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Venom producing animals are ubiquitously disseminated among vertebrates and
invertebrates such as fish, snakes, scorpions, spiders, and ticks. Of the ~8080 tick species
woridwide, 27 have been confrmed o cause paralysis in mammalian hosts. The Australian
paralysis tick (xodes holocyclus) is the most potent paralyzing tick species known. It is an
indigenous three host tick species that secretes potent neurotoxdns known as holocyclotoxins
(HTs). Holocyclotoxins cause a severe and harmful taxicosis leading to a rapid flacdd pardysis
which can result in death of susceptble hosts such as dogs. Antivenins are generally
polyclonal antibody treatments developed in sheep, horses or camels to administer
following bites from venomous creatures. Cumrently, the methods to prevent or treat tick
paralysis relies upon chemica acaricide preventative treatments or prompt removal of all ticks
atached to the host followed by the administration of a commercial tick-antiserum (TAS)
respectively. However, these methods have several drawbacks such as poor efficacies, non-
standardized dosages, adverse effects and are expensive to administer. Recently the L
holocydus tick transariptome from salivary glands and viscera reported a large family of 19
holocydotoxdns at 38-09% peptide sequence identities. A pilot trial demonstrated that comect
folding of holooydotoxns is needed to induce protection from paralysis. The immunogenicity
of the holocyclotoxins were measured using commercial tick antiserum selecting HT2, HT4,
HT8 and HT11 for inclusion into the novel cocktail vaccine. A further 4 HTs HT1, HT12,HT14
and HT17) were added to the cocktal vaccine to ensure that the sequence varalion among
the HT protein family was encompassed in the formulation. A second frial comparing the
cocktall of 8 HTs to a placebo group demonstrated complete protection from tick challenge.
Here we report the first successful anti-venom vaccine protecting dogs from tick paralysis.

Keywords: cocktail vaccine, anti-paralys is vaccing, paralysis tick, lrodes holocywus, vaccine
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1. INTRODUCTION

Venom producing animals are ubiquitously distributed among
vertebrates and invertebrates like fish, snakes, scorpions, spiders,
and ticks (1, 2). Snake venoms are amongst the most highly
characterized of animal venoms and are conformed by a complex
mixture of pharmacologically active proteins and peptides (3)
conferring their toxicological property. Due to its incidence and
human impact, the World Health Organization recently
recognized snakebite as a neglected tropical disease that affects
~ 1.7 million per annum (3).

However, hematophagous invertebrates such as ticks are not
as well recognized as venomous animals (1). There are
approximately 890 tick species worldwide with 73 species
confirmed to be associated with host paralysis (4). These
include 27 species with evidence of paralysis, such as soft tick
species (n=8) from the genera Argas and Ornithodoros which
paralyze mostly livestock, and also hard tick species (n=19) from
the genera Ixodes, Amblyomma, Dermacentor, Haemaphysalis,
Hyalomma and Rhipicephalus which paralyze a broader list of
hosts induding humans, livestock, reptiles, companion animals
and rabbits (1,4, 5). Ixodes holocyclus and Ixodes cornuatus cause
paralysis in humans, domestic animals, and wildlife with an
eastern coast and southern Australian distribution respectively
(). The Australian paralysis tick (I. holocyclus) is the most
important tick species assodated with paralysis in Australia
distributed along the eastern coast from North Queensland to
the Lakes Entrance in the southern state of Victoria (6). [t has
been reported from an unpublished survey to cause tick paralysis
in approximately 10,000 to 100,000 animals annually with a
death rate of around 5% (7). The toxicity of I. holocyclus is caused
by a family of neurotoxins named ‘holocyclotoxins' present in
the tick saliva. The only toxin molecules that have been
characterized for any tick species is for the Australian paralysis
tick (8, 9), including demonstrated specific paralysis activity in
the mouse neonate model (8, 10). Additionally, there are several
bacterial pathogens transmitted by Australian ticks such as 1
holocyclus including Rickettsia australis (Queensland tick
typhus) and Coxiella burnetii () fever). Recently, I holocyclus
tick bites have been confirmed as the trigger for a mammalian
meat allergy in humans (11). Despite evidence from scientific
studies (transcriptomic, sentinel studies and antibody screens)
failing to show that the causative agent of Lyme disease Borrelia
burgdorferi sensu lato is present in Australia (10, 12), a similar
multisystem disorder has been identified with similar symptoms
in humans (13). Currently, in Australia, there is no formal
reporting system of paralysis tick cases with incidence data
only available from focused geographical or specific annual
survey reports (14, 15).

