean across
studies of approximately 94% with more than half of those studies with
efficacies greater than 99% (F.D.A, 1993).

Hookworms are blood-feeding nematodes that use a cutting appa-
ratus to attach to the intestinal mucosa and submucosa, and contract
their muscular esophagus to create negative pressure, which sucks a
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plug of tissue into their buccal capsules (Hotez et al., 2004). Bleeding is
facilitated by both mechanical damage and chemical action by hydro-
lytic enzymes that cause rupture of capillaries and arterioles. Ad-
ditionally, hookworms release an assortment of anticlotting agents to
ensure blood flow (Stassens et al., 1996). Pathological consequences of
infection include iron-deficiency anemia, hypoalbuminemia, and an
enteritis characterized by diarrhea, which may contain fresh (hema-
tochezia) or digested blood (melena) (Kalkofen, 1987).

In the past few years, there is empirical evidence that veterinarians
are diagnosing increasing numbers of cases of persistent hookworm
infections that appear refractory to standard anthelmintic therapy
available in the United States. Recently retired racing greyhounds are
highly over-represented among the cases of persistent/recurrent hook-
worm infection being reported to our laboratory (University of
Georgia). To further investigate these observations, three isolates of A.
caninum from clinical cases with persistent infections were established
in laboratory beagles and evaluated using in vitro (egg hatch assay,
larval development assay), molecular (deep amplicon sequencing), and
in vivo testing (fecal egg count reduction). Data from these studies
confirmed that all three isolates were resistant to the benzimidazole,
avermectin/milbemycin and tetrahydropyrimidine classes of anthel-
mintics (Jimenez Castro et al., 2019). One isolate that was character-
ized in the above-mentioned studies by Jimenez Castro et al. (2019)
was Worthy 4.1F3P. Though still unproven, clinical evidence strongly
suggests that the MDR status of these A. caninum isolates evolved on
greyhound breeding farms and kennels (Jimenez Castro et al., 2019).
Spread of these isolates could pose a serious threat to dogs in the US.

These recent findings are particularly interesting given the history
of anthelmintic resistance in A. caninum, where only very few cases are
reported. The first report of anthelmintic resistance in A. caninum was
to pyrantel in a greyhound puppy that was imported from Australia
(Jackson et al., 1987). Several additional cases of resistance to pyrantel
in dogs were subsequently diagnosed in Australia (Hopkins et al., 1988;
Hopkins and Gyr, 1991; Kopp et al., 2007, 2008a, 2008b). However,
subsequent to 2008 there were no further cases of anthelmintic re-
sistance reported in A. caninum until 2019, when a report provided
evidence of a case of resistance to benzimidazoles and macrocyclic
lactones in an isolate of A. caninum obtained from a greyhound dog
originating from Florida, USA (Kitchen et al., 2019). This was followed
shortly thereafter by the report mentioned above, which demonstrated
MDR against all three of the major drug classes most commonly used for
the treatment of this parasite in dogs (Jimenez Castro et al., 2019).

Additionally, this could also pose a public health concern, as A.
caninum is a zoonotic parasite that can cause cutaneous larva migrans
(Leeming and Oxon, 1966; Bowman et al., 2010; Del Giudice et al.,
2019), eosinophilic enteritis (Prociv and Croese, 1996), as well as pa-
tent infections in humans (Ngcamphalala et al., 2019; Furtado et al.,
2020). Long-term treatment protocols composed of triple drug combi-
nations of febantel, pyrantel and moxidectin, combined with strict en-
vironmental hygiene, were recently reported as being effective against
persistent hookworm infections in greyhound dogs (Hess et al., 2019).
However, diagnostic surveillance performed by our laboratory (Uni-
versity of Georgia) over the past year on actively racing and recently
retired greyhounds originating from different locations has shown that
this same triple anthelmintic combination most often fails to treat and
control infections.

