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Highlights

*A FMD vaccine was tested for efficacy against heterologous challenge in sheep using the
coronary band challenge route.

eDifferent doses of vaccine were used to test the current practise of using half a cattle dose
(2 ml) in small ruminants.

oA full cattle dose (2 ml) provided 50% protection 7 dpv, but half a dose provided no
protection.

*At 14 days post vaccination, these doses provided improved protection, but not to all
sheep.

*The 1 ml dose should provide protection in sheep with high potency vaccine and challenge
after more than 14 days.

Abstract

Potency tests for commercial oil-adjuvanted foot-and-mouth disease (FMD) vaccines are
usually carried out in cattle, using a full dose (2 ml) of vaccine and homologous virus chal-
lenge. However, in sheep the recommended vaccine dose is half of the cattle dose (1 ml)
and most vaccines have not been potency tested for this species, especially with hetero-
logous viruses. To determine the efficacy of a high potency (>6PDso) FMD virus (FMDV)
O1Manisa vaccine in sheep, we carried out a study using a heterologous FMDV (FMDV
O/SKR/2010 - Mya-98 strain) challenge. Groups of seven animals each were vaccinated with
2%, 1x,1/2x or 1/4x dose (2 ml, 1 ml, 0.5 ml or 0.25 ml respectively) and challenged at 7
days post vaccination (dpv). Only 3 of the 7 sheep in the group vaccinated with 2 ml were
protected. With 2 additional groups, receiving double or single doses and challenged at 14
dpv, 4 of 7 sheep were protected in each group. None of the sheep had measurable



neutralising antibodies against the vaccine or challenge virus at 7 dpv. However, all
vaccinated animals challenged at 14 dpv had a homologous neutralising response against
FMDV O1 Manisa on the day of challenge and all but one animal also had a heterologous
response to FMDV O/SKR/2010. Infectious FMDV and viral RNA could be found in nasal
swabs between 1 and 6 days post challenge (dpc) in most vaccinated sheep, but those
vaccinated with higher doses or challenged at 14 dpv showed significant decreases in the
level of FMDV detection. Intermittent virus shedding was noticed between 1 and 35 dpc in
all vaccinated groups, but persistent infection could be demonstrated only in 4 sheep (20%).
This study showed that at the recommended dose, a high potency (>6 PDsq) FMDV
O1Manisa vaccine does not protect sheep against a heterologous challenge at 7 dpv.
However, partial protection was observed when a double dose was used at 7 dpv or when
double or single dose vaccinated sheep were challenged at 14 dpv.
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1. Introduction

The 2001 foot-and-mouth disease (FMD) outbreak in the United Kingdom (UK) resulted in
depopulation of almost 6.5 million animals under the European Union's ‘culling and
stamping out’ policy (Haydon et al., 2004) which together with other costs led to losses
estimated at US$6.9 billion. In the same year, an FMD outbreak in Uruguay was managed
using vaccination to assist the eradication campaign at a cost of US$200 million (Sutmoller
and Olascoaga, 2002). Public outcry against the unnecessary destruction of animals and
other factors have led to a change in control options in various parts of the world
(AUSVETPLAN, EU Council Directive, 2003) and have placed more emphasis on emergency
vaccine banks for areas where the disease is not present.

Sheep and goats comprise the majority of the world's FMD-susceptible livestock (~2 billion
head) and occupy an important position in agriculture-based economies throughout the
world (FAO Statistical Year Book, 2013). Clinical FMD often goes undetected in these
species, leading to disease dissemination before an outbreak is diagnosed. The early stages
of the 2001 FMD epidemic in the UK was attributed to the virus transmitted on a large scale
by sheep (Ferguson et al., 2001; Gibbens and Wilesmith, 2002). It is therefore important to
test the efficacy of FMD vaccines in sheep, as they may be target species for endemic
disease control as well as for countermeasures applied during outbreaks in previously free
regions.

Studies have shown that sheep are protected against homologous airborne challenge when
vaccinated with three-fold or six-fold doses of a conventional monovalent vaccine (Gibson
et al., 1984). High potency vaccine formulations with increased payloads of FMDV antigen
resulted in early protection in cattle (4 days post vaccination — dpv), but were less effective



in pigs (Doel et al., 1994). Early protection in sheep vaccinated with high potency vaccines
against challenge with airborne virus within 4 days of vaccination was subsequently studied
(Cox et al., 1999). Further studies with high potency vaccines showed a reduction or
cessation in virus replication in the oropharynx in sheep compared to those that received
low potency (3—6 PDsg) conventional vaccines (Cox et al., 2003).

Vaccine potency tests are usually carried out using homologous virus challenge; so there is a
dearth of knowledge on the performance of a vaccine against a heterologous virus that is
antigenically different from the vaccine strain. Parida et al. (2008) first demonstrated early
protection using high potency vaccination with heterologous virus challenge in sheep.
Recent studies have shown variability in cross protection with high potency vaccines against
heterologous challenge in cattle (Brehm et al., 2008; Singanallur et al., 2011).

The recommended doses for oil-adjuvanted vaccines (ISA 206) are 2 ml for large ruminants
and half a dose for small ruminants (Doel, 2003). Since most of the emergency vaccines are
high potency formulations (>6 PDsp), it is possible that lower doses of vaccine could provide
protection, given that the antigenic differences between the vaccine and challenge virus are
not too pronounced, impacting on the number of animals that could be vaccinated during
an emergency when doses are limited.

Recently the Mya-98 lineage of serotype O SEA genotype has caused outbreaks in regions
previously free of FMD (Valdazo-Gonzalez et al., 2013; Nishiura and Omori, 2010). Data on
the performance of high potency vaccines in sheep against this lineage of virus are not
available. In the present study, the efficacy of different doses of a high potency O1 Manisa
vaccine (> 6 PDsg) was assessed against challenge with the O-Mya-98 lineage virus.

