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Abstract

Background and Aim: African horse sickness (AHS) is a non-contagious, high mortality, and insect-borne disease caused
by a double-stranded RNA virus from the genus Orbivirus. The study aimed to develop inactivated vaccines serotype 1
inactivated AHS vaccine (IAV) and to compare the effect of IAV on antibody responses in young naive horses and adult
horses pre-immunized with live-attenuated AHS virus (AHSV) serotypes 1, 3, and 4 live-attenuated vaccine (LAV).

Materials and Methods: A total of 27 horses were vaccinated in two trials. Twelve AHS naive young horses and 15
adult horses were divided into three groups of 4 and 5 horses each, respectively. Horses in control Group 1 were treated
with phosphate-buffered saline. Horses in Group 2 were subcutaneously vaccinated with 2 mL of formulated AV with
10% Gel 01™ (Seppic, France) on day 0 and horses in Group 3 were subcutaneously vaccinated with 2 mL of IAV on
day 0 and a booster on day 28. The IAV vaccine was prepared by isolating the AHSV serotype 1 growing on Vero cells,
10x virus titer was concentrated by ultrafiltration and chemically killed by formalin, using 10% Gel 01™ as an adjuvant.
Ethylenediaminetetraacetic acid blood samples were taken for hematology, blood biochemistry, and antibody titers using an
immunoperoxidase monolayer assay on 158" day post-vaccination.

Results: Vaccination with IAV serotype 1 in adult horses pretreated with LAV increased antibody titers more than in young
naive vaccinated horses. The total leukocyte count and %neutrophils significantly increased, while %lymphocytes and
%eosinophils significantly decreased on day 1 after vaccination; no local reactions were observed at the site of injection in
any group. All biochemical and electrolyte analyte values were within the normal range after vaccination.

Conclusion: The formulation of IAV serotype 1 using Gel 01™ as an adjuvant is safe and induces high antibody titers.
This AV formulation induced a high antibody response in horses without causing local reactions and mild systemic
effects. However, AHS naive horses still required >2 vaccinations and an annual booster vaccination to achieve high
antibody titers.

Keywords: African horse sickness, inactivated vaccine, naive young horse.

Introduction horse deaths, draft power reduction, and blockade of
transportation and trade [2]. The AHS can result in
four classical forms of the disease: Pulmonary, car-
diac, mixed pulmonary and cardiac forms, and horse
sickness fever [3, 4]. The causative agent, AHS virus
(AHSV), genus Orbivirus, Reoviridae family, is a
multi-component linear double-stranded RNA, that
causes different forms of disease ranging from mild
fever to subacute and acute infections [3, 5]. The

African horse sickness (AHS) is a disease that
causes high mortality rates of up to 95% for naive
horses and with potential for rapid spread [1]. The
AHS outbreaks lead to huge economic losses by
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AHSYV is transmitted by biting midges (Culicoides
spp.); the disease is most prevalent in areas where
these vectors are most abundant. The hot-humid
climatic conditions of Thailand favor the rapid
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expansion of Culicoides biting midges for virus trans-
mission associated with climate change [6].

AHS is usually endemic in sub-Saharan Africa,
a controlled disease in South Africa, and periodically
reported in India, Pakistan, and Southeast Asia. In 2020
[7], AHS caused the death of 550 horses in Northeast
Thailand, while 20,000 were vaccinated using poly-
valent live attenuated AHS vaccine serotypes 1, 3,
and 4 (live-attenuated vaccine [LAV]; Onderstepoort
Biological Products). Thailand shares its international
boundaries with neighboring countries, including
southwest China which has a hot and humid climate.
The wide geographic distribution of Culicoides spp.
in hot and humid climates would play a role as a vec-
tor in the transmission of AHSV among neighboring
countries. The density of the horse population on the
southern border of China is more than that in Thailand
and neighboring countries. The prediction for an out-
break in a high-risk area, especially the southern part
of China, may be the risk of reintroducing AHS into
China [8]. On this basis, a protocol has proposed the
establishment of an AHS-free zone in Thailand which
is of great importance for the surveillance and control
of AHSV spreading. At present, prevention and con-
trol are based on controlling disease-spreading insects
and the use of multivalent cocktails of LAV vaccines.
The major concern of multivalent LAV vaccines refers
to residual virulence, reverse virulence, and reassort-
ment, subsequently leading to virus spread by midges,
reproduction losses, and virulent AHSV variants [1,
9]. Therefore, these factors need to be considered
when using multivalent LAV vaccines in an area with-
out prior history of AHS outbreaks. Inactivated AHS
vaccine (IAV) may be considered safe in this context,
as they have the advantage of not containing a live
and potentially dangerous agent. However, production
may be expensive and multiple inoculations may be
required to elicit and maintain high levels of protec-
tive immunity. It may also be difficult to ensure com-
plete vaccine inactivation [10]. This explains why few
[AVs are available on the market [11, 12]. To rapidly
establish the AHSV serotype involved in the out-
break, a team of researchers at the Queen Saovabha
Memorial Institute (QSMI) and Faculty of Veterinary
Science, Chulalongkorn University, developed inacti-
vated vaccines from serotypes 1 isolated from horse
fatalities in Thailand. Our study hypothesized that
in case of a recurring AHS epidemic in Thailand, a
well-characterized vaccine manufactured using a stan-
dardized method should be available shortly by QSMI
manufacturer(Thailand) and as soon as the responsi-
ble virus serotype has been identified.

Therefore, the study aimed to, first, determine the
AHSYV strain responsible for the emerging disease in
Thailand in 2020 to develop a vaccine with formulated
IAV containing serotypes 1 against AHSV; second, to
compare the effect of IAV serotype 1 on the immune
responses between 2—-3-year-old adult horses pre-vac-
cination with LAV and 6—7-month-old AHS naive

young horses. This study aimed to provide a descriptive
evaluation of serological monitoring of the vaccinated
equine population against wild-type AHSV infection
to quickly eradicate AHS in Thailand. Vaccination may
lead to the production of safe and effective IAVs that
protect equids against the disease before available new
vaccines platform in the future, i.e. modern recombi-
nant subunit AHS vaccines.