Emodepside is a drug in the cyclooctadepsipeptide class, a semi-
synthetic derivative of PF1022A (Sasaki et al., 1992). PF1022A itself is
a fermentation product of the fungus Rosellinia spp. PF1022, which is
found on the leaves of the plant Camellia japonica (Terada, 1992; Harder
et al., 2003; Kulke, 2014). Historically the presynaptic latrophilin-like
receptor (LAT-1), called depsiphilin in A. caninum (Kriiger et al., 2009),
and the ionotropic GABA, receptors (Chen et al., 1996; Miltsch et al.,
2012) have been considered as putative molecular targets of emodep-
side in nematodes. However, various studies confirmed the calcium-
activated and voltage-gated potassium nematode channels, SLO-1, as
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the most relevant and direct molecular drug target (Guest et al., 2007;
Welz et al., 2011; Kulke et al., 2014; Crisford et al., 2015).

Emodepside has proven efficacy against a large and diverse number
of nematode parasites infecting multiple different hosts, including A.
caninum (Akyol et al., 1993; Zahner and Schares, 1993; Kachi et al.,
1998; von Samson-Himmelstjerna et al., 2000; Zahner et al., 2001;
Reinemeyer et al., 2005; Schmahl et al., 2007; Schimmel et al., 2009;
Schroeder et al., 2009). Furthermore, due to its unique mechanism of
action, emodepside has proven effective against nematode isolates with
resistance to drugs from the other major classes of anthelmintics (von
Samson-Himmelstjerna et al., 2005). Emodepside is sold for dogs as two
separate products in several markets outside the USA; Profender® ta-
blets for Dogs, containing emodepside and praziquantel and Procox®
oral suspension containing emodepside and toltrazuril. A field study
performed in several European countries in dogs ranging from one
month to 11 years old using Profender® Tablets for Dogs demonstrated
an efficacy of 99.9% against A. caninum and U. stenocephala, (Altreuther
et al., 2011).

The objective of this study was to evaluate the efficacy of emo-
depside + praziquantel, as well as three other anthelmintic products
commonly used for the treatment of canine hookworms, against A.
caninum isolate Worthy 4.1F3P. This isolate was later confirmed as an
MDR isolate of A. caninum (Jimenez Castro et al., 2019).

2. Materials and methods
2.1. Study design

The study was performed as a randomized, blinded, controlled ef-
ficacy study. The study protocol was approved by the study site
Institutional Animal Care and Use Committee. All dogs were in-
dividually identified by ear tattoo, individually housed throughout the
study, fed a balanced commercial dry dog food once daily, and provided
with water ad libitum. Physical examinations were performed during the
acclimation period to ensure dogs were healthy and eligible for enrol-
ment into the study. The inclusion criteria included three negative fecal
egg counts (FECs) performed on SDs —7, - 6, and — 3 and good health.
All personnel that were involved in data collection or assessment were
blinded to the treatment assignment of the animals throughout the
entire study period.

2.2. Ancylostoma caninum isolate

The A. caninum isolate used in this study was designated as Worthy
4.1F3P, the fourth laboratory passage of an isolate that was originally
isolated from a retired racing greyhound in October 2017 (Jimenez
Castro et al., 2019). During the course of laboratory passage, this isolate
underwent treatment selection with fenbendazole and pyrantel on the
first and third passages, respectively.

2.3. Parasitological methods

Two laboratory beagles were infected with the A. caninum isolate
Worthy 3.1F3P to provide the infective larvae used in this study. Feces
containing hookworm eggs were then cultured by mixing with activated
charcoal (Black Diamond Media, Tinley Park, IL), and incubated at
76-80 °F and 56-92% relative humidity for at least five days. Third-
stage larvae were then harvested using the Baermann technique
(Baermann, 1917), placed into gelatin capsules and administered to the
dogs. Fecal egg counts were performed on SD -7, —6, —3, 19, 20, 22,
27, 31 and 34, with all FECs performed using the McMaster procedure
with a lower limit of detection of 25 eggs per gram (EPG) (Gordon and
Whitlock, 1939).
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2.4. Experimental inoculations

Forty-two purpose-bred Beagles sourced from a USDA licensed
vendor (mix of male/female; 2.5 months of age at infection; 2.6-4.6 kg)
were acclimated for 7 days. On SD 0, 42 dogs were inoculated orally
both in the morning and in the afternoon, with 150 third-stage infective
larvae (a total of 300 L3) of the Worthy 4.1F3P A. caninum isolate. Just
prior to inoculation, L3 were placed into gelatin capsules to insure
uniformity of inoculation. At the time of inoculation, capsules were
placed in the back of the throat, and the dog was then administered
20-30 mls of deionized water to ensure that the capsule was swallowed.
All dogs were checked for vomiting at 1 h = 15 min post-inoculation
and were examined at least once daily for any abnormal clinical signs or
adverse events. On SD 22, all dogs were weighed followed by a physical
examination, then 40 of the 42 dogs confirmed as hookworm-infection
positive by having FEC higher than 25 EPG on SDs 19, 20 and 22, were
completely randomized to one of five treatment groups, each composed
of eight dogs. The two dogs not included in the study went back to the
colony maintained at the study facility.

