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Abstract

Background Canine acaricides with rapid onset and sustained activity can reduce pathogen transmission risk
and enhance pet owner experience. This randomized, complete block design, investigator-masked study compared
the speed of kill of Amblyomma americanum provided by three monthly-use isoxazoline-containing products.

Methods Eight randomized beagles per group were treated (day 0), per label, with sarolaner (combined with mox-
idectin and pyrantel, Simparica Trio""), afoxolaner (NexGard™), or lotilaner (Credelio™), or remained untreated. Infesta-
tions with 50 adult A. americanum were conducted on days —7, —2, 21, and 28, and tick counts were performed

on day —5 (for blocking), and at 4, 8, 12, 24, 48, and 72 h following treatment and subsequent infestations. Efficacy
calculations were based on geometric mean live tick counts. A linear mixed model was used for between-group
comparisons.

Results On day 0, only lotilaner significantly reduced an A. americanum infestation by 12 h (43.3%; P=0.002). Effi-
cacy of lotilaner and afoxolaner at 24 h post-treatment was 95.3% and 97.6%, respectively, both significantly different
from sarolaner (74%) (P=0.002, P<0.001, respectively). On day 21, at 12 h postinfestation, lotilaner efficacy (59.6%)
was significantly different from sarolaner (0.0%) (P<0.001) and afoxolaner (6.3%) (P<0.001). At 24 h, lotilaner effi-
cacy (97.4%) was significantly different (P<0.001) from sarolaner and afoxolaner (13.6% and 14.9%, respectively). On
day 28, at 12 h postinfestation, lotilaner efficacy (47.8%) was significantly different from sarolaner (17.1%) (P=0.020)
and afoxolaner (9.0%) (P=0.006). At 24 h, lotilaner efficacy (92.3%) was significantly different from sarolaner 4.9%
(P<0.001) and afoxolaner (0.0%) (P<0.001). Speed of kill for sarolaner and afoxolaner, but not lotilaner, significantly
declined over the study period. Following reinfestation on day 28, neither sarolaner nor afoxolaner reached 90% effi-
cacy by 48 h. By 72 h, sarolaner efficacy was 97.4% and afoxolaner efficacy was 86.3%. Only lotilaner achieved > 90%
efficacy by 24 h post-treatment and 24 h postinfestation on days 21 and 28. Time to > 90% efficacy following new
infestations consistently occurred 24-48 h earlier for lotilaner compared with sarolaner or afoxolaner.

*Correspondence:

Kathryn E. Reif

ker0088@auburn.edu

William G. Ryan

wgr@ryanmitch.com

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-024-06363-w&domain=pdf

Reif et al. Parasites & Vectors (2024) 17:313

Page 2 of 12

Conclusions Credelio (lotilaner) has a more rapid onset of acaricidal activity against A. americanum than Simparica
Trio (sarolaner-moxidectin-pyrantel) and NexGard (afoxolaner). Only lotilaner’s speed of tick kill is sustained through-

out the dosing period.

Keywords Afoxolaner, Amblyomma americanum, Canine, Credelio, Dog, Lone star tick, Lotilaner, NexGard, Sarolaner,

Simparica Trio

Background

The increasing number of reports from North America
of human and canine diseases attributed to tick-trans-
mitted infections aligns with the geographic expansion
of ticks, particularly Ixodes scapularis and Amblyomma
americanum [1-6]. Proposed reasons for that expansion
include climate change, human behavior, reforestation,
population movement, and resurgent host populations,
including mammalian and avian wildlife, particularly
white-tailed deer [7, 8]. The broadening geographic range
of ticks presents a growing threat to companion animals,
livestock, and humans.

Reinforcing that threat, a recent paper in the New
England Journal of Medicine highlighted the increas-
ing importance of A. americanum, a vector of pathogens
of human and animal importance including Francisella
tularensis, Ehrlichia spp., and spotted fever group Rick-
ettsia spp. [9]. Amblyomma americanum is also reported
as the second most common tick species infesting cats in
the USA and has been demonstrated as an efficient vec-
tor of Cytauxzoon felis [10-12]. An aggressive hunter
tick, A. americanum, can rapidly ambulate over many
yards upon sensing persistent host odors [8]. Believed
in the early twentieth century to be limited to the south-
eastern USA with a northern geographic limit of south-
ern New Jersey, A. americanum has now expanded its
range northward through Pennsylvania, New York, and
the northeastern Atlantic states into Ontario and Quebec
in southern Canada [7, 13]. Amblyomma americanum is
established in central and mid-western states in the USA,
including Kansas and Indiana, where it is the most com-
monly identified tick, as well as in Michigan, Missouri,
Arkansas, Nebraska, Oklahoma, and South Dakota [14—
17]. Phenology studies and local tick surveys have dem-
onstrated A. americanum adults and nymphs are active
early spring through fall, while larvae are most com-
monly active in the fall [18]. However, when environmen-
tal conditions are favorable, host-seeking A. americanum
may be collected during winter months as well, highlight-
ing its year-round threat [14].