Antivenoms based on palydonal antibodies for treatments
against venoms of ticks, snakes, spiders, scorpions and other
species are produced in animals such as dogs, horses, camels and
sheep with research focusing on identifying safer inoculation
schedules (16-20). These antivenoms are the most effective
method to abrogate and treat paralysis by reducing the effect of
postsynaptic neurotoxins (21). Ticks are much smaller

producing minute volumes of saliva and thus collecting venom,
or salivary gland secretions requires a large number of ticks. For
ticks, where their size predudes physical extraction of venom,
antivenoms are produced commercially by feeding ticks on
canine hosts to obtain hyper-immune tick anti-serum (22, 23).
The antivenoms applied for presynaptic neurotoxins (such as
those present in the South American rattlesnake and the
Australian paralysis tick) is less successful if the paralysis has
progressed prior to treatment (24, 25). The paralysis caused by
these species are considered incidental and as such vacdnes do
not appear to be a priority as the delivery of treatment for bitten
individuals deemed the best approach to control neurotoxic
consequences (26, 27).

Chemical acaricides administrated topically or via collars
have been the most common methods used to prevent and
control paralysis ticks on companion animals (28). Oral
acaricides based on isoxazoline chemicals sold as Bravecto™
and NexGard® have been introduced (29, 30) which aim to
contral both paralysis ticks and fleas. New long acting collars
based on slow release Imidadoprid/flumethrin (Seresto™) have
shown promise more recently (31). However, the nisk of ticks
developing resistance remains and the adverse reactions of these
drugs warrant the treatments unsafe for some dogs and as such
new drugs continue to be developed by companion animal
product companies (32, 33). These preventative methods have
drawbacks with efficades of less than 100%, and a single
surviving tick(s) can kil a large dog (34), however the risk s
higher for smaller dogs as neurotoxin dose correlates with host
weight (14). Cats are more sensitive to these drugs thus other
options have been developed wsing dog orals as topicals with a
recent sudy examining 2077 cat cases to conclude that the
mortality risk for cats is low from paralysis caused by I
holocydus (35). The current treatment for tick paralysis relies
on the prompt removal of all attached ticks and the
administration of a commercial tick antiserum (TAS).
Morbidity and mortality rates decrease with TAS introduction.
It also has many drawbacks including: inhumane production (via
dog hyper-immunization), limited window of utility (needing to
be administered in the early stages of disease), non-standardized
dosage, side effects and varying potency between batches and
manufacturers (reviewed by 26). In the last few years,
commercial production of TAS has reduced to only one
Australian company (36), suggesting that the use of new oral
drugs in dogs has decreased the number for dog paralysis cases
and also the TAS commercial production need.

The notion of an anti-paralysis tick vaccne and the protective
attributes of hyperimmune dog serum to treat cases of paralysis
were first developed more than 80 years ago in a controlled study
with paralysis tick infected dogs (22, 23). Later studies also
demonstrated tick infestation of dogs to produce hyperimmune
dog serum (37), or to demonstrate protection from tick challenge,
which correlated to serum anti-toxin antibody titers (38). Other
studies using whole tick homogenates (39) or dissected salivary
gland extracts “toxcid’ also demonstrated protection from
challenge with L holocyclus in controlled dog studies. These
studies required large numbers of ticks and the preparation of
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native protein for the production of a potential crude vaccine
which was not commercially feasible. It was not until the 1990s
that neurotoxins or holocyclotoxins bound to rat brain
synaptosomes (pinched-off nerve terminals) were isolated as
three polypeptides HT'1, HT2 and HT39, Following N-terminal
sequencing, a partial sequence of holocydotoxin 1 (HT1) was
obtained, and PCR technologies were utilized to obtain the gene
sequence (40). It was not until 2014 and 2018 that the structure of
a chemically synthesized HT1 demonstrated four disulphide
bonds with three contributing to inhibitory cysteine knot matif,
and transcriptome sequencing identified a large holocyclotoxin
family of up to 19 neurotoxins respectively (10, 41). The
holocyclotoxin sequence identities varied from 38-99%,
suggesting the development of a vaccine may be challenging,

Currently, there are 19 characterized HTs (10), and identifying
the holocyclotoxins critical to paralysis may assist future vaccine
development. The present study aims to identify immunogenic
HTs following screening with dog anti-paralysis tick serum. Here
we describe the first successful anti-venom vaccine demonstrating
the protection of dogs from Ixodes holooyclus challenge.

2. MATERIALS AND METHODS

2.1 Holocyclotoxins and Immunogenicity
Screening With Polyclonal Tick Anti-Serum
A transcriptome database was produced following cDNA
sequencing of organs dissected from I. holocyclus females
collected from paralyzed dogs and cats as previously described
(10). Subsequenty to the publication in 2019, the database was
deposited into Genbank as the transcriptome shotgun assembly
(TSA) under accession GIBQO0000000 (see ‘Data Availability
Statement’ for more details). Transcriptome sequence data was
mined for homologues of HT1 (Accession AAV34602) and an
additional 18 full length transcripts were described with amino
acid sequences under accessions: HT2 (KP096302), HT3
KP096303), HT4 (KP963966), HT5 (KP096304), HT6
(KP096305), HT7 (KP096306), HT8 (KP096307), HT9
KP096308), HT10 (KP096309), HT11 (KP096310), HT12
(KP963967), HT13 (KP963968), HT14 (KP963969), HT15
(KP963970), HT16 (KT439073), HT17 (KT439074), HT18
(KT439075), and HT19 (KT439076), respectively. All HTs
used in ELISAs and immunizations were synthesized as
previously described using Fmoc chemistry (10).