2.5. Drug administrations

All dogs were weighed using a certified scale two days before their
scheduled treatment on SD 24. All treatments were administered orally
as per the label requirements. Treatment groups were as follows: Group
1: pyrantel pamoate (Nemex®-2: Zoetis, Kalamazoo, MI) at a minimum
of 5 mg/kg bodyweight (BW), Group 2: fenbendazole (Panacur® C:
Merck Animal Health, Madison, NJ) at a minimum of 50 mg/kg BW for
three consecutive days, Group 3: milbemycin oxime (Interceptor®:
Elanco, Greenfield, IN) at a minimum of 0.5 mg/kg BW, Group 4:
emodepside + praziquantel tablets at a minimum of 1 mg + 5 mg/kg
BW, and Group 5: non-treated control.

2.6. Necropsy/worm counts

All dogs were humanely euthanized on SD 34, and the entire gas-
trointestinal tract, from the stomach to the rectum, was removed and
processed in accordance with the relevant laboratory standard oper-
ating and parasitological procedures from TRS Labs, Inc. Briefly, the
tract was opened longitudinally and the mucosa was scraped twice with
12” tissue forceps with gross serrated jaws, rinsed with tap water and
left to soak for 2-3 h in plastic containers. The entire content of the
container was then passed through a standard testing sieve #60 with a
pore size of 250 um. All recovered worms were placed into a labelled
container containing warm normal saline, left overnight at room tem-
perature and counted and sexed on SD 35, and then placed in 70%
ETOH for storage.

Table 1
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2.7. Efficacy calculation/statistical analysis

The adult hookworm counts at necropsy were used to evaluate the
efficacy of the treatment groups against A. caninum. Percent efficacy
was calculated using the formula:

Geometric mean control — Geometric mean treated
% Efficacy = X

Geometric mean control
100

Effectiveness would be claimed against the parasite (i.e., calculated
for both sexes combined on the basis of the addition of small and large
intestinal counts) if the following criteria were met:

1. At least six adequately infected non-treated dogs. From the para-
sitological perspective, a number =5 worms per dog was considered
adequate.

2. Calculated percent efficacy of at least 90% for each treatment group.

3. Significant difference between the treatment group and the non-
treated control group using a 5% level of significance and appro-
priate statistical analyses.

A non-parametric statistical method (Wilcoxon's Rank Sum test) was
used to test for group differences in worm counts using a 5% sig-
nificance level. Only pair-wise comparisons using the non-treated group
were analyzed and reported. All analyses were performed using pro-
grams in SAS® version 9.4.

3. Results

No treatment related adverse events were recorded. The geometric
mean (GM) worm count for the control group was 97.4, whereas GM
worm counts for the pyrantel pamoate, fenbendazole, milbemycin
oxime, and emodepside + praziquantel treatment groups were 74.8,
72.0, 88.9, and 0.4, respectively. These yielded efficacies of 23.2%,
26.1%, and 8.8%, and 99.6% respectively. The control group had sig-
nificantly higher worm counts compared to the fenbendazole, pyrantel
pamoate and emodepside + praziquantel treatment groups. The emo-
depside + praziquantel treated group had a higher efficacy when
compared with each of the other three treatment groups (Table 1).

FEC were recorded for each dog on SD 19, 20, 22, 27, 31 and 34,
and are shown in Table 2, with averages for each day shown in Fig. 1.
For the pyrantel and milbemycin groups, the post-treatment FECs in-
creased in a similar fashion as observed in the non-treated control
group. Interestingly, the pattern of FEC reduction was very different for
fenbendazole compared to the other drugs. Dogs treated with fenben-
dazole initially showed a high level of FEC reduction on SD 27, but this
effect was temporary. In contrast, only one dog in the emodep-
side + praziquantel group was positive for hookworm eggs on SD 27,
and on SD 31 and 34 all dogs were negative for hookworm eggs.