As the geographic distribution of A. americanum
overlaps with multiple other tick species of veterinary
and medical importance, with at least one tick species
being active at any given point during the year, preven-
tion and control of canine tick infestations is becoming

increasingly important. The more quickly a product acts
to kill ticks, the lower the probability that pathogens will
be passed from the tick to its host. Among tick-borne
bacterial pathogens, transmission can occur within
‘hours to days’ of tick attachment. For example, trans-
mission of Borrelia burgdorferi can occur within 24—48 h
of attachment of Ixodes spp. ticks [19, 20].Rickettsial
pathogens can be transmitted even more quickly, with
studies demonstrating that Rickettsia rickettsii transmis-
sion by Dermacentor variabilis can occur within 5-20 h
after attachment, and by Amblyomma aureolatum within
10 h of attachment [21, 22]. Transmission of Anaplasma
phagocytophilum is more efficient after 36 h of tick
attachment, but can occur between 16-24 h [23, 24].
Another study demonstrated that Ehrlichia canis (South
African strain) can be transmitted by Rhipicephalus san-
guineus (European strain) within 3—6 h of tick infestation
[25]; however, transmission timing of any USA-derived
Enrlichia spp. by a given USA-derived tick cohort has
not been performed. Compared with tick-borne bacterial
pathogens, tick-borne protozoal pathogens are usually
transmitted more slowly, within ‘days’ of tick attachment
(e.g., C. felis transmission by A. americanum takes > 36 h),
while tick-borne viral pathogens are usually transmitted
more quickly, within ‘minutes to hours’ of tick attach-
ment (e.g., Powassan virus transmission by 1. scapularis
from 15 min after attachment) [26, 27]. Transmission
timing can also be influenced by interrupted tick feeding,
where a tick with its feeding interrupted on one host may
transmit a pathogen more quickly upon finding and feed-
ing on a second host ([28], reviewed in [29]). Although
different tick-borne pathogens may be transmitted at
different speeds and numerous variables may further
influence pathogen transmission timing, the longer an
infected tick is alive and feeding on a host, the greater
the risk of tick-borne pathogen transmission to that
host. Thus, attributes of an effective tick control product
include a rapid onset of action to provide a quick tick kill,
and reliable sustained efficacy throughout the duration of
the label indication.

Within the last decade, four isoxazoline compounds,
afoxolaner, fluralaner, sarolaner, and lotilaner, have been
approved for use in dogs for the treatment and control of
A. americanum, a challenging tick species for acaricides.
Evidence of the relative hardiness of A. americanum,
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compared with other tick species, is reflected on some
product labels. For example, fluralaner is approved to
provide 8 weeks control of A. americanum, compared
with 12 weeks for other tick species. For fluralaner, for
the combination of sarolaner—moxidectin—pyrantel,
and for afoxolaner as a single entity and in combination
with moxidectin and pyrantel, the A. americanum claim
is based on efficacy determined at 72 h post-treatment
and 72 h after reinfestation, rather than at the 48-h time-
point used for other labeled tick species [30-32]. How-
ever, as pathogen transmission may occur within 24 h
of attachment and as studies have demonstrated within-
isoxazoline family variation in the speed with which ticks
are killed, an understanding of the tick killing efficacy of
isoxazoline-containing products at earlier timepoints is
important [33, 34].

The objective of the study reported here was to com-
pare the relative speeds of kill of adult A. americanum
provided by commercially available formulations of
three, monthly-dosed isoxazolines: lotilaner (Credelio),
sarolaner (in combination with moxidectin and pyrantel,
Simparica Trio) and afoxolaner (NexGard), over 1 month
following a single treatment, administered per label
instructions.

Methods

Animals

An acclimation period for 38 beagle dogs began on day
19. For study inclusion, dogs had to be clinically healthy,
behaviorally amenable, and have demonstrated suscep-
tibility to tick infestations, based on retention of>25%
of an A. americanum test challenge on day —7. Exclu-
sion criteria included: previous exposure to ticks, treat-
ment with an isoxazoline product in the 12 months prior
to the study, treatment with any topically applied aca-
ricide/insecticide (including an acaricidal/insecticidal
collar) within 60 days, the presence of circulating anti-
bodies to Borrelia spp., Ehrlichia spp., or Anaplasma
spp. as determined through pre-enrollment blood tests,
poor hair coat, and any disease manifestation that could
affect the study outcome. From the 38 dogs, 16 males and
16 females were selected. All were intact, aged approxi-
mately 9 months and weighed 6.1-8.8 kg on day —2.
Throughout the study, the dogs were housed in individ-
ual concrete pens (except for the first 4 h postinfestation
when they were individually confined in travel crates)
in a thermostatically controlled environment with an
approximate 12-h light/12-h dark cycle. Water was pro-
vided ad libitum in bowls, and a commercial ration was
provided daily according to manufacturer recommenda-
tion. After randomization, contact between study dogs
was not allowed.
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Randomization and treatment

To evaluate susceptibility to experimental infestation,
and for randomization, the 38 dogs were each infested on
day — 7 with 50 laboratory-reared, unfed, adult A. ameri-
canum (approximately 50:50 female:male). Counts of live
attached ticks were recorded on day —5 (approximately
48 h postinfestation). The six dogs not meeting inclusion
criteria (not accepting gentle restraint to allow tick count-
ing) or having the lowest tick counts were excluded, and
the remaining 32 were ordered by descending counts of
live attached ticks into eight blocks of four. Within blocks,
each dog was randomized to one of four study groups
using the randomization function on a spreadsheet pro-
gram (Microsoft Excel 2019, Redmond, WA, USA). One
group remained untreated as a control. The other groups
were treated on day 0 with either the combination prod-
uct of sarolaner, moxidectin, and pyrantel (Simparica
Trio""), afoxolaner (NexGard™), or lotilaner (Credelio"").
Treatments were administered strictly according to prod-
uct label, based on body weights recorded on day —2
using a calibrated weigh scale. All dogs consumed more
than 50% of their normal daily ration within 30 min prior
to treatment. Dogs were observed for any immediate
(within 5 min) reactions to product administration. In
addition, general health observations were made at 1 h
(+ 15 min), 2 h (+30 min), and 4 h (+ 30 min) post-treat-
ment and then daily throughout the study to identify any
possible adverse events.