Materials and Methods

Ethical approval

All animal experiments were approved by the
Animal Ethics Committee in accordance with Queen
Saovabha Memorial Institute regulations and policies
governing the care and use of laboratory animals. The
study followed guidelines documented in ethical prin-
ciples and guidelines of the National Research Council
of Thailand for the care and the use of experimental
animals. (Protocol No. QSMI-ACUC-07-2021).

Study period and location

This study was divided into two parts; part 1
was performed for preliminary experiments in mice
at Department of Veterinary Medicine, and Veterinary
Diagnostic Laboratory, Faculty of Veterinary Science,
Chulalongkorn University, Bangkok, from February
2021 to May 2021. Part 2 of this study was performed
on horses for horse vaccination study at Horse Farm,
QSMI, Phetchaburi Province, and horse blood sam-
ples were collected and processed at Department of
Veterinary Medicine, Faculty of Veterinary Science,
Chulalongkorn University, Bangkokfrom June 2021
to February 2022. The laboratory investigation of
pathogenicity and vaccine efficacy study was con-
ducted both in the Faculty of Veterinary Science,
Chulalongkorn, and Horse Farm and Laboratory
Animal Breeding Centre, QSMI, Thai Red Cross
Society, Phetchaburi Province, Thailand.

Animals

The study was performed on mice and horses.
First, mice were used to investigate the safety of vac-
cine formulation and the immune response caused by
different types of adjuvants. Second, the best formu-
lated inactivated AHSV vaccine was applied to horses
to quantify antibody responses.

Horses

The horse farm housed approximately 500 mixed
breed horses kept in constant numbers due to a spe-
cific herd plan replacement.

Two trials were performed on both adults and
young horses (foals). The first was carried out on 15
adult horses, 2—3 years of age. Adult horses under-
went one vaccination course with a trivalent live-at-
tenuated AHS vaccine containing AHSV-1, 3, and 4
(LAV) 18 months before the current experiment. The
second trial was carried out in 6—7-month-old naive
young horses.

All'horses were kept in open paddocks. They were
fed concentrated pellet feed (1 kg/100 kg bodyweight)
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offered twice a day at around 06:00 h and 15:00 h. The
pellet feed compositions consisted of 19.5% protein,
5.69% fat, 7.1% fiber, 1.42% calcium, 0.85% phos-
phorus, and 10.1% moisture content. Roughage, either
grass or Pangola hay (1.5 kg/100 kg bodyweight) was
offered 3 times a day at about 06.00 h, 15.00 h, and
20.00 h. The horses had unlimited access to water.

Cell line

MARC-145 cells (Fetal monkey kidney cells,
Catalogue No. BSCL 127, Meat Animal Research
Center, Nebraska, USA) were cultured in T25 tis-
sue culture flasks with minimum essential medium
(MEM) (MEM, Gibco, UK) supplemented with fetal
bovine serum (FBS, Gibco, Germany). Cells were
passaged twice per week in T75 flasks at a density
of 1.5 x 10° cells/mL and incubated in a humidified
incubator at 37°C with 5% CO,. Viral stocks were
propagated in MARC-145 for vaccine production.
Vero (green monkey) cells (ATCC, CCL-81™, The
American Type Culture Collection, Rockville, Md.
USA) were used for immunoperoxidase monolayer
assay (IPMA) plate preparation.

Virus

According to the emerging AHS outbreaks
on the horse farm in Thailand, dead horses with
AHS clinical signs at QSMI underwent necropsy
to determine the cause of the horse’s sudden death.
The AHSV serotype 1 was positive in a quantitative
polymerase chain reaction (QPCR) from several tis-
sues of the dead horses, including the spleen, lung,
tracheobronchial, and mediastinal lymph nodes. For
virus isolation, lymph nodes from dead horses were
homogenized as a 10% (w/v) suspension in MEM
(Gibco, USA) containing 1% penicillin-streptomy-
cin (Sigma-Aldrich, Germany). The suspension was
clarified by centrifugation at 3500% g for 5 min, and
the supernatant was further diluted at 1:10 in MEM.
The diluted supernatant was sterile, filtered through a
0.2 wm filter (Sartorius, Germany) and inoculated into
MARC-145 cells which maintained in MEM with 5%
FBS and 1% penicillin-streptomycin. The culture was
incubated at 37°C with 5% CO, until apparency of
cytopathogenic effect (CPE) with plaque. Once CPE
was observed, the isolated AHS strains were quanti-
tated using qPCR. All collected virus samples con-
taining a sufficient high virus titer were pooled and
stored at —80°C as master seed virus [13].

Vaccine production

Marc-145 cells were incubated with the master
seed virus inoculum in MEM with 5% FBS and 1%
penicillin-streptomycin at 37°C with 5% CO,. The
AHSYV infectivity titers were calculated before con-
centration as >1 x 107 plaque-forming units/mL. After
7 days of infection, virus particles and cell suspension
were harvested by freeze-thawing 3 times. After cen-
trifugation, AHSV was inactivated by the addition of
0.1% formalin (Merck, Germany) and incubated for
2 weeks. The virus was concentrated 10 times and

formalin removed using the Labscale™ Tangential
Flow Filtration System (Millipore, USA) for proto-
type vaccine production. The inactivated virus solu-
tion was tested for residual viable virus by passaging
in MARC-145 cells in T75 tissue culture flasks. The
AHSV’s residual viral RNA was detected in the final
passages by PCR. All inactivated viral suspensions
were stored at 2—8°C until formulation with an adju-
vant [14, 15].