Three different Summerland purified anti-tick serum batches
(2012-2014) (42) containing purified dog anti-tick
immunoglobulins at 500 anti-toxin units (ATU) per bottle
were screened against 19 synthetic holocydotoxins produced as
previously described (10) using ELISA. Nunc-Immuno™
MicroWell™ 96 well plates (Sigma-Aldrich, Australia) were
coated with 100 ng/well of each synthetic holocyclotoxin
diluted in carbonate buffer (0.1M sodium carbonate-
bicarbonate solution, pH 9.6) in duplicate and incubated
overnight at 4°C. HT13 was not screened due to poor synthetic
peptide preparation (data not shown). Control wells were coated
with 100 ng of I holecyclus salivary gland extract (positive

control) or bovine serum albumin (BSA) (negative contral).
Plates were washed three times with 200 puL wash buffer (WB:
0.05% Tween 20 in 10mM phosphate buffer saline, pH 7.4)
before blocking the wells with 200 pL blocking buffer (BB:
Pierce™ Protein Free PBS Blocking Buffer, Thermo Sdientific,
Australia) ovemight at 4°C. After blocking, the plates were
washed three times with 200 plL WB. Serial dilutions of
Summedand TAS starting at 1:500 in BB were added across
each row of the plates as the primary antibody and incubated for
lhr at room temperature (RT) on a platform shaker (Ratek
Instruments, Australia). After three washes, 100 pL of
horseradish peroxidase (HRP) conjugated- Sheep Anti-Dog
IgG (abcam®, Australia) diluted 1: 10,000 in BB were added to
the plates and incubated for 30 minutes at room temperature.
Subsequently, plates were washed five times with WB before 100
UL of 3.3',5,5'- Tetramethylbenzidine (TMB) was added to each
well (KPL, USA) and allowed to develop for 10 minutes. The
reaction was stopped with 100 plL 1M phosphoric acid
Absorbance was measured using the BioTek Epoch
Spectrophotometer with A= 450nm filter (Millennium Sdence,
Australia) and the end point titer was calculated as the reciprocal
of the dilution that reached the background absorbance of the
negative control (0D A= 450nm).

2.2 Dog Challenge Trials

These studies were conducted under the Australian Pesticide and
Veterinary Medicine Authority (APVMA) Small-scale Trials
Permit PER7250 at an R & D Centre, New South Wales,
Australia, approved by the Elanco Animal Ethics Committee.
Peptides for the dog trials were synthesized as previously
described using fmoc chemistry and confirmation of peptide
folding (10, 41).

221 Trial 1

An exploratory immunization experiment was carried out to
determine if HT peptide structure was important for
immunogenicity using three animal groups consisting of one
adult dog per group. The ‘unfolded’ preparation contained 1 mM
Dithiothreitol (DTT) to reduce the disulphide bonds forming
between cysteine residues of the HT peptides. Three adult female
kelpie cross Labrador dogs from the same litter of 5.25 years of
age at 189-20.2kg in weight were randomized into three
treatment groups. Group Il (Dog #62469) and 111 (Dog
#63458) were immunized with unfolded and folded peptides
respectively, and Group [ was the placebo control (Dog #70084)
treated with PBS and Incomplete Freund’s adjuvant (IFA). The
immunization was subcutaneous in the neck with 1 mL of IFA
containing 60 pg (~10.83 nmal ) each of 5 HTs (HT1, HT2, HT3,
HT4 and HT12) - thus a total of 300 pg (54.15 nmal) of protein ).
The first immunization was Day 0 with two booster injections at
14 and 28 days after the first dose. The dogs were observed for
signs of tick paralysis as summarized in Supplementary Table 1.

222 Trial 2

A double blinded, placebo-controlled pilot study designed to
compare the efficacy and safety of the peptide cocktail vacdne
and determine the antibody responses. The dog cohort consisted
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of three Beagles, one Beagle cross, two Huntaways, one Huntaway
cross and one Kelpie cross as two de-sexed males, four de-sexed
females and two fertile females. The dogs were two years and six
months old with one dog eight years ald. The eight dogs were
randomized into two groups and treated with either the vaccine
(HT cocktail, Group 2, Dog IDs: 34295, 55891, 64799, 68888;
#55891 included the single 8-year-ald dog) or a placebo control
{adjuvant only, Group 1, Dog 1Ds: 62458, 63061, 66324, 99768).
Eight HT peptides (HT1, HT2, HT4, HT8, HT11, HT12, HT14
and HT17) were formulated in IFA at 30ug (542 nmol) per
peptide with a total of 240pg (43.32 nmol) per dose per dog. These
were administered in three subcutaneous doses on days 0, 28 and
49, The dogs were observed for signs of tick paralysis as determined
by clinical observation and evaluated against a matrix of dlinical and
subclinical signs, as summarized in Supplementary Table 1.