Tick infestations and counts

Specific pathogen-free, laboratory-reared, adult A. amer-
icanum ticks purchased from a commercial tick-rearing
facility (Ecto Services, Inc., Henderson, NC) were main-
tained in humidity chambers at>90% relative humid-
ity until used in the study. The sourcing tick colony is
genetically refreshed every 1 to 2 years with A. ameri-
canum captured from the local area in North Carolina.
The ticks were 11-14 weeks post nymph-to-adult molt at
study use. For each infestation, 50 adult, unfed, mixed sex
(approximately 50:50 male:female) A. americanum were
deposited along the dorsum (between neck and hips) of
manually restrained, unsedated dogs. To facilitate attach-
ment after tick exposure, each dog was individually con-
fined for 4 h in an appropriately sized travel crate. Tick
infestations were completed on day —7 (for determina-
tion of each dog’s susceptibility to tick attachment), —2,
21, and 28.

Tick counts

For tick counting, each dog was manually restrained,
without sedation, and a thorough body search was
conducted for at least 10 min. Any observed tick was
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classified as male or female, live or dead, and attached
or unattached. A tick was classified as dead if it showed
no responsive movement, including leg motion when
stimulated (breathing on tick and probing with fingers
or forceps). All ticks were counted and removed with
forceps on day —5 (for blocking), at 72 h (+60 min)
post-treatment and at 72 h (+ 60 min) following each sub-
sequent infestation. In situ ticks from the day —2 infes-
tation were counted, without removal, at 4 h (+30 min),
8 h (+30 min), 12 h (+ 30 min), 24 h (+ 60 min), and 48 h
(+60 min) after treatments had been administered. The
same tick counting timepoints were used following infes-
tations on day 21 and 28.

Assessment of unattached ticks collected from crates

and dogs.

Following infestation challenges on day 21 and 28, after
dogs were removed from crates (4 h postinfestation),
both the crate and the dog were inspected for unattached
ticks. Any live, unattached ticks found on a dog at 4 h
postinfestation were counted, removed from the dog and
pooled by study group into vials and placed into a humid-
ified container. Any live free ticks found in crates were
similarly collected and stored. Ticks were assessed as live
or dead at 12 h (+2 h), 24 h (+2 h), and 48 h (+2 h) after
collection from dogs or crates. Any unattached live ticks
found on a dog subsequent to the 4-h postinfestation
timepoint on day 21 and 28 were counted, recorded as
male or female, live or dead, and left in place on the dog.

Data analysis

Descriptive statistics (geometric mean, arithmetic mean,
standard deviation, minimum, median, and maximum
values) were calculated for each infestation. Counts of
live ticks were analyzed separately for each timepoint
of each study infestation, under the linear mixed model.
Treatment group was the fixed effect and block the ran-
dom effect. Error term variance was taken as hetero-
geneous with respect to treatment group. For efficacy
assessments based on geometric means, counts of live
ticks were subjected to In(count+1) transformation
before statistical modeling. Because it is regarded as pro-
viding the most appropriate measure of central tendency,
statistics presented for the primary objective results (effi-
cacy of lotilaner, sarolaner and afoxolaner at each study
timepoint) were based on geometric means [35]. Efficacy
of each product was calculated using the formula:

Percent efficacy = 100 * (Mc—Mt)/Mc,

where Mc is the mean number of live ticks on dogs in the
untreated control group, and Mt is the mean number of
live ticks on dogs in a treated group.
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Using the same equation, efficacy assessments were
also calculated based on arithmetic means with counts
of live ticks modeled directly without any transforma-
tion (for arithmetic mean calculations see Additional
files 1-3: Tables S1-S3). To assure convergence, vari-
ances for block and error term were bounded low by
1072 for transformed counts and 107! for untransformed
counts. Pairwise comparisons were carried out using
two-sided t-tests derived from the statistical model (SAS
for Windows, version 9.4, Cary NC, USA). All tests were
conducted at the 0.05 significance level. No multiplic-
ity adjustment was performed. To determine if there
was a significant decline in acaricidal activity with time
after treatment, the day O initial speed of kill was com-
pared with day 28 speed of kill at the 12, 24, 48, and 72 h
timepoints using the natural log(tick counts+1). Prior
to the analysis, the counts were normalized by subtract-
ing the geometric mean untreated control value at each
day and timepoint for each dog. The difference between
day 0 and 28 was calculated for each dog and timepoint.
Within each product-treated group, differences were
assessed by the paired ¢-test or the Wilcoxon signed rank
test, depending on the distribution of the data. If the P
value of the Shapiro—Wilk test was>0.01 then it was
assumed that the data followed a normal distribution and
the paired t-test was applied. Otherwise, the Wilcoxon
signed rank test was applied.