Vaccination design

As a first step, preliminary experiments were
carried out in mice using an inactivated AHSV sero-
type 1 formulated with two different adjuvants to study
safety and efficacy in mice before further application
in horses. The formulated vaccines were prepared
with two different types of adjuvants: Formulated
vaccine 1 contained adjuvant 10% Carbigen™ (MVP
adjuvants, Nebraska, USA) and formulated vaccine
2 contained adjuvant 10% Gel 01™ (Seppic, Paris,
France), to determine the most suitable vaccine in
mice. All vaccines were stored at 4-8°C and tested on
horses for safety.

Mouse immunization

Preliminary experiments in mice were per-
formed to select the best adjuvant regarding safety
and dosage before choosing immunization in horses.
Twenty-five mice were divided into three groups.
Group 1 comprised five mice as a control group and
was intramuscularly injected with 0.2 mL of phos-
phate-buffered saline (PBS, pH 7.4) on day 1 and
day 22. In Group 2, 10 mice were divided into sub-
groups I and subgroup II with five mice each, immu-
nized with intramuscular injection of either 0.2 mL or
0.4 mL of formulated inactivated AHSV serotype 1 in
10% Carbigen™, respectively, on day 1 and day 22
on each subgroup. In Group 3, 10 mice were divided
into subgroups I and subgroup II with five mice each,
immunized with intramuscular injection of 0.2 mL or
0.4 mL of formulated inactivated AHSV serotype 1
with 10% Gel 01™, respectively, on day 1 and day 22
in each subgroup. Blood samples were collected from
the tail vein after each immunization were stored in
ethylenediaminetetraacetic acid (EDTA) (days 1, 22,
and 36) for the determination of seroconversion using
IPMA. During the first 36 days after immunization,
the clinical signs of each mouse were inspected.

Vaccination in horses

Two trials for vaccination of formulated inac-
tivated AHSV serotype 1 in both adult and young
horses were carried out, as shown in the experimen-
tal protocol in Figure-1. In the first trial, 15 mixed-
breed adult horses of both sexes, aged 2—-3 years, were
selected for the study. Eighteen months before the
current experiment, all adult horses had been vacci-
nated with a LAV vaccine containing AHSV-1, 3, and
4. The horses were divided into three groups of five
horses each, the control group and two experimental
groups. In Group 1, five horses were subcutaneously
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injected on day 0 and day 28 with 2 mL of PBS as
control. Vaccines in both Groups 2 and 3 were pre-
pared with a freshly formulated inactivated AHSV
serotype 1 equivalent of tissue culture infective dose
(equivalent to £ 107 TCID50/mL) in 10% Gel 01™
for formulated TAV serotype 1. In Group 2, five horses
were immunized a single time by subcutaneous injec-
tion of 2 mL of TAV on day 0. In Group 3, five horses
were immunized twice by subcutaneous injection of
2 mL of IAV on day 0 and day 28. The booster vac-
cine administered subcutaneously on day 28 was the
same as the original vaccine. The formulated AV was
administered in the mid-third of the neck on the left
side and boost vaccination on the right side.

EDTA blood samples (20 mL) were obtained
from horses on days 0, 1, 2, 3, 5, 7, 14, 21, 28, 35,
42,49, 56, 70, 84, 98, 128, and 158 after vaccination.
On each specified day, blood samples were taken at
around 11:00 h after morning feeding to avoid daily
variations in activity during the experimental period.
Blood samples (whole blood and plasma) were col-
lected from the jugular vein by venipuncture and
immediately placed in an ice bath until plasma sep-
aration. Before centrifugation, blood samples were
analyzed for hematology and blood biochemistry with
automated in vitro diagnostic medical equipment. The
remaining blood was centrifuged at 3500 g for 10 min
to separate plasma and stored at —20°C for subsequent
analysis of IPMA immunoglobulin G (IgG). The
plasma samples from each specified day after IAV
vaccination were monitored for the determination
of AHSV antigen by qPCR, performed parallel with
IPMA IgG analysis. The rectal temperature of each
horse was also recorded before blood collection.

In trial 2, twelve 6—7-month-old mixed breed
naive young horses of both sexes were selected for
the study. The young horses were divided into three
groups with four animals each. The procedures were as
in trial 1, including the control group and two experi-
mental groups. Group 1 comprised four horses subcu-
taneously injected on day 0 and day 28 with 2 mL of
PBS as control. In Group 2, four young horses were
immunized by subcutaneous injection of 2 mL of AV
on day 0. In Group 3, four young horses were immu-
nized by subcutaneous injection of 2 mL of IAV with
boost vaccinations at a 4-week interval on days 0 and
28. Blood samples were obtained from young horses 4 h
after morning feeding on days 0, 1, 2, 3, 5, 7, 14, 21, 28,
35,42, 49, 56, 70, 84, 98, 128, and 158 after vaccina-
tion. The EDTA blood sample was divided into portions
for antibody measurements, determination of AHSV
antigen by qPCR testing, and hematology and blood
biochemistry. The rectal temperature of each horse was
recorded before blood collection on each blood sam-
pling day.

Detection and quantification of IgG against AHSV

Specific IgG antibodies against AHSV in sera
samples were determined by IPMA. The IPMA
plates specific to AHS were prepared as described by
Wattanaphansak et al. [16] with slight modifications.
Briefly, AHSV was inoculated in 1-day-old Vero cells
in 96-well plates. The maintained medium (MEM, 2%
FBS, 0.5% L-glutamine, and 100 pg gentamicin) was
added to coculture with virus inoculums. The plates
were incubated at 37°C for 7 days. The supernatant in
each well was harvested and 100 uL of 1:1 cold ace-
tone: methanol were added. After 1 min of incubation,
the suspension was discarded, and the infected plates

Group 1
(Control )
Blood samplings 0 13 5 7 14 21 28 42 49 56 70 84 98 128 |s8
I I Time (days)
2 ml s.c PBS 2 mls.c PBS
Group 2
Bloodsamplings 0 13 5 7 14 21 28 35 42 49 56 70 84 98 128 158
l Time (days)
2 ml s.c 1AV Y
Group 3
Blood samplings 0 13 5 7 14 21 28 42 49 56 70 84 98 128 |sg
I I Time (days
2 ml s.c IAV 2 ml's.c IAV )