2.3 Sera Collection

Sera were collected on days 0 (baseline), and 14, 28, 42 and 50
(Trial 1), and 28, 42, 63 and 66 (Trial 2) with antibody levels to
the HTs determined by ELISA ., Each dose was delivered to a new
site (left and right shoulder) to allow for the monitoring of
injection site reactions, After each vaccnation the dogs were
observed for signs of tick toxicosis every 3 hours ( + 30 mins) for
a period of 12 hours post vaccination, Personnel evaluating the
dogs were blinded.

2.4 Tick Challenge

The ticks were sourced from the Tweed Heads region of
Northem New South Wales, Australia (Latitude 28.1787° §,
Longitude 153.5370° E). Two weeks after the third vaccination
(trial 1 day 42, trial 2 day 63), in both trials the dogs were
challenged with one unfed adult female I. holocyclus ticks to
induce symptoms of toxicosis. At three days after tick attachment
(trial 1 day 45, trial 2 day 66, 72h post tick attachment) the dogs
were observed every 3 hours ( + 30 mins) for signs of toxicity
until the study end (trial 1 day 50, trial 2 day 70). Signs of tick
toxicosis were determined by clinical observation performed by
an appropriately trained person and evaluated against a matrix of
dinical and subdinical signs (Supplementary Table 1). A total
score of 20 was considered a diagnosis of toxicosis, however, the
attending veterinarian had the freedom to use their clinical
discretion to diagnose toxicosis using fewer variables.
Diagnosis of an individual dog with pamlysis occurs when the
dog reaches a total score of 20 across all 10 variables, or when the
attending or consulting veterinarian uses their discretion to make
a diagnosis based on one or more serious clinical signs, Once a
dog was diagnosed with paralysis, the dog was removed from the
study for clinical intervention.

2.5 ELISA Analysis of Sera From

Trials 1 and 2

Sera from dogs at days 0, 14, 28, 42 and 50 from Trial 1 and at
days 0, were screened in the HT ELISA as described above with
the following changes. Following the blocking step, serial
dilutions starting at 1:50 in BB of sera collected from each
treatment group was dispensed across the plates and incubated
for 1hr at oom temperature (RT) on a platform shaker (Ratek

Instruments, Australia). The negative control wells were coated
with HT and probed with day 0 sera pooled from all dogs in
experiment #1. Similarly, the positive control wells coating with
HTs and tested with commercial Summerland purified anti-tick
serum (TAS).

To determine the whole IgG and IgG1:1gG2 mtios from trial
2, the sera were screened using the HT ELISA with the following
amendments. Sera were tested in triplicate, altering only the
secondary antibody utilized each time. The secondary antibodies
were: HRP conjugated- Sheep Anti-Dog IgG (abcam®,
Australia); HRP conjugated- Sheep Anti-Dog IgG2 (Bethyl
Laboratories, USA); and HRP conjugated- Goat Anti-Dog
IgGl1 (Bethyl Laboratories, USA), each diluted at 1: 10, 000 in BB.

The final titers for the ELISAs were determined as the
reciprocal of the dilution that reached the background
absorbance of the negative contral.

2.6 Statistical Analyses

Data was transformed using the natural log (Ln2) to normalize
before analysis using statistical software. All analyses were
performed using GraphPad Prism software v6.0 (http:/fwww.
graphpad.com/scientific-software/prism/). Two-way ANOVA
with a Tukey’s multiple comparisons post-test determined the
variation between batches of TAS.

3. RESULTS

3.1 Identification of HTs From the Ixodes
holocyclus Transcriptome

Using the HT'1 sequence (AAV34602) identified in the 1990s,
our study identified a further 18 HT homologues (HT2-HT19)
from the I. holocyclus intemal organ transcriptome datall.
Cocktail vaccine discovery described here screened all HT
peptides except HT13 due to poor synthesis (data not shown ).

3.2 Holocyclotoxin Immunogenicity Using
Commercial Sera

Production of different batches of commerdal tick antiserum
(TAS) obtained in 2014, 2015 and 2016 were used to determine
the antibody titer against each synthetic holocydotoxin. In
ELISAs, these sera displayed a similar anti-HT IgG recognition
pattem, as presented in Figure 1. The most significant anti-HT
IgG titers were obtained for HT2, HT3, HT4, HT6, HTS, HT11
and HT19 when compared to all other taxins (p <0.05) with 1gG
titers ranging from 1: 80,000 w 1: 256,000. The rest of the HTs
had significantly higher titers ranging from 1: 16,000 to 1: 32,000
when compared to HT16 and HT17 (p <0.0001). The lowest IgG
titers were observed for HT16 and HT17 with 1: 2,000 and 1:

1,500, respectively.