Results

Product dosing and safety

All treatments were well tolerated. Assessment of pres-
tudy blood samples found no evidence of prior exposure
to tick-borne pathogens. All products were administered
per label per study protocol and there were no events
of regurgitation or lost doses. Average study dog weight
(t standard deviation) was 7.3 (+0.80) kg, with the aver-
age dog weight in the sarolaner, afoxolaner, lotilaner, and
untreated control groups being 7.6 (£ 0.76) kg, 7.3 (+ 0.83)
kg, 7.2 (+0.87) kg, and 7.2 (+ 0.76) kg, respectively. Actual
dose ranged from: 1.4-1.8 mg/kg sarolaner; 3.4—4.7 mg/
kg afoxolaner; and 26.6-36.9 mg/kg lotilaner. No serious
adverse events were observed during the course of the
study. One dog in the sarolaner group had bloody stool
of <24 h duration (day 15) that resolved without treat-
ment intervention.

Tick counts and product efficacy

Following each infestation challenge with 50 A. america-
num, > 13 live ticks (>25% of infestation challenge) were
found on all untreated control group dogs at every assess-
ment, with counts ranging from 16 to 50. At every time-
point for each infestation challenge, control dogs met
the minimum “live attached tick number” requirement
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(>25% of an infestation challenge) for a valid assessment
of the efficacy of the administered products [35, 36].

Initial speed of tick kill

At 4 and 8 h post-treatment, all study dogs carried at
least 21 live ticks from the day 2 infestation (Table 1).
Relative to the untreated group, mean tick count reduc-
tions in the lotilaner group were first significant at 12 h
post-treatment (¢,;,=3.62; P=0.002) (Table 2). Mean
live tick counts for dogs in the sarolaner and afoxolaner
groups were not significantly different from the control
group until 24 h post-treatment. Mean live tick counts
in the lotilaner group were significantly lower than in
the sarolaner group at 12 (fy,=2.71; P=0.013), 24
(to1y=3.48; P=0.002), and 48 h (t;;=2.38; P=0.027)
post-treatment, and afoxolaner at 8 (f,;,=2.28;
P=0.033), 12 (t;;,=3.56; P=0.002), 48 (fy)=2.63;
P=0.016), and 72 h (¢,;)=4.71; P<0.001). Efficacy > 90%,
denoting initial speed of kill, was first achieved in the
lotilaner and afoxolaner groups at 24 h post-treatment,
and in the sarolaner group at 48 h (Table 2).

Residual speed of tick kill: infestation challenge 21 days
post-treatment

Following A. americanum infestations on day 21, mean
live tick counts had declined to<1 in the lotilaner
group by 24 h postinfestation, in the sarolaner group by
48 h, but not in the afoxolaner group at any assessment
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following this infestation (Table 3). Relative to the
untreated control group, mean live tick count reductions
in the lotilaner group were first significant at 12 h postin-
festation (¢,;,=5.88; P<0.001), with efficacy exceeding
90% at 24 h (Table 4; Fig. 1). Mean live tick counts in the
sarolaner and afoxolaner groups were not significantly
lower than in the control group until 48 h postinfestation
(t1y=9-31; P<0.001 and f4;,=6.17; P<0.001, respec-
tively), with efficacy>90% achieved at 48 h postinfesta-
tion in the sarolaner group, and at 72 h in the afoxolaner

group.

Residual speed of tick kill: infestation challenge 28 days
post-treatment

Following A. americanum infestations on day 28, mean
live tick counts had declined to<1 in the lotilaner
group by 48 h postinfestation, in the sarolaner group
by 72 h, but not in the afoxolaner group at any assess-
ment following this infestation (Table 5). Relative to the
untreated control group, mean live tick count reduc-
tions in the lotilaner group were first significant at 8 h
postinfestation (¢,;)=2.64; P=0.015) and remained
significantly lower throughout the later time points,
with efficacy>90% at 24 h postinfestation (Table 6).
In contrast, the mean live tick counts in the sarolaner
group were not consistently significantly lower than
the untreated group until 48 h postinfestation. Mean
live tick counts in the afoxolaner group were not

Table 1 Mean live Amblyomma americanum counts from infested dogs, left untreated or following treatment on day 0 with sarolaner,

afoxolaner, or lotilaner (8 dogs per group)

Hours post-treatment 4 8 12 24 48 72
Untreated Geometric mean (SE) 32.1(0.1) 32.5(0.1) 34.1(0.1) 38.8(0.3) 37.2(0.2) 39.9(0.2)
Arithmetic mean (SE) 33.1(24) 329 (2.1) 348(2.9) 39.3(2.0) 37.8(1.5) 40.1 (1.0)
Median 330 330 330 40.0 385 415
Range 22-46 25-42 27-47 30-49 25-47 32-47
Sarolaner Geometric mean (SE) 33.8(0.1) 32.3(0.1) 29.5(0.1) 10.1 (0.3) 20(0.2) 0.8(0.2)
(Simparica Trio) Arithmetic mean (SE) 344 (24) 329 (2.1) 313(29) 116 (20) 30(1.5) 13(10)
Median 34.5 315 325 125 20 0.5
Range 23-42 24-43 17-50 3-20 0-12 0-5
Afoxolaner Geometric mean (SE) 31.5(0.1) 34.3(0.1) 33.7(0.1) 0.9(0.3) 22(0.2) 3.2(0.2)
(NexGard) Arithmetic mean (SE) 31.8(24) 3442.1) 340 (2.9) 15 (2.0) 3.1(1.5) 36(1.0)
Median 315 330 34.0 1.0 2.0 4.0
Range 25-38 32-40 26-39 0-7 0-9 1-6
Lotilaner Geometric mean (SE) 30.0(0.1) 278(0.1) 19.3(0.1) 1.8(0.3) 0.6(0.2) 04(0.2)
(Credelio) Arithmetic mean (SE) 306 (24) 285 (2.1) 208 (2.9) 47 (2.0) 08(1.5) 0.5(1.0)
Median 280 26.5 19.5 1.0 0.5 0.0
Range 23-42 21-44 8-33 0-20 0-2 0-2