Numbers of worms recovered and percent efficacy for each treatment group. All dogs were infected with 300 A. caninum L3 on day 0, were treated on day 24, and
were euthanized and worms recovered on day 34. Statistical comparisons were performed using the Wilcoxon's Rank Sum test.

Treatment Group” No. ofdogs Numbers of worms per dog (range) Geometric mean ” number of worms per dog % Efficacy ©
Pyrantel pamoate 8 63-105 74.8% 23.2
Fenbendazole 8 57-94 72.0° 26.1
Milbemycin oxime 8 55-115 88.9 8.8
Emodepside + praziquantel 8 0-1 0.4° 99.6
Non-treated control 8 71-132 97.4 NA

NA: Not applicable.
Statistically significant compared to the non-treated control group (p < 0.05).

? Nemex®-2 (pyrantel pamoate), Panacur® C (fenbendazole), Interceptor® (milbemycin oxime).
P Worm counts were logarithmically transformed (In [count + 1]), averaged and then back-transformed to approximate the geometric means.
¢ Efficacy was calculated using the formula: [(geometric mean worm count control group — geometric mean worm count treated group)/(geometric mean worm

count control group)] x 100.

24



P.D. Jimenez Castro, et al.

Table 2
Fecal egg counts (FEC) in eggs per gram for each dog on each study day (SD)
that FEC were performed.

Post-infection Post-treatment

Treatment Group” SD19 SD20 SD22 SD27 SD31 SD34
Pyrantel pamoate 2375 2450 3900 3850 1875 5575
2775 2250 2025 2075 1825 4850
2875 3450 2550 2050 2675 1475
1275 2325 2200 1950 1475 2275
1200 3875 2450 2800 3025 7450
2725 2125 1750 4425 4950 5150
625 1875 2500 4600 1525 1050
725 825 2875 3425 1775 1175
Fenbendazole 1150 1425 1975 0 425 375
4250 2425 2550 25 500 2550
1450 1350 1125 225 700 2100
2375 3075 2350 25 700 875
1700 1750 1450 0 650 1325
3050 2350 3275 0 475 2350
1025 2425 3075 O 50 425
2500 2100 3000 O 225 1025
Milbemycin oxime 3625 3500 1875 4775 2425 17875
1225 2925 2300 3575 2025 1375
2400 2200 1550 2100 1725 2075
2025 3200 3800 2575 1575 2375
1175 1525 2350 1850 1425 3875
1625 2075 2175 2200 2475 6075
1475 1250 1375 1950 2975 13400
1650 2300 2325 1500 1325 2875
Emodepside + praziquantel 1475 2275 3950 0 0 0
1575 1750 3250 O 0 0
925 875 2000 0 0 0
3050 3475 3125 O 0 0
1725 2525 2025 O 0 0
1300 1825 3200 0 0 0
1800 2650 3025 O 0 0
1250 1650 2175 3475 O 0
Non-treated control 500 1225 2075 1625 3175 4850
925 3300 2775 4250 3450 6225
1650 4225 2125 2325 2375 3050
950 2950 2000 275 1250 1475
925 2575 5550 6825 2350 11550
2150 3725 2650 2425 2325 2775
2375 1650 1525 3650 2000 2100
1025 1925 1450 2000 2350 1300

2 Nemex®-2 (pyrantel pamoate), Panacur® C (fenbendazole), Interceptor®
(milbemycin oxime).

4. Discussion

The present study supports previous findings of the MDR status of
the A. caninum Worthy 4.1F3P as treatments with pyrantel pamoate,
fenbendazole and milbemycin oxime lacked efficacy. Additionally, we
demonstrate that emodepside + praziquantel tablets were highly ef-
fective against this isolate, yielding an efficacy of 99.6%. Emodepside
has already demonstrated high efficacy against MDR nematode isolates
of Haemonchus contortus and Cooperia oncophora in ruminants (von
Samson-Himmelstjerna et al., 2005).