3.3 Dog Immunization Trials

3.3.1 Trial 1 - Folded vs Unfolded Holocyclotoxin
Cocktail Vaccine (5 HTs) Tick Challenge in Dogs

Trial 1 aimed to investigate the safety of dog vaccination wsing
folded versus unfolded HTs mixed in a codktail of HT1, HT2,
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FIGURE 1 | Awerage lgG titer against syrthetic halooyciotoins present in fhees difienant production betches of commencsd fick anf-senum [Summeriand). Reauts
cisplayed &5 Maans 5D of end pairt tier in = 3). The and pant tter was detenmined as the recprocal of the diution thet reached the background absorbance
10D A = 450nm). Sigrificance was determinad by two-way ANCOVA with a Tukey's muitiple compareons post-best * jp < 0.05), * p <00001)

HT3, HT4 and HT12 using a single dog for each group. The dog
immunization was conducted on Days0, 14 and 28 with only one
dog per treatment including folded HTs (62469), unfolded HTs
(63458) and a placebo (70084), The analysis of the paralysis tick
symptoms in the folded HT dog (62469) showed only mild signs
of tick toxicosis with tick removal or treatment not required
(Table 1). This dog (62469) had an adult I. holocyclus tick
feeding throughout the whole challenge. Similar results were
observed for the placebo however, on final observations (144
hours post tick attachment), no ticks were found on this dog,
However, the dog immunized with the unfolded HTs (63458)
showed symptoms of tick paralysis, and the tick was removed at
84 hours post tick attachment (Table 2).

Specific HT' immunoglobulin induction was observed in the
dogs receiving the folded and unfolded formulations of the pilot
vaccine (Table 1). In dogs immunized with folded HTs and
unfolded HTs formulations, the IgG titers against HT1 and HT2
increased after the fist immunization, but no IgG titer was

detected for HT3, HT4, HT12. A boost of the IgG titer occurred
after the second and third immunization for all HTs in both
formulations, at 28 and 42 days, see Table 1. Following tick
infestation (at 50 days) the IgG titers were boosted for all HT's with
a maximum increase for HT2, HT3, HT4 and HT12 in the folded
HT (62469) and the unfolded HT (63458) immunized dogs At
this time, the anti-HT1 lgGs appeared to not change in both dogs
immunized with folded and unfolded formulations. Two-way
ANOVA with Tukey's post-test identified a significant increase
in the end point titers for all HTs compared to day 14 titer
(p<0.001) excluding HT1. This trial had only a single dog per
group, the placebo group tick challenge was not successful
However, it can be conduded that a folded HT formulation
protected the dog from tick paralysis after an active challenging
with an adult I. holocyclus tick. The unfolded peptide formulation
induced non-protective antibodies as paralysis symptoms were

observed after tick challenge. The tick paralysis symptoms in this
dog (63458) decreased following removal of the I holocydus tick.

TABLE 1 | IgC titers from dog Trial 1 with indhvidual dogs immunized with Foided and Unfoided HT formulsions conssting of HT1, HT2, HT3, HT4 and HT12.

HTs 1* Dose 2" Dose 2" Dose Tick Infestation Post Tick Infestation
Day 0 Day 14 Day 28 Day 42 Day 50
Folded
HT 0 3200 8400 B00 &0
HT2 0 200 6400 200 51200
HT3 0 0 200 1800 12800
HT4 0 0 800 12800 51200
HT12 0 0 400 2000 51200
Uhnf clicheacd
HT1 0 200 1600 800 800
HT2 0 50 800 200 25800
HTa 0 0 1600 1600 25600
HT4 0 0 400 800 12800
HT12 0 0 800 200 25800

immunizatbn schedule and ek hestason days ane deacrbed
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TABLE 2 | Trial 1 cinical data for cockiel veocine HT 1, HT2, HT3, HT4, HT12 as foided ve unfoided mmunzstona,

Treatmant group Clinical cbservations post ick attachment (PTA) Score” Treatment
Hours PTA Obsarvations
Group 1 #70084 Placabo 102 aligihthy el 840 -
105 Miad migna of fok toatooss 540 -
120 Mid gigns of Sck towooss 340 =
123 Mid sigrs of $ck toocoss 340 -
144 {no attached tick found) 340 -
Group 2 #62460 Folded HTa 102 alighthy el &40 -
105 Miad signa of tick toatooss 540 -
120 Wid gigns of tick towooss &40 =
123 Mid sigra of fick tosicoss 1/40 -
Group 3 #83458 Uriolded HTs 81 Urnwell, gore feet, did not jump, reduced gag refles, brght and shert 640 -
84 CQuiet, did not jump, stumbled, appette mantsined 11/40 Tick rermoved
ar Samilar 10 Bdhrs Ba0 -
80 Samilar 10 Bdhrs a0 -
23 Improvemant noted 5440 -
88 Armost nommal [ i -
102 Sora on back, reluctant © walk A -

*Madmum acore & 40 which descrbee severe paraksi and poor prognosls. Tota! soore e developihg wiaty which required withdrawsl fom the sfudy was =12 for <12 af the

vatednaian's diearedon); NA, not applicatie.