Sarolaner product combined with moxidectin and pyrantel
Infestations made on day-2 with 50 A. americanum per dog

SE, standard error
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Table 2 Efficacy of sarolaner, afoxolaner, and lotilaner at hours following treatment on day 0 of Amblyomma americanum-infested
dogs (8 dogs per group)

Hours® Sarolaner Afoxolaner Lotilaner
(Simparica Trio) (NexGard) (Credelio)
4 Efficacy (%) 0.0 19 6.6
Statistics versus untreated ton=—050;P=0624 ton=0.19,P=0.855 ton=065P=0.521
Statistics versus sarolaner t1=0.68,P=0502 ton=1.15P=0263
Statistics versus afoxolaner tp1y=047,P=0645
8 Efficacy (%) 04 0.0 14.5
Statistics versus untreated t1n=0.05P=0.962 ton=-059;P=0563 ton=169,P=0.105
Statistics versus sarolaner ton=-064;P=0532 ton=164P=0115
Statistics versus afoxolaner tp1y=228P=0033
12 Efficacy (%) 133 1.0 433
Statistics versus untreated tn=0.92,£=0368 ten=007,P=0947 ton=3.62,P=0.002
Statistics versus sarolaner tpy=-085P=0404 ton=2.71,P=0013
Statistics versus afoxolaner to1y=3.56,P=0.002
24 Efficacy (%) 74.0 976 95.3
Statistics versus untreated ton=3.27,P=0.004 ton=7.73,P<0.001 ton=6.75P<0.001
Statistics versus sarolaner tp1y=446,£<0.001 ton =348 P=0.002
Statistics versus afoxolaner to1y=-0.98;P=0.340
48 Efficacy (%) 94.6 94.0 98.5
Statistics versus untreated tn=9.28,P<0.001 tp1y=9.03,<0.001 ton=11.66,P<0.001
Statistics versus sarolaner ton=-0.25P=0805 ton=2.38,P=0.027
Statistics versus afoxolaner tp1y=263,P=0016
72 Efficacy (%) 98.1 919 99.1

Statistics versus untreated
Statistics versus sarolaner

to=13.10;P<0001

o) =9:47,P<0.001
ton=—363; P=0.002

o =14.18;P<0.001
o =1.08;P=0291

Statistics versus afoxolaner

to1y=4.71;P<0.001

Efficacy based on geometric mean live A. americanum counts
Sarolaner product combined with moxidectin and pyrantel

@ Hours post-treatment

Infestations made on day — 2 with 50 A. americanum per dog

significantly different from the untreated group until
72 h postinfestation (t,;)=5.09; P<0.001). Speed-
of-tick-kill efficacy >90% was achieved at 72 h in the
sarolaner group, when afoxolaner efficacy was 86.3%.

Following normalization of live tick counts to the
untreated group, comparison of counts within the
sarolaner and afoxolaner groups detected significantly
slower speed-of-kill on day 28 compared with post-treat-
ment on day 0. Mean live tick counts in the sarolaner
group were significantly greater at 24 (P=0.002) and
48 h (P=0.005) after the day 28 infestation compared
with the equivalent day O post-treatment timepoints.
For afoxolaner, mean live tick counts were significantly
greater at 24 (P<0.001) and 48 h (P<0.001) after the day
28 infestation compared with the equivalent day O post-
treatment timepoints. In contrast, for lotilaner, mean live
tick counts were similarly low at 24 (P=0.405) and 48 h
(P=0.882) after the infestation on day 28 compared with
the equivalent day O post-treatment timepoints.

Discussion
A rapid speed of tick kill of canine acaricidal products is
critical, because the longer a tick feeds, the greater the
risk of pathogen transmission [20]. Speed of tick kill can
be linked to parasite susceptibility to the drug, drug dose,
how rapidly that dose is absorbed to reach systemically
active blood levels, and the rate of drug elimination.
Following the first oral administration to dogs, peak
blood levels are documented to occur within 2 h for
lotilaner, within 2—6 h for afoxolaner, and within 3.5 h
for sarolaner in its combination product [37-39]. Con-
sistent with rapid product absorption, in this study the
speed of A. americanum kill at 24 h post-treatment with
either afoxolaner (efficacy 97.6%) or lotilaner (95.3%) was
faster than that of the sarolaner combination product
(74.0%). An earlier study showed that a sarolaner dose of
2-4 mg/kg (label dose of the single entity product, Sim-
parica”) provided 100% efficacy at 24 h post-treatment
of an existing A. americanum infestation [40]. It appears
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Table 3 Mean live Amblyomma americanum counts following a day 21 challenge of dogs left untreated or treated on day 0 with

sarolaner, afoxolaner, or lotilaner (8 dogs per group)