2. Materials and methods
2.1. Challenge virus and cells used in the study

Foot-and-mouth disease virus (FMDV) O/SKR/2010 (Mya-98 strain) was obtained from cattle
during an outbreak in South Korea (Yoon et al., 2013). This isolate was amplified as
previously described (Pacheco et al., 2016) and titrated in bovine tongue epithelium (107"
BT|D5o/m|).

LFBK-a,B¢ cells (LaRocco et al., 2013) were propagated in Dulbecco's modified Eagle medium
(DMEM; Cat. No. 11965092; Gibco) supplemented with 10% foetal bovine serum (Cat. No.
SH30071.03; HyClone) and antibiotics (Cat. No. 15240062; Gibco).

2.2. Experimental animals and vaccine

All the protocols for experimentation with live sheep were approved (AEC 1636 and IACUC
231-11-R). Cross-bred Dorset sheep, 6-12 months age (~40 kg), were kept at the BSL3
animal facility at the Plum Island Animal Diseases Centre (PIADC) in quarantine for 5—8 days
before the commencement of the experiment.



A high potency monovalent O1 Manisa double oil adjuvant vaccine (>6 PDsg in 2 ml, bovine
dose) was prepared from the Australian FMD vaccine reserve by Merial Company Limited,
United Kingdom.

2.3. Vaccine efficacy studies, challenge and sampling protocol

Experiments were performed in two phases (Table 1). For each phase, all animals were
housed in the same room of 27 m?. Four groups of seven sheep each (Groups 1-4) were
vaccinated with vaccine volumes as in Table 1 (the recommended dose for small ruminants
is 1 ml, therefore 2x refersto 2 ml, 1x to 1 ml, 1/2x to 0.5 ml and 1/4x to 0.25 ml of vaccine)
and challenged on 7 dpv (phase 1). Two more groups of seven sheep each (Groups 5 and 6)
were vaccinated with 1x and 2x vaccine dose (Table 1) and challenged on 14 dpv (phase 2).
Vaccine was administered intramuscularly in the mid-neck region.

The sheep were challenged by intradermal inoculation in the coronary band (CB) with 10°
BTIDso (400 pl) of O/SKR/2010. Animals were sedated with xylazine hydrochloride (2%
Xylazine at 0.67 ml/100 kg b.wt) and the reversal was tolazoline (2 mg/kg b.wt).

Vaccination was staggered so that challenge by CB occurred on the same day for all animals
in each phase. Since the experiment was carried out in two phases, each phase had 4
unvaccinated control sheep (Group 7; n = 8) that were challenged along with the vaccinated
groups.

Sheep were monitored once per day (temperature, swabs and bleeding) and detailed clinical
examination performed every second day (until 6 days post challenge (dpc) for phase 1 and
10 dpc for phase 2) for the progression of FMD-specific clinical signs which were recorded
using a scoring system described previously (Stenfeldt et al., 2015; Pacheco and Mason,
2010). The highest score possible following CB inoculation was 16. Rectal temperatures
were measured daily for the duration of each phase and temperatures 240 °C scored as
fever.

The frequency of collection for all clinical samples is provided in Table 1. Clotted blood for
serology and detection of FMDV RNA was collected daily between 0 to 6 dpc and 0 to 10 dpc
for phases and 1 and 2 respectively and weekly subsequent to this (phase 2). Nasal swabs
were collected daily from 0 to 6 dpc for phase 1 and daily from 0 to 10 dpc, followed by
twice weekly sampling for phase 2. One cotton tip was introduced in each nostril and both
placed into a tube containing 1 ml of MEM with 25 mM HEPES. Oro-pharyngeal fluids were
collected twice a week starting at 14 dpc from animals in phase 2 only, using probang cups
designed for sheep and placed into tubes with 2 ml of MEM with 25 mM HEPES. All samples
were stored at =70 °C until further processing.



Table 1. Experimental design and challenge results.

Mean
. Day of Serum Nasal Probangs Onset clinical
a Vaccine o of swabs of score
Phase” Group b challenge . collected collected Protected . .
dose (dpv)° animals at (d c)d collected at (dpc) disease (excluding
P P at (dpc) P (dpc) protected
animals)
0.25 ml Not
1 1 7 -7, 0— — 2-4 .
(1/4x) > ,0-6 06 collected 0 8.6
0.5ml Not
1 2 7 7 -7,0-6 0-6 1 2-4 9.2
(1/2%) ’ collected
1 3 mboy 6 7,06 0-6 Not 0 2-4 83
(1) collected
-7,0-10, 0-10,14, 14,17,621,
2ml

2 4 7 7 14, 21, 17,21, 24, 24,28,31, 3 4-6 4.2

(2x) 28,35  28,31,35 35
1ml -14,-7, 0-10,14, 14,17,21,
2 5 (1x) 14 7 0-10, 14, 17,21,24, 24,28,31, 4 4-6 3.7
21,28,35 28,31,35 35
> ml -14,-7, 0-10,14, 14,17,21,
2 6 (2x) 14 7 0-10, 14, 17,21,24, 24,28,31, 4 4-6 3.7
21,28,35 28,31,35 35
Phase 1: Phase 1:
Phase 1: not
0-6
1 and 0-6 Phase 2: collected
5 7 Naive — 8 Phase 2: 0-10 14 Phase2: O 2 11.7
0-10, 14, 17 2'1 2; 14,17, 21,
21, 28, 35 28, 31, 35 32;51, 28, 31,

Experiments were performed in two phases, with 25 sheep in each, with 4 unvaccinated controls (naive) per
phase (group 7).

®The vaccine preparation used was the same for all the experiments. Different volumes of