3.3.2 Trial 2 - Cocktail Vaccine (B HTs) Tick
Challenge in Dogs

Trial 2 included a combination of eight HTs with four HTs
selected due to high immunogenic recognition by palydonal dog
antisera, HT2, HT4, HT8 and HT11, see Figure 1. The
subsequent four HTs were selected to guarantee that sequence
variation of the entire HT protein family was included within the

cocktail, HT1, HT12, HT14 and HT17. Note that HT19 was also
highly immunogenic, yet its synthetic production was
unsuccesful, and thus HT19 was not added to the codktail
Immunizations and placebos (4 dogs per group) were delivered
on days 0, 28 and 49 followed by challenge with one unfed adult
female I holocyclus tick at day 62. Table 3 summarizes the
dinical observations for Trial 2.

TABLE 3 | Trial 2 cimical data for cockiall veocine HT 1, HT2, HT4, HTB, HT11, HT12, HT14 and HT17 as e cockisl immunization compared 1o the plcebo group.

Treatment Dog Clinical observations post tick attachment PTA) Score® Treatmaent
© Hours Observations
ml
Pacebo 62458 17 Overall chincsl tooscty 1% quartie 240
Group | Overall diseass judgment 19 quartie
153 Walks in circles with cifficulty; chimba stairs wih difficulty 740
Owverall teoocty in the 1% quartie; Parslyss reconded
I the first quartis, MWL test showed mild weskness ateds. Overall ioeicity judgment in the first questii.
Hind g weskress fwobbily when
156 Signeworsenad drasticaly, Scored 3 out of 4 on 7 of the 12 tests 25M40 Tick removed, tresed
with TAS, fully recoverad
83061 1688  MWid decrasse n gppeties, no oher agns of tooooss, hoks shil attached 0
66324 144 Lost engorged tick duning assessment 0
150 Chmbed stairs with dificutty, mild weaskness/staa in MM test Sight signs of hind leg weskness 340
156 Climbed & stairs but did not jump down 1/40
Shght agna of hind leg weakness
168 Cimbed stairs with dificulty, NVU® test showed milll weshnessstas toscty saon in first quartie, 640 Tick removed, fuly
paralyse scone in first quartile. Overall Ludgment of toeacty score in first quariie. recoverad wihoust
At and weak hind legs; Bpsods of Bboned brasthing. trestrient
29768 26 Tick could nat bea loasted, did not deveiop sgns of todcoss 0
Trestment 34205 168 Engorged Sick detached before final health check, no signs of todcoss 1]
Group I 64799
64833
55831 Sl headd angomead tick st hesith chack; dog quist and iow body terpersiue obhersess no sgre of toeoss 1]

“Time pohts whem all obeanvatibng wene 260 are not shown, exoapt the laef day of cbaarvatibng.
"\ faxinium iotal score k 41 which descrbas ssvere pamiyals and poor prognosks. Toml acore for developing faxiclly whith requied witidrawal fiom e study was > 12 for <12 af the

vaternaian's dearsdon].
A, reuromusculr junchbn.
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Administration of the vaccines was well tolerated. After the
first vaccination on day 0, approximately 3 hours after the
injection, a mild swelling at the injection site was observed in
one of four placebo dogs (63061) but did not appear to cause pain
and quickly resolved. Two of the four dogs (62458 and 66324) in
the placebo group developed clinical signs of tick toxicosis on day
69 at approximately 150 hrs post tick attachment (PTA). At 156
hrs PTA, one control dog (62458) required intervention and was
treated with tick anti-serum (TAS) resulting in a full recovery.
For the other placebo dog (66324) that displayed signs of
toxicosis, removal of the tick was sufficient to reverse the
dinical signs and no further treatment was necessary. At 96
hrs PTA, the tick attached to dog 99768 could not be located and
this dog did not develop signs of toxicosis. Dog 63061 in the
placebo group did not develop signs of toxicosis despite the tick
remaining attached until the final health check on day 70,
although a mild decrease in appetite was observed on days 69
and 70. Table 2 describes the dinical observations that were
made for the placebo treated animals (Group 1) from day 67
where there was a clinical observation greater than 0. Table 2
also summarizes the dinical observations that were made on the
last day of trial 2 for the immunized animals (Group 2), no signs
of toxicosis were identified at all previous health checks for the
immunized group. Ticks stayed attached to all of the dogs in the
immunized group (Group 2) until the final day (Day 70-final day
of assessment, 168 hrs post tick attachment). Mone of the
immunized dogs developed any signs of toxicosis.

Trial 2 observed an induction of HT specific IgGs in the dogs
receiving the HT cocktail vaccine (Figure 2). The IgG titer
induced against the HTs included in the cocktail increased
during the course of the tral, except for HT2, whose IgG titer
decreased between days 63 and 66. Spikes in [gG titers were
observed after each inoculation. The most antigenic toxins were
HT8 and HT 11 with average titers between 232,000 and 480,000

000 £
=T
00 b -T2
+ HT4
o r B-HTE
2
o =+=HT1
000
S BT 12
i 2md
3‘ oo | ©-HT1
5 -NT 17
]

at day 63. Two-Way ANOVA with Tukey's post-test determined
HT8 and HT11 to be significantly increased at days 63 and 66
compared to all other HTs (p<0.05). Atday 66, the least antigenic
holocydotoxins were HT14 and HT17 with average titers of
32,000 and 42,000, respectively. Analysis of anti-HT IgG titers
for individual dogs are shown in Supplementary Figure 1. IgG
ELI5 As of the dog serum samples analyzed at day 14 showed that
IgG2 was the principal IgG subdass developed against all HTs
under experimentation (Table 4). The 1gG1:1gG2 ratios ranged
from 1:1 to 1:64, however HT vaccinated dogs 34295 and 68888
had identical lgG1:1gG2 ratios for HT2 (1:1) and HT4 (1:1).