Hours post-challenge 4 8 12 24 48 72
Untreated Geometric mean (SE) 30.2 (0.1) 249(0.1) 25.8(0.1) 29.9(0.1) 28.1(0.3) 31.5(0.2)
Arithmetic mean (SE) 308 (2.0) 25.1(1.8) 266 (2.0) 300 (14) 284 (16) 320(12)
Median 315 260 295 295 285 320
Range 20-38 20-30 16-33 27-36 23-33 24-43
Sarolaner Geometric mean (SE) 32.0(0.1) 26.2 (0.1) 26.6 (0.1) 25.8 (0.1) 0.5(0.3) 0.6 (0.2)
(Simparica Trio) Arithmetic mean (SE) 323(2.0) 269(1.8) 27.32.0) 26.1(14) 09 (1.6) 09(1.2)
Median 325 295 285 250 00 05
Range 26-40 18-35 18-38 21-36 0-4 0-3
Afoxolaner Geometric mean (SE) 246 (0.1) 243 (0.1) 24.2(0.1) 254 (0.1) 3.1(03) 1.2(0.2)
(NexGard) Arithmetic mean (SE) 248 (2.0) 246(18) 245 (2.0) 259(1.4) 65(1.6) 21(1.2)
Median 245 250 245 245 40 10
Range 20-30 18-29 18-31 20-37 0-23 0-9
Lotilaner Geometric mean (SE) 23.6(0.1) 22.2(0.1) 104 (0.1) 0.8(0.1) 0.2(0.3) 0.1(0.2)
(Credelio) Arithmetic mean (SE) 253 (20) 228(18) 116 2.0) 1104) 04 (1.6) 01(1.2)
Median 295 210 1.0 05 00 00
Range 9-32 16-34 4-20 0-3 0-3 0-1

Sarolaner product combined with moxidectin and pyrantel
Infestations with 50 A. americanum per dog
SE, standard error

that the lower sarolaner dose in the combination product
(minimum 1.2 mg/kg; range 1.4—1.8 mg/kg in this study)
results in a slower initial speed of tick kill than the dose
in the single entity sarolaner product.

Sustainability of the speed of tick kill, important in
maintaining a reduced risk of tick-borne pathogen trans-
mission, may be influenced by different rates of declining
drug levels throughout the labeled treatment period. The
longer half-life of lotilaner following oral administration
(30.7 days), compared with sarolaner (12 days) and afox-
olaner (12.8-15.5 days), may allow the more rapid speed
of tick kill for lotilaner to be sustained for a longer dura-
tion than with either the combination sarolaner prod-
uct or afoxolaner [37-39]. Evidence corroborating that
suggestion comes from the A. americanum infestation
challenges on days 21 and 28. At 12 h after the day 21
challenge, lotilaner efficacy against A. americanum was
significantly greater than either competitor product, and
was >90% at 24 h, while sarolaner and afoxolaner did not
achieve that level of efficacy until 48 and 72 h post-chal-
lenge, respectively. Similarly, at 24 h after the day 28 chal-
lenge, lotilaner efficacy was again>90%, while sarolaner
did not achieve that speed of tick kill until 72 h post-chal-
lenge. At no point in the study was there a significantly
lower mean live tick count in either the sarolaner or afox-
olaner groups compared with the lotilaner group.

Within each product-treated group, the speed of tick
kill on day 28 was compared with that on day 0. At all

assessed timepoints lotilaner was shown to sustain equiv-
alent speed of kill between day 0 and day 28. This was not
the case for the sarolaner combination product and afox-
olaner, for which a reduced speed of kill on day 28, rela-
tive to day 0, was present at the 24 and 48 h timepoints.
For sarolaner, this finding aligns with earlier reports sug-
gesting that, relative to the stand-alone sarolaner product
(Simparica, 2.0 mg/kg), the 40% reduction in minimum
dose of the combination (Simparica Trio; 1.2 mg/kg)
results in slower residual tick-killing activity [34, 40]. Of
note, the sarolaner combination product was chosen for
this study due to its relative market prominence. A com-
bination product for dogs containing afoxolaner (at the
same dose rate as used in this study), moxidectin and
pyrantel was not available at the time of this study.
Inconsistent with two USA registration studies, in the
current study afoxolaner failed to achieve 90% efficacy
within 72 h following the day 28 infestation challenge
[41]. At the final assessment, just one afoxolaner-treated
dog was free of ticks, and two dogs had live attached tick
counts of 19 and 26. It would therefore appear that, both
in this population of dogs and in dogs enrolled in an ear-
lier study, there was a substantial end-of-month decline
in afoxolaner efficacy against A. americanum [40]. The
normal appearance of the live attached ticks taken from
afoxolaner-treated dogs at 72 h postinfestation on day 28
is indicative of viability. Those ticks could have potential
to produce eggs and so continue the life cycle, or to find
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Table 4 Efficacy of sarolaner, afoxolaner, and lotilaner to control an Amblyomma americanum infestation challenge 21 days post-
treatment (8 dogs per group)