Figure-1: Schematic representation of experimental timeline for measuring antibody titers and physiological parameters
(hematology, blood biochemistry, and rectal temperature) response to subcutaneous vaccination (s.c) of formulated
inactivated African horse sickness vaccine serotype 1 (IAV) in naive young horses or adult horses pretreated with the first
injection of live-attenuated vaccine serotypes 1, 3, and 4. There are three groups in either naive young horses or adult
horses: Group 1 (control) treated with s.c injection of phosphate-buffered saline on day 0 and day 28, Group 2 treated with
s.c injection of IAV on day 0, and Group 3 treated with s.c injection of IAV on day 0 and booster on day 28. Blood samples
in ethylenediaminetetraacetic acid were taken from the jugular vein at each specified day for 158 days after vaccination.
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were kept at —20°C until further use. For IPMA stain-
ing, sera samples were diluted with 5% skim milk in
PBS containing 0.05% Tween 20 (PBST) to 1:30, 1:60,
1:120, 1:240, 1:480, and 1:960 concentrations. The
96-well plates containing AHSV were rehydrated with
distilled water for 30 min. Each sample (50 uL) was
applied to each well and incubated at 37°C for 45 min.
After incubation, the suspension was discarded, and
the plates were washed 3 times with PBS. The second-
ary conjugate, horseradish peroxidase rabbit anti-horse
IgG (A9292, Sigma, at dilution 1:2,000), was diluted
in PBST. Each secondary antibody (50 uL) was added
per well and incubated for 45 min. After three washes
with PBS, 100 uL of freshly prepared chromogen solu-
tion (500 puL of 3-amino-9-ethyl-carbazol, 9.5 mL of
acetate buffer, and 5 uL of 30% hydrogen peroxide)
was added and incubated at room temperature (28°C)
for 20 min and the solution discards by three washes
with distilled water. The dry stained plates were read
under an inverted microscope (CKX41, Olympus,
Japan) to determine the final antibodies titer.
Hematology,
temperature

Hematology, blood biochemistry, and body
temperature were calculated to assess the effect of
IAV vaccination. Blood samples were obtained from
horses on each specified day, on day 0 before vacci-
nation, and on subsequent days up to 42 days after
vaccination. Part of the anticoagulated blood was
used for hematology analysis. Various hematological
parameters, namely, total erythrocyte count (red blood
cells), packed cell volume, hemoglobin, total leuko-
cyte count, white blood count (WBC), and white cell
differential counts for neutrophils, monocytes, lym-
phocytes, eosinophils, and basophils were determined
using an automated hematology analyzer (IDEXX
ProCyte Dx, Westbrook, USA). Blood biochemistries
were measured with a Vet Test Chemistry Analyzer
(IDEXX, UK). Body temperature was measured
between 11.00 and 12.00 on each specified day using
a digital thermometer through rectal temperature.

plasma biochemistry, and body

Statistical analysis

All measurement data of hematology, blood bio-
chemistry, and rectal temperature are shown as the
means + standard deviation (SD). The paired t-test
was used to estimate significant differences between
values obtained from day 0 (control) and each speci-
fied day after vaccination in the same group. p < 0.05
was considered to indicate statistical significance.

Results
Immunogenicity of inactivated AHSV formulated
with different adjuvants in mice

Three weeks after initial immunization with
0.2 mL PBS and boost on day 21, mice in Group 1
remained negative for IPMA IgG on 22 days post-vac-
cination and 36 days after boost immunization. In
Group 2, one out of five mice receiving 0.2 mL of for-
mulated inactivated AHSV antigen in 10% Carbigen™

was positive for IPMA IgG at 1:60, 1:120, and 1:30 on
day 14, day 22, and day 36 after vaccination, respec-
tively. Among mice immunized with 0.4 mL of formu-
lated AHSV antigen in 10% Carbigen™ on day 0 and
boosted on day 21, two out of five mice were positive
for IPMA IgG at 1:60, 1:30, and 1:30 on day 14, day 22,
and day 36, respectively. Interestingly, two out of five
mice receiving 0.2 mL of formulated AHSV antigen in
10% Gel 01™ (Group 3) were positive for [IPMA IgG
(endpoint) at 1:30-1:120, 1:60-1:120, and 1:60 on
day 14, day 22, and day 36, respectively. Moreover,
increasing formulated AHSV antigen concentration
(from 0.2 to 0.4 mL) in 10% Gel 01™ could increase
the number of positive mice and the seroconversion
level. Four out of five mice were positive for IgG
against AHSV at 1:60-1:120 on day 14, 1:30-1:60 on
day 22, and 1:30-1:120 on day 36, respectively. Based
on these results, the formulated AHSV antigen in 10%
Gel 01™ was the most promising adjuvant in terms of
safety and dosage to formulate [AVs.
Immunogenicity with formulated IAV serotype 1 in
adults and naive horses

The effects of subcutaneous vaccination of for-
mulated TAV with 10% Gel 01™ (Seppic, France) on
antibody responses were performed in three groups of
horses in trial 1 and trial 2 (Figure-2).

In Group 1, the IPMA IgG levels of unvacci-
nated adult horses and naive young horses remained
negative after subcutaneous injection with PBS
(Figures-2a and b); however, low antibody titers (1:30)
were still detected in some adult horses pretreated with
LAYV about 18 months before the present study.

In Group 2, all horses showed seroconversion for
2 weeks and more increased antibody titers in adult
horses. The peak of antibody titers of four out of five
horses maximally increased (1:240), having a more
prolonged peak of antibody titers, approximately from
day 14 to 36 followed by a gradual decline to control
levels from day 42 to 56 after vaccination (Figure-2c).
In comparison to naive young horses in Group 2 in
trial 2, the prime vaccination with AV showed a
positive response to an increase in antibody titers on
day 14 in all young horses but one out of four young
horses showed an increase in high antibody titer close
to 1:240 on day 21. After a transient increase in anti-
body titers occurred for 21 days, a gradual reduction
in antibody titers occurred to the initial level on day
28 after vaccination (Figure-2d).