4. DISCUSSION

The primary host of I. holocyclus are Australian native
marsupials such as bandicoots, whereas livestock, companion
animals and humans are considered as secondary or incidental
hosts. The adult female I holocyclus produces the most harmful
form of tick paralysis compared to its counterparts Dermacentor
andersoni and Dermacentor variabilis in North America and
Rhipicephalus evertsi in Africa (reviewed by 4, 5, 43). The severity
of this toxicosis is observed principally in pets and domestic
animals but there have been reports of fatal pediatric/pediatric
cases (14, 26, 44—49). The dinical symptoms of paralysis ticks are
loss of appetite, voice alteration and loss of limb coordination.
Also, there is an ascending flaccd paralysis, excessive salivation,
asymmetric pupillary dilation and respimtory distress, reviewed
by (26).

Purification of neurotoxic components present in the
paralysis tick’s saliva were elusive since the first report by
Thum et al. in 1992 (%) and a proteomics study undertaken in
2008 failed to identify holocydotoxins (50). Up to twelve years
ago, the resources of tick protein databases were limited and thus

DAYS

FIGURE 2 | ELISA analyss with dog sera callected in Trial 2. Dog anti-halocyciotoxins G titer average displaved as mean + SO afier immunization with HT
cockdait HT1, HTZ, HT4, HTB, HT11, HT12, HT14 and HT17. The filrs were detminad as the recprocal of the last diution that geve a positve signal in
companiaon b the background ahaarbance fam the placebo dog 19G vaiues. Amows regresent dog mmunization dates Days 0. 28 and 49 The tick identfes the
dite dogs were challenged wih [ hobcoyclus urtied ackit female ticks. Data were analyzed by Two-Way ANOVA with Tukey's post-test (p < 0.05).

Fromtiers m mrmunoiogy | s rontsrsn.ong


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Focngues -valie &t al,

Art-Tick P fiyas Viacoms

TABLE 4 | The igG 1:1gGE2 ratos agenst aach holocyciiosn within the cocktal vaocination at 14 deys post mmunizaton in tral 2.

Dog ID IgG1:igG2 titer ratio
HT1 HT2 HT4 HTS HTH HT12 HT14 HT17
295 14 14 11 1:4 14 18 12
ezl 1:16 1:18 1:18 1:18 1464 1:32 18 14
it g o] 148 14 14 148 Lk 1:18 14
sk ] 12 11 11 LE 12 1:16 14

it was a bicinformatics hurdle to identify tick proteins using de
novo sequencing and mass spectrometry. Currently, the situation
is quite different with approximately 375 I. holocydus proteins
reported in NCBI (txid65647[Organism:noexp]), 149,746
proteins from Ixodes scapularis, and the L holocyclus database
deposited into Genbank (transcriptome shotgun assembly
GIBQOO000000) associated with the manuscript originally
describing the HT family published in 2018 (10).
Holocyclotoxins are described as a ~ 5kDa peptide that in
SDS-PAGE migrate at 40 - 80kDa (8, 40). It is not known if
these large HTs from extracted gel fragments are produced only
by HTs or whether HT carrier proteins are invalved This
phenomenon has previously been described for I. holocyelus
with ‘anti-toxin’ monocdonal antibodies recognizing 100-200
kDa proteins through western blot amalysis (51). Similar
inconsistencies have been identified for other paralysis causing
tick spedies with different size toxic fractions found in R. evertsi
evertsi (80-100kDa) and R. evertsi evertis monoconal antibodies
showed cross reactivity with A. walkerae toxins of different sizes
(5, 52, 53). Transcriptomic studies on these other tick species to
identify the coding regions of the corresponding toxins are yet to
be reported. With the advent of improved tick genome
sequencing combining improved long and short read
technologies (54, 55), it may be feasible to sequence genomes
which will assist to identify homologues of toxins in more tick
species. The genome sequence of a paralyzing tick species is yet
to be reported. Toxin or venom research reviews do not always
mention ticks most likely due to the fact that only toxins for [,
holocydus have been recently characterized (10). Nonetheless,
this study reports the development of an anti-paralysis tick
vaccine based on a cocktail of neurotoxins produced in the
venom of the adult female I holocyclus tick.