Hours® Sarolaner Afoxolaner Lotilaner
(Simparica Trio) (NexGard) (Credelio)
4 Efficacy (%) 0.0 187 219
Statistics versus untreated ton=-045P=0.656 ton=162,P=0.120 ton=1.92; P=0.068
Statistics versus sarolaner tpn=2.07;,P=0.051 ton=2.38,P=0027
Statistics versus afoxolaner toy=030;,P=0.764
8 Efficacy (%) 0.0 22 106
Statistics versus untreated ton=-061,P=0546 ton=0.27,P=0.790 ton=1.38FP=0.182
Statistics versus sarolaner tpn=0.88;P=0.387 ton=1.99 P=0.060
Statistics versus afoxolaner ton=1.11,P=0280
12 Efficacy (%) 0.0 6.3 59.6
Statistics versus untreated ton=-021;P=0835 t1=043; P=0671 to1)=5.88; P<0.001
Statistics versus sarolaner tp=0.64; P=0.528 tpn=6.09; P<0.001
Statistics versus afoxolaner ton=545; P<0.001
24 Efficacy (%) 136 149 974
Statistics versus untreated t1)=0.86; P=0.398 ton=095;P=0353 tpon=17.42; P<0.001
Statistics versus sarolaner tpn=0.09; P=0.931 tn=16.56; P<0.001
Statistics versus afoxolaner tio)y=16.47; P<0.001
48 Efficacy (%) 98.1 8838 99.3
Statistics versus untreated ton=9.31;P<0.001 tpon=6.17,P<0.001 ton=10.10; P<0.001
Statistics versus sarolaner ton=-3.14; P=0.005 tn=0.80; P=0435
Statistics versus afoxolaner tony=3.94; P<0.001
72 Efficacy (%) 98.0 96.1 99.7

Statistics versus untreated
Statistics versus sarolaner

to=11.36;P<0001

to)=10.16;P<0.001
toy=—120; P=0245

o =12.86;P<0.001
toy=1.50; P=0.147

Statistics versus afoxolaner

tp1y=270;P=0013

Efficacy based on geometric mean live A. americanum counts
Sarolaner product combined with moxidectin and pyrantel

? Hours postinfestation 21-days post-treatment

Infestations with 50 A. americanum per dog

and infest a second host. In contrast, live attached ticks
taken from lotilaner-treated dogs at the same timepoint
were moribund, and so unlikely to continue feeding or
infest a second host. This finding is supportive of earlier
results showing that live attached ticks removed from
lotilaner-treated dogs will die soon after detachment [42].

A value-added aspect of this study is the fact that three
USA market-leading monthly isoxazoline-containing
parasiticide products were directly compared in a head-
to-head manner, eliminating the inherent variability of
comparing results across studies. Extrapolation of these
results is also relevant to other isoxazoline speed-of-
tick-kill studies. The single lotilaner speed-of-kill report
described infestations of dogs with Ixodes ricinus. Effi-
cacy was 99.2% at 8 h post-treatment and 97.5% at 12 h
after a day 28 challenge [43]. The 76.7% I ricinus effi-
cacy shown for the single-entity sarolaner product at 8 h
post-treatment was lower than that reported for lotilaner,
although at 12 h sarolaner efficacy (94.9%) was similar

to that of lotilaner (98.0%) [43, 44]. Against I scapularis,
efficacy of that sarolaner product at 12 h after a day 28
challenge was 62.0% [44]. Two reports have described
the speed-of-kill of the combination sarolaner prod-
uct (used in the current study) against induced infesta-
tions with L scapularis. In one study, efficacy at 12 and
24 h declined from 98.4 and 99.4% immediately follow-
ing treatment, respectively, to 52.2 and 94.2% on day 28
[45]. In the other study, the 12- and 24-h post-treatment
efficacies were 93.0% and 99.5%, respectively, declining to
27.7% and 96.6% following a day 28 challenge [33]. The
authors suggested that the lower sarolaner dose results in
a significantly slower residual speed of kill of I scapula-
ris. In a previous study for afoxolaner, efficacy against 1
scapularis declined from 99.5% at 24 h post-treatment to
71.8% at 24 h after a day 28 challenge [34]. Taken with
the results of the current study, these reports suggest that
the speed of tick kill, and overall efficacy, of afoxolaner
and the combination sarolaner product decline with time
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Fig. 1 Mean live tick counts =+ standard error of the mean (+ SEM)
of dogs left untreated or treated on day 0 with either Simparica Trio
(sarolaner-moxidectin-pyrantel), NexGard (afoxolaner) or Credelio
(lotilaner) at a timepoint (h) post-treatment and following infestations
on day 21 and 28 (each infestation with 50 Amblyomma americanum).
*Day 0 counts are relative to time post-treatment; day 21 and 28
counts represent time following infestations
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during the treatment period. Conversely, the results also
indicate that there is no efficacy decline within lotilaner’s
monthly dosing period. Thus, lotilaner’s sustained fast
speed of kill, relative to afoxolaner and the combination
sarolaner product, may be broadly applicable to ixodid
ticks.

Although not a direct objective of this study, the per-
cent of dogs free of live ticks was compared between
product-treated groups. At all timepoints, 24, 48, and
72 h post-treatment and following each subsequent
infestation, more dogs in the lotilaner group were free
of live ticks (tick free) than in either of the other treated
groups. At 72 h post-treatment, significantly more dogs
in the lotilaner group (5/8) were tick free, relative to
the afoxolaner group (P=0.026; 0/8 dogs tick free). At
48 h following the day 28 infestation, significantly more
lotilaner-group dogs (6/8) were tick free, relative to the
sarolaner (P=0.007; 0/8 tick free) and afoxolaner (1/8)
(P=0.041) groups.