In Group 3, both adult horses and naive young
horses showed an increase in antibody titers after initial
vaccination with IAV on day 0. The highest titers for
adult and young horses were 1:480 on day 14 and 1:240
on day 21, respectively. These antibody titers apparently
decreased on day 28 before boost vaccination. After
boosting on day 28, the highest antibody titers (1:480)
were detected between days 36 and 42 in adult horses,
while the highest antibody titers of 1:480 were detected
on day 42 in two young naive horses. The high antibody
titers in all horses decreased on days 49-56 for adult
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Figure-2: Effects of vaccination with inactivated African horse sickness (AHS) virus serotype 1 (IAV) formulated with 10%
Gel 01™ (IAV) on antibody titers (immunoperoxidase monolayer assay-immunoglobulin G [IPMA-IgG]). Horses in each
group were subcutaneously injected with phosphate-buffered saline or IAV vaccine on day 0 and day 28 (indicated arrow).
(@) The antibody titers were analyzed on each specified day in adult horses in Group 1, (b) young horses in Group 1, (c)
adult horses in Group 2, (d) young horses in Group 2, (e) adult horses in Group 3, and (f) young horses in Group 3. Y-axis
shows antibody titers according to the level of seroconversion IPMA-IgG (endpoint).

horses and on day 49 for young horses. The antibody
titers of three out of five adult horses decreased to 1:240
on day 49, while in the other two adult horses decreased
to 1:120 on day 56. These antibody titer levels were
sustained throughout the study period (Figure-2e). This
pattern of antibody titers differed from young horses,
in that four horses showed decreasing titers to 1:120 on
day 49 after vaccination and were sustained throughout
the study (Figure-2f). In conclusion, IAV with 10% Gel
01™ adjuvant might be the most promising formula-
tion, although improvement by minimizing adverse
effects and increase of the mean antibody titers in young
horses and further study for serum neutralization tests
are needed to guarantee safety, efficacy, and protection.

However, EDTA plasma samples from each spec-
ified day after IAV vaccination in both naive young
and adult horses were monitored for the determina-
tion of AHSV antigen by qPCR. The negative qPCR
results revealed no virus in the plasma each day up to
158 days post-vaccination (data not shown).
Changes in body temperatures and local reactions
after vaccination

The mean body temperature in young and adult
horses during IAV vaccinations did not differ from those
of controls for 42 days post-vaccination (Figures-3a-f).
On day 1 post-vaccination, a slight elevation of rectal
temperature was found in some horses, particularly in
the afternoon; however, no significant difference was
noted with respect to that on day 0. No significant

changes in any other clinical signs were recorded over
the observation time, including no skin thickening at
the site of IAV injection. The variations in estimated
rectal temperatures would relate to environmental
temperatures, lower in the morning and peaking in the
afternoon. Rectal temperatures remained in the normal
range for horses, from 37.2°C to 38.9°C.
Changes in hematological values in horses vacci-
nated with IAV

All hematological values (mean + SD) were
measured on day 0 (control) and various time points
after vaccination on day 1-day 42 in adult horses and
naive young horses. In addition, Figure-4 shows that
after initial IAV vaccination on day 0, in Groups 2 and
3 of both naive young and adult horses pretreated with
LAYV vaccine, the total WBC and white cell differen-
tial counts for neutrophils on day 1 were significantly
higher (p < 0.05) than those of the control on day 0,
while white cell differential counts for lymphocytes
and eosinophils significantly decreased (p < 0.05) on
day 1 after AV vaccination in both groups in adult and
naive young horses. These values returned to control
values on day 0 within the next 2—3 days after vacci-
nation. In addition, no other hematological parameters
differed between the control on day 0 and other days
after vaccination over the 42 days of study (S1 and
S2). There were no alterations in any hematological
parameters from day O to day 42 in animals receiving
PBS injections on day 0 and day 28.
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Figure-3: Effects of vaccination with inactivated African horse sickness virus serotype 1 (IAV) formulated with 10% Gel
01™ on body temperature. Horses have subcutaneously injected with phosphate-buffered saline or IAV vaccine on day 0
and day 28 (indicated arrow). The rectal temperatures were measured between 11:00 and 12:00 h of each specified day in
adult horses in Group 1 (a), young horses in Group 1 (b), adult horses in Group 2 (c), young horses in Group 2 (d), adult
horses in Group 3 (e), and young horses in Group 3 (f). The red line in each group represents the mean values of rectal

temperature (mean + standard deviation).

Biochemical
with IAV

According to the present study, a more compre-
hensive study of blood biochemistry can help under-
stand significant adverse effects after vaccination.
All plasma biochemical and electrolyte parameters of
adult and young horses revealed no significant differ-
ences between day 0 and day 30 after vaccination. The
glucose, creatinine, urea, phosphorus, calcium, total
protein, albumin, globulin, aspartate aminotransferase,
gamma-glutamyltransferase, and alkaline phosphatase
plasma concentrations were within normal limits.

parameters in horses vaccinated

Discussion

In the present study, to develop inactivated AHS
vaccines, inactivated AHSV serotype 1 formulated
with appropriated adjuvants was studied as a proto-
type vaccine on efficacy and safety concerning local
reactions. The best available AHS vaccine is needed
to induce the neutralizing antibody response in protec-
tion. However, many studies revealed a possible evi-
dence concern of multivalent LAVs, which is not safe
concerning residual virulence, reverse virulence, reas-
sortment, and subsequently leading to virus spread
by midges, reproduction losses, and virulent AHSV
variants [1, 9]. These effects were examined and com-
pared with those of studies on the use of attenuated

vaccines of bluetongue virus (BTV), a prototype of
the genus Orbivirus, which morphological character-
istics are identical to those of AHSV, which was not
recommended and the recent BTV outbreak in Europe
was controlled using inactivated vaccines [17, 18].
Furthermore, the use of monovalent AHS vaccines
is beneficial and effective against only one serotype
of the infecting strain, while polyvalent vaccines are
effective against >2 serotypes of the virus causing the
outbreak [19]. Polyvalent AHS vaccines significantly
reduce the impact of AHS, despite outbreaks even in
well-vaccinated horses; the vaccine itself has occa-
sionally caused disease in inoculated horses [20, 21].
Moreover, a case of polyvalent AHS vaccine failure
in a 5-year-old polo mare has been noted [22].These
disadvantages hamper disease control and safe move-
ment and trade of LAV vaccinated horses. Therefore,
the choice of AHS vaccine types is important, partic-
ularly the use of multivalent LAVs in areas without
prior AHS outbreaks.