Recently, toxin -related sequence descriptions were identified
within the I. holocyclus dataset. Data showed that
holocyclotoxins belong to a multigene family of a highly
conserved inhibitor cysteine knot (ICK) motif (10, 56). These
cystine-rich peptides are present in the venoms of scorpions and
spiders and ICK motif conferred remarkable stability to these
peptides (57). Following the discovery in I holocyclus of a large
holocyclotoxin (HT) family of ~19 peptides (10), this report
confirms the identification of HTs included in a vaccine cocktail
able to protect dogs from tick challenge, Our study demonstrates
for the first time that folded HTs (cystine-rich peptide) induced a
strong and protective immune response compared to unfolded
holocyclotoxins. These toxins are cystine-rich peptides with
disulphide bridges that provide conformational rigidity to the
molecule, extreme stability to degradation by heat or enzymes

(40, 41, 57). There is a previous report of anti-toxin peptide
vaccination obtained using a linear epitope of the Loxosceles
intermedia (reduse spider) dermonecrotic protein isoform
(LiD1) showing a modest level of protection (58). However, a
continuous B-cell epitope of 27 amino acid related to a fragment
aof the Smase D protein induced 75% protection in vivo for lethal
doses of L. intermedia venom (59, 60).

The administration of an anti-paralysis tick serum (TAS) has
demonstrated neutralizing potency after envenomation with the
paralysis tick neurotoxins It also has many drawbacks, induding
inhumane production (through dog hyper-immunization),
limited window of efficacy (needing to be administered in the
early stages of paralysis), non-standardized dosages, side effecs
assodated with serum sickness, and varying potendies between
batches and manufacturers (reviewed by 26). The paralysis
caused by holocyclotoxins appears to be pre-synaptic (25),
hence, the anti-tick serum (TAS) used in Australia is
ineffective once the paralysis has progressed. Acaricides have
been the most dominant form of preventative treatment
However, the development of tick resistance to chemicals and
evidence of adverse reactions to certain chemicals for some pets
demonstrate the need for a safe preventative such as a vaccine. In
an attempt to remediate these drcumstances for other anti-
venoms, studies (20, 61-63) have used new biotechnological
tools to improve the efficacy, safety, and cost-effective
management of antivenin production, such as immunization
with synthetic peptide epitopes, recombinant toxins (or toxoids),
ar DNA. These methodologies reveal the potential for produding
antivenins with high therapeutic antibody titer and broad
neutralizing capacity (20, 61). Also, these approaches avoid the
use of venom in the production process, thus preventing the
difficulties related with animal captivity and venom collection
(20, 61-64). This study describes for the first time the
development of a neurotoxin cocktail vaccine demonstrating
dog protection from paralysis induced by female adult I
holocydus ticks, which could also enable the production of safe
anti-paralysis antivenins. Further larger trials would be necessary
to confirm the protective efficacy of the vaccine described by this
study using, for example, different breeds of dogs and a challenge
with a higher number of ticks.

The high titers of anti-holocyclotoxin IgGs induced after
immunizing dogs with the HT cocktail vaccine neutralized the
symptoms of the paralysis tick. In these experiments, the IgG
subclass predominantly stimulated was canine IgG2 (or 1gG- B
and C, as reported by Bergeron et. al, 2014 (65). Dog IgGs have
been divided into four subdasses, A-D (66), and subsequently
Bergeron et al. (65) showed that commercial anti-canine IgG1
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recognized the dog IgG subclasses A and D while anti-canine
IgG2 reacts with subclasses B and C. Based on the effector
function, canine IgG subclasses are analogous to their human
IgG counterparts. Canine immunoglobulins B and C are similar
to human IgG1 and IgG3, but A and D IgGs are most similar to
human IgG2 and IgG4 (65). These classes are known to be
stimulated by soluble proteins, corresponding with our vaccine
composition, and are potent triggers of effector mechanisms due
to strong FcyR engagement in anti-toxin activity (67, 68), Canine
IgG A and D are associated with more subtle responses caused by
aweaker FcyR engagement (64, 69). In addition, canine [gG2 has
previously correlated to the successful protection against diseases
and parasites in dogs. For example, high IgG2 titers in dogs
immunized with a cocktail peptide-based vaccine has been
associated with protection against leishmaniasis (70). The
evidence suggested that a preferential induction of the IgG2
subclass in dogs is correlated with a highly protective immune
response. [n this study, the immunization with HTs in an oil-
based adjuvant developed hyper immunity in dogs without
inducing symptoms of paralysis. Stone et al. reported different
results, as they detected paralysis symptoms in partially
immunized dogs (71, 72). These previous studies in optimizing
the production of anti-tick IgGs in dogs and rabbits reported a
very slow development and affinity maturity of protective
immunity caused by using toxin preparations of questionable
purity, and an inoculation regime of up to two-years to develop
sufficient protection (72). Thus, in the pursuit of a tick-paralysis
vaccine, synthetic or recombinant HTs offer a safe and cost-
effective vaccine delivery method.

In conclusion, we report the successful immunization of dogs
using a synthetic peptide toxin cocktail derived from a family of
holocyclotoxins identified in the Austrlian paralysis tick I.
holocyclus. Future research should focus on recombinant
production of the HT peptides, determining optimal dosages,
and vaccine longevity studies to ensure adoption of the vaccine to
protect companion pets from paralysis.
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