Because isoxazoline-containing parasiticide products
act systemically, it would be expected that ticks must
begin engaging in the attachment process to be exposed
to the drug. In contrast with that expectation, an earlier
study with lotilaner demonstrated reduced tick attach-
ment to lotilaner-treated dogs compared with untreated
control dogs suggesting that ticks (A. americanum)
may be adversely affected by lotilaner prior to complete
attachment [42]. In the present study, no difference in the

Table 5 Mean live Amblyomma americanum counts following a day 28 challenge of dogs left untreated or treated on day 0 with
sarolaner, afoxolaner or lotilaner (8 dogs per group)

Hours post-challenge 4 8 12 24 48 72
Untreated Geometric mean (SE) 29.3(0.1) 286 (0.1) 269 (0.1) 269(0.1) 29.7 (0.3) 29.2(0.3)
Arithmetic mean (SE) 296 (1.9) 288(1.9) 274 (2.5) 27.9(20) 305 (2.9) 303 (24)
Median 300 295 26.5 280 290 290
Range 21-35 22-32 19-38 16-41 20-40 19-50
Sarolaner Geometric mean (SE) 24.7 (0.1) 223(0.1) 223(0.1) 25.6(0.1) 9.1(0.3) 0.8(0.3)
(Simparica Trio) Arithmetic mean (SE) 253(1.9) 229(19) 234 (2.5) 264 (2.0) 12329 11 (24)
Median 240 225 205 255 95 10
Range 18-33 16-31 15-35 16-38 2-26 0-5
Afoxolaner Geometric mean (SE) 27.1(0.1) 25.9(0.1) 244 (0.1) 27.1(0.1) 14.0 (0.3) 40(0.3)
(NexGard) Arithmetic mean (SE) 274(1.9) 268(1.9) 24.8(2.5) 27.32.0) 194 (2.9) 7.6 (2.4)
Median 26.5 265 240 275 200 30
Range 23-36 17-37 20-33 24-32 0-34 0-26
Lotilaner Geometric mean (SE) 27.8(0.1) 21.3(0.1) 14.0 (0.1) 2.1(0.7) 03(03) 0.5(0.3)
(Credelio) Arithmetic mean (SE) 284(19) 218(19) 164 (2.5) 28(20) 0.5 (2.9) 10 (24)
Median 270 215 155 25 00 00
Range 22-38 14-32 5-29 0-9 0-3 0-6

Sarolaner product combined with moxidectin and pyrantel

Infestations with 50 A. americanum per dog

SE, standard error
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Table 6 Efficacy of sarolaner, afoxolaner and lotilaner to control an Amblyomma americanum infestation challenge 28 days post-
treatment (8 dogs per group)

Hours® Sarolaner Afoxolaner Lotilaner
(Simparica Trio) (NexGard) (Credelio)
4 Efficacy (%) 155 74 49
Statistics versus untreated ton=176,P=0.093 tpon=0.80;P=0432 ton=053; P=0601
Statistics versus sarolaner toy=—0.96,P=0.348 ton=-123;P=0232
Statistics versus afoxolaner tp1y=-0.27,P=0.789
8 Efficacy (%) 21.8 9.2 25.6
Statistics versus untreated tpn=221,P=0039 t=087,P=0.39 ton=264,P=0015
Statistics versus sarolaner ton=-134,P=0.195 ton=044,P=0.666
Statistics versus afoxolaner tony=178P=0.090
12 Efficacy (%) 17.1 9.0 478
Statistics versus untreated ton=1.04;P=0311 ton=0.52; P=0.607 to1y=3.56; P=0.002
Statistics versus sarolaner ton=-052;P=0612 ton=2.52; P=0.020
Statistics versus afoxolaner to1y=3.04; P=0.006
24 Efficacy (%) 49 0.0 923
Statistics vs untreated ton=027;P=0.788 ton=-0.04; P=0.965 ton=1254;£<0.001
Statistics versus sarolaner to)y=—032;P=0.754 ton=1227;P<0.001
Statistics versus afoxolaner to1y=12.59; P<0.001
48 Efficacy (%) 69.3 53.0 99.0
Statistics versus untreated tpy=3.12; P=0.005 tpn=201;P=0057 t1y=8.88; P<0.001
Statistics versus sarolaner ton=-1.10;P=0.282 tony=>5.76; P<0.001
Statistics versus afoxolaner t1y=6.86; P<0.001
72 Efficacy (%) 974 86.3 982

Statistics versus untreated
Statistics versus sarolaner

{1 =802; P<0.001

ton=5.09; P<0.001
ton=—294; P=0008

t1)=8:46; P<0.001
{1 =0.44; P=0668

Statistics versus afoxolaner

o) =337; P=0,003

Efficacy based on geometric mean live A. americanum counts
Sarolaner product combined with moxidectin and pyrantel
Infestations with 50 A. americanum per dog

2 Hours postinfestation 28-days post-treatment

A. americanum attachment rate was noted between any
of the product-treated groups or the untreated controls.
Furthermore, evaluation of unattached ticks collected
from cages and dogs at 4 h following infestations on days
21 and 28 remained lively and viable following incuba-
tion for 24 h. The lower A. americanum attachment rate
observed in the earlier study on lotilaner treated dogs
may have been a product of the experimental design,
including the preparation of the infestation site (i.e.,
shaved skin with ticks under bandages) or infestation
challenge timing (i.e. 7 days post-treatment).

Conclusions

This study demonstrates that lotilaner (Credelio) is more
efficacious than afoxolaner (NexGard) and the combina-
tion of sarolaner—moxidectin—pyrantel (Simparica Trio)
in quickly controlling an A. americanum infestation. The
results show that lotilaner sustains its speed of tick kill
advantage throughout the month-long treatment period.

In contrast, the speed of kill of the afoxolaner and combi-
nation sarolaner products declines between day 0 and 28.
Lotilaner’s rapid and consistent speed of kill can be ben-
eficial in reducing the risk of tick-borne pathogen trans-
mission and improving pet owner experience.
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