The Livestock Department attempts to control
AHS as an emerging disease using available live-at-
tenuated AHS vaccine serotypes 1, 3, and 4, although
several reports indicated that IAV should be a choice
to use in a regimen for immunization in the horse
in an area where no current outbreaks of AHS were
before. In the present study, we developed formulated
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Figure-4: Effects of subcutaneous injection of formulated inactivated African horse sickness virus serotype 1 (IAV) on the
changes in total white blood cell count (a, b), and differential counts [neutrophils (c, d), lymphocytes (e, f), and eosinophils
(g, h)] on day 1 (+IAV1) and day 28 (£IAV28) after vaccination in three groups of either adult horses pretreated with
live-attenuated vaccine or naive young horses. Group 1 was control that received phosphate-buffered saline. Group 2
vaccinated with IAV on day 0. Group 3 vaccinated with IAV on day 0 and 28. ns=Non-significant; the significant difference

by paired t-test with control (*p < 0.05 and **p < 0.01).

inactivated AHSV serotype 1 (IAV) with 10% Gel
01™ as an adjuvant as a prototype vaccine and evalu-
ated its efficacy and safety.

The present vaccination was performed by sub-
cutaneous injection of 2 mL IAV formulated in 10%
Gel 01™, This formulated IAV did not induce local
reactions at the site of vaccination in either adult or

naive young horses; these remained invisible through-
out the 158-day experimental period. However, rectal
temperature slightly increased for 1 day after vaccina-
tion compared to day 0, in 2/5 adult horses (Figure-3).
There were no alterations in hematological values over
42 days in control horses receiving PBS injections
on day 0 and day 28. In both young and adult horses
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receiving the formulated 1AV, the leukocytes count and
%neutrophils count on day 1 were significant higher
(p < 0.05) than those of the control on day 0, while
%Ilymphocytes and eosinophil count significantly
decreased on day 1 after IAV vaccination. These val-
ues returned to control values on day 0 within the next
2-3 days. These changes in white blood cells could be
attributed to a bodily response to the first vaccination;
especially, lymphopenia would probably be a response
to stress and the viral load in the vaccine [23]. These
results do not imply [AV-induced viremia, since the
plasma samples of both naive young horses and adult
horses on each day up to 158 days after [AV vaccina-
tion were negative in qPCR testing for the AHSV anti-
gen. However, other mechanisms, for example, stress,
failure to rest, and improper timing for vaccination,
should be considered [24].

Clearly, the mild local reactions in both young
horses and adult horses, resulting from inactivated
AHSV serotype 1 using 10% Gel 01™ as adjuvant
differed from the previous reports [25], showing
adverse effects and inflammatory local reactions after
vaccination with AHS comparing intramuscular vac-
cination with subcutaneous vaccination of formulated
IAV with water based adjuvant gel and immune stim-
ulating complex as adjuvants, indicating that local
reactions by intramuscular vaccinations were less than
by subcutaneous vaccinations for both formulations.
Subcutaneous vaccination rout can induce temporary
or long-term local reactions in some horses; this safety
aspect is extremely important for the equestrian indus-
try and owners of pet horses. The differing results
might arise from different formulations and adjuvant
types. In the present study, cell culture AHSV sero-
type 1 was produced on monolayers of Vero cells by
serial refreshing of culture medium, and harvests of
culture medium were pooled and used as AHSV anti-
gen. Culture medium harvests of cell culture before
cytopathogenic effect (CPE) contained >107 TCID50/
mL AHSV serotype 1. Pooled harvests are free of cell
components and free of non-structural AHSV pro-
teins. Costly down processing steps, such as purifi-
cation and concentration of produced AHSV antigen
[26], were not needed.

We compared the immune responses to the
administration of formulated IAV between naive
young and adult horses pre-immunization with poly-
valent LAV serotypes 1, 3, and 4.

In this study, the similar vaccination route and
amount of antigen and adjuvant in the 1AV prepara-
tion used in the present study showed fast increases
in antibody titers in adult horses pretreated with LAV
vaccines in contrast to naive young horses with a pri-
mary AV injection, despite a correlation between the
amount of antigen and antibody response [27]. These
results may be explained by a mechanism involving
the adaptive immune system. The B lymphocytes of
adult horses would form memory B cells that “remem-
ber” the first LAV injection (containing serotypes 1, 3,