The benzimidazoles are one of the most important broad-spectrum
classes of anthelmintics available to control parasitic nematodes of both
animals and humans (Stepek et al., 2006). An interesting observation in
this study was that following treatment with fenbendazole (Panacur®
C), there was a large reduction in egg counts one day after completion
of the three-day treatment regimen (SD 27), but FEC gradually in-
creased on SDs 31 and 34 (Table 2). We also reported similar findings in
the two isolates tested in our other recent work (Jimenez Castro et al.,
2019). These data demonstrate that treatment with fenbendazole
caused a temporary suppression in egg shedding. Interestingly, this
phenomenon appears to be relatively unique to A. caninum. Benzimi-
dazole anthelmintics have been used for many decades in a multitude of
hosts against numerous parasite species, and high prevalences of
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resistance to benzimidazoles are reported worldwide in many species of
gastrointestinal nematode parasites (Kaplan, 2004; Kaplan and
Vidyashankar, 2012). Yet, to our knowledge, this egg suppression
phenomenon has only been reported once previously, in H. contortus in
sheep (Scott et al., 1991). In contrast, egg output suppression has been
reported on several occasions following treatment with ivermectin and
moxidectin in several different parasite species (McKellar et al., 1988;
Sutherland et al., 1999; Condi et al., 2009; Macrelli et al., 2019).

The milbemycin oxime (Interceptor®) treated group had the lowest
efficacy of all the treatments (8.8%). This clearly demonstrates that
milbemycin oxime lacks efficacy against this MDR isolate of A. caninum,
and based on previously published data (Jimenez Castro et al., 2019), it
is highly likely that this isolate is also less susceptible to all other
macrocyclic lactone anthelmintics. Macrocyclic lactones, particularly
ivermectin, have a long history of being used intensively by the grey-
hound industry for parasite control (Ridley et al., 1994). Though, there
are no recent citable publications confirming this ongoing intensive use,
multiple communications with people familiar with the greyhound in-
dustry, including one of the authors of the article cited above, have
confirmed the ongoing nature of this practice. In contrast, to our
knowledge, moxidectin, a substantially more potent member of this
drug class (Prichard et al., 2012), has only recently started to be used on
greyhound farms and kennels. The dog from which the Worthy isolate
was originally isolated was a recently adopted retired racing greyhound
that had multiple failed treatments with moxidectin prior to us col-
lecting the parasites from this dog. However, after being established in
the laboratory this isolate received no further treatment selection with
macrocyclic lactones (Jimenez Castro et al., 2019).

A further interesting observation was the large increase in egg
production per female worm in the milbemycin group compared to the
control and pyrantel-treated groups. We have made similar observa-
tions on multiple occasions in both small ruminants and cattle infected
with macrocyclic-resistant isolates of Haemonchus following treatment
with ivermectin (unpublished observations). Currently, we do not have
an explanation for this increased egg output, but it seems to be a
common occurrence and warrants further investigation.

Previous work with both drug-susceptible and pyrantel-resistant A.
caninum demonstrated a density dependent fecundity of the female
worms, whereby female worms increased their individual egg output
due to reductions in the number of worms in the lumen of the small
intestine (Kopp et al., 2007). This phenomenon was not seen in this
study.

Based on work in our laboratory, both published and unpublished,
as well as frequent communications with veterinarians dealing with
cases of persistent hookworm infections, Worthy 4.1F3P appears to be
representative of the worms currently circulating in greyhounds. The
lack of efficacy demonstrated by the most commonly used products in
the US for the treatment of hookworms in dogs therefore portends a
very serious situation, and threatens not just canine health, but also
human health due to its zoonotic potential. Further research in-
vestigating the molecular epidemiology is warranted in order to gain a
deeper understanding of the origin(s) of this MDR to commercial pro-
ducts used in the US, as well as its prevalence and geographic dis-
tribution.
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Fig. 1. Arithmetic mean fecal egg counts (FEC) and standard deviation for groups of eight dogs infected with the Worthy 4.1F3P isolate of Ancylostoma caninum on
study days (SD) 19, 20, 22, 27, 31 and 34. Treatments with pyrantel pamoate (A), fenbendazole (B), milbemycin oxime (C), emodepside + praziquantel (D), and non-
treated control (E) were administered on SD 24 per approved label instructions.
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