and 4). The AHSV serotype 1 in the formulated IAV
vaccine in the present study may induce faster anti-
body production in the second induction, even though
memory B cells circulate in a quiescent state in the
bloodstream and low antibody titers were found on
day O in the adult horses in the present experiment.
Memory B cell’s function is to memorize the charac-
teristics of the antigen that activated their parent B cell
during the initial infection such that if the memory B
cell later encounters the same antigen, it triggers an
accelerated and robust secondary immune response.
Memory B cells have B-cell receptors on their cell
membrane, identical to the one on their parent cell,
that allows them to recognize AHSV serotype 1 and
mount a specific antibody response [28]. Thus, the
primary injection of formulated IAV vaccine in adult
horses immunized with a LAV vaccine would induce
rapid high antibody titers than those of naive horses
with the primary injection of formulated [AV vaccine.
However, antibody titers of adult horses were immu-
nized by one injection of LAV vaccines remained
low (1:30-1:60) at 18 months after immunization
(Figure-2a). Our results showed dissimilarity anti-
body responses between horses pre-vaccinated with
the LAV vaccine and naive young vaccinated horses.
The high antibodies titers responses remained high
1-2 months after the first injection in adult horses sug-
gest that the fast responses in adult horses pretreated
with the LAV vaccine. This may be explained, at least
in part, by immune responses and host factors such as
age and health but not the nature of the vaccine itself
could explain this effect. However, a single AV sero-
type is necessary for controlling outbreaks where the
specific AHSV serotype is known. Importantly, naive
horses vaccinated with formulated IAV serotype 1
after boosting on day 28 developed an appropriate
high antibody titer after a second booster. Under cur-
rent circumstances of the short immune responses, it
needs revaccination of the third booster of 1AV vac-
cine after 6 months of vaccination within a year. The
present results would support a previous study show-
ing that horses vaccinated with single serotypes need
a booster after 6 months and simultaneously immu-
nized horses need it after 12 months [29], even if inac-
tivated Orbivirus vaccines are safe, as the virus does
not revert to virulence or cause viremia in vaccinated
animals or reassort with field Orbivirus strains [30].
However, recent research has shown that multiple
vaccinations with AV containing all nine serotypes
did not prevent AHSV in approximately 10% of vacci-
nated horses despite high neutralizing antibodies [31].

Conclusion

The present study indicates that administration
of an TAV serotype 1 formulation using 10% Gel 01™
as an adjuvant is safe and induces a high antibody
response in horses without local reaction and mild
systemic effects in both naive young and adult horses
pre-immunized with LAV. The present study suggests
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that to achieve high immune responses in young vac-
cinated horses with formulated IAV serotype 1, a
third dose IAV vaccine at 6 months of vaccination is
needed. Naive horses required >2 vaccinations and
annual booster vaccination to achieve high antibody
titers. To better understand the immune response
and develop more effective and safer vaccines, fur-
ther research on better adjuvants for use in horses is
needed to develop safe, efficacious, and acceptable
AIS for horse owners.

Data Availability

The supplementary data can be available from
the corresponding author on a reasonable request.

Authors’ Contributions

NC, SW, RT, SA, SO, and DN: Contributed to the
conception and designed the study. NC, SW, RT, and
SA: Contributed reagents, materials, and analytic tools.
SW, SA, SO, and DN: Performed the animal experi-
ments. NC, SW, and SO: Statistical analysis and inter-
pretation. NC and SW: Wrote and revised the paper. All
authors have read and approved the final manuscript.

Acknowledgments

This work was financially supported by
Education and Research Management Committee,
Thai Red Cross Society fund 2021 (No.55/2564). We
thank Professor Dr. Visith Sitprija, Director of QSMI,
for providing necessary facilities for the study.

Competing Interests

The authors declare that they have no competing
interests.

Publisher’s Note

Veterinary World remains neutral with regard
to jurisdictional claims in published institutional
affiliation.

References

1. Mellor, P.S. and Hamblin, C. (2004) African horse sickness.
Vet. Res., 35(4): 445-466.

2. Diouf, N.D., Etter, E., Lo, M.M., Lo, M. and Akakpo, A.J.
(2012) Outbreaks of African horse sickness in Senegal, and
methods of control of the 2007 epidemic. Vet. Rec., 172(6): 152.

3. Fernandez, P.J. and White, W.R. (2010) African horse sick-
ness. In: Ferndndez, P.J. and White, W.R. editors. Atlas of
Transboundary Animal Diseases. OIE, Paris. p11-18.

4. Erasmus, B.J. (1973) The pathogenesis of African horse
sickness. In: Bryans, J.T. and Gerber, H., editors. Equine
Infectious Diseases. 3™ ed., Vol. 3. Proceedings International
Conference Equine Infectious, Diseases, Paris, France,
Karger Publishers, Switzerland. p1-11.

5. Dennis, S.J., Meyers, A.E., Hitzeroth, L.I. and Rybicki, E.P.
(2019) African horse sickness: A review of current under-
standing and vaccine development. Viruses, 11(9): 844.

6. Wittmann, E.J. and Baylis, M. (2000) Climate change:
Effects on culicoides-transmitted viruses and implications
for the UK. Vet. J., 160(2): 107-117.

7. Lu, G., Pan, J,, Ou, J., Shao, R., Hu, X., Wang, C. and Li, S.
(2020) African horse sickness: Its emergence in Thailand
and potential threat to other Asian countries. Trans. Emerg.
Dis., 67(5): 1751-1753.

8.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Gao, S., Zeng, Z., Wang, H.N., Chen, F.Y., Huang, L.Y.
and Wang, X.L. (2022) Predicting the possibility of African
horse sickness (AHS) introduction into China using spatial
risk analysis and habitat connectivity of Culicoides. Sci.
Rep., 12:3910.

Weyer, C.T., Grewar, J.D., Burger, P., Rossouw, E.,
Lourens, C., Joone, C., le Grange, M., Coetzee, P.,
Venter, E., Martin, D.P., MacLachlan, N.J. and Guthrie, A.J.
(2016) African horse sickness caused by genome reassort-
ment and reversion to virulence of live, attenuated vac-
cine viruses, South Africa, 2004—2014. Emerg. Infect Dis.,
22(12):2087-2096.

Laegreid, W.W. (1996) African horse sickness. In:
Studdert, M.J., editor. Virus Infections of Vertebrates, Virus
Infections of Equines. Vol. 6. Elsevier Press, Amsterdam.
p101-123.

Dudourget, P., Preaud, J.M., Detraz, F., Lacoste, A.C.,
Erasmus, B.J. and Lombard, M. (1992) Development, pro-
duction and quality control of an industrial inactivated vac-
cine against African horse sickness virus Type 4. In: Walton,
T.W. and Osburn, B.I., editors. Bluetongue, African Horse
Sickness and Related Orbiviruses. CRC Press, Boca Raton.
p874-886.

House, J.A., Lombard, M., Dubourget, P., House, C. and
Mebus, C.A. (1994) Further studies on the efficacy of an
inactivated African horse sickness Type 4 vaccine. Vaccine,
12(2): 142-144.

OIE. (2018) African horse sickness. In: Manual of
Diagnostic Tests and Vaccines for Terrestrial Animals.
8" ed. OIE, Paris. p1237-1252.

Dubourget, P., Preaud, J.M., Detraz, N., Lacoste, F.,
Fabry, .C., Erasmus, B.J. and Lombard, M. (1992)
Development, production, and quality control of an
industrial inactivated vaccine against African horse
sickness virus Type 4. In: Walton, T.E. and Osburn,
B.I., editors. Bluetongue, African Horse Sickness and
Related Orbiviruses. Proceedings of the 2™ International
Symposium. CRC Press, Boca Raton. p874-886.

House, J.A., Lombard, M., House, C., Dubourget, P. and
Mebus, CA. (1992) Efficacy of an inactivated vaccine
for African horse sickness serotype 4. In: Walton, T.W.
and Osburn, B.I., editors. Bluetongue, African Horse
Sickness and Related Orbiviruses. CRC Press, Boca Raton.
p891-895.

Wattanaphansak, S., Singer, R.S. and Gebhart, C.J. (2009)
In vitro antimicrobial activity against 10 North American
and European Lawsonia intracellularis isolates. Vet.
Microbiol., 134(3-4): 305-310.

Roy, P. (2017) Bluetongue virus structure and assembly.
Curr. Opin. Virol., 24: 115-123.

Stevens, L.M., Moffat, K., Cooke, L., Nomikou, K.,
Mertens, P.P.C., Jackson, T. and Darpel, K.E. (2019) A
low-passage insect-cell isolate of bluetongue virus uses a
macropinocytosis-like entry pathway to infect natural target
cells derived from the bovine host. J. Gen. Virol., 100(4):
568-582.

American  Veterinary Medical Association. (2006)
Backgrounder: African Horse Sickness. Available from:
https://www.avma.org. Retrieved on 15-01-2022.

Coetzer, J.A. and Guthrie, A.J. (2004). African horse sick-
ness. In: Coetzer, J.A. and Tustin, R.C., editors. Infectious
Diseases of Livestock. 2™ ed. Oxford University Press,
Cape Town. p1231-1246.

Gilfoyle, D. (2006) Veterinary immunology as colonial
science: Method and quantification in the investigation of
horse sickness in South Africa, C. 1905-1945. J. Hist. Med.
Allied Sci., 61(1): 26-65.

Mshelia, W.P., Abdussamad, A.M. and Lazarus, D.D.
(2008) African Horse Sickness Vaccine Failure in a Five
Year Old Polo Mare: A Case Report. Conference, Paper.
Available from: https://www.research/gate.net/publica-
tion/235975315. Retrieved on 10-10-2021.

Veterinary World, EISSN: 2231-0916

2374



Available at www.veterinaryworld.org/Vol.15/October-2022/1.pdf

23.

24.

25.

26.

27.

Sellon, D.S. (1999) Haematopoietic and immune systems.
In: Mair, T., Love, S., Schumacher, J. and Watson, E., edi-
tors. Equine Medicine, Surgery and Reproduction. Harcourt

adjuvanted vaccine for the control of the African horse sick-
ness virus serotype 9 infection: Evaluation of efficacy in
horses and guinea-pig model. Vet. Ital., 49(1): 89-98.

Brace and Company, London. p191-206. 28. Mathebula, E.M., Faber, F.E., van Wyngaardt, W., van
Wilson, W.D., Kanara, E.W., Spensley, M.S., Powell, D.G., Schalkwyk, A., Pretorius, A. and Fehrsen, J. (2017) B-cell
Files, W.S. and Steckel, R.R. (1995) Guidelines for vaccina- epitopes of African horse sickness virus serotype 4 rec-
tion of horses. J. Am. Vet. Med. Assoc., 207(4): 426-431. ognised by immune horse sera. Onderstepoort J. Vet. Res.,
Van Rijn, P.A., Maris-Veldhuis, M.A., Grobler, M., 84(1): el—el2.
Wright, .M., Erasmus, B.J., Maartens, L.H. and Potgieter, 29. Rodriguez, M., Joseph, S., Pfeffer, M., Raghavan, R. and
C.A. (2020) Safety and efficacy of inactivated African horse Wernery, U. (2020) Immune response of horses to inac-
sickness (AHS) vaccine formulated with different adju- tivated African horse sickness vaccines. BMC Vet. Res.,
vants. Vaccine, 38(45): 7108-7117. 16(1): 322.
Ronchi, G.F., Ulisse, S., Rossi, E., Franchi, P., Armillotta, G., 30. Lefevre, P.C., Mellor, P. and Saegerman, C.L. (2010)
Capista, S., Peccio, A., Ventura, M.D. and Pini, A. (2012) Bluetongue. In: Lefévre, P.C., Blancou, J., Chermette, R.
Immunogenicity of two adjuvant formulations of an inac- and Uilenberg, G., editors. Infectious and Parasitic Diseases
tivated African horse sickness vaccine in guinea-pigs and of Livestock. Vol. 1. Lavoisier, Paris. p663—688.
target animals. Vet. Ital., 48(1): 55-76. 31.  Wernery, U., Joseph, S., Raghavan, R., Dyer, B. and
Lelli, R., Molini, U., Ronchi, G.F., Rossi, E., Franchi, P., Spendrup, S. (2020) African Horse sickness fever in vacci-
Ulisse, S., Armillotta, G., Capista, S., Khaiseb, S, nated horses: Short communication. J. Equine Vet. Sci., 88:
Ventura, M.D. and Pini, A. (2013) Inactivated and 102967.

seoskeoskoskokskoskosk

Veterinary World, EISSN: 2231-0916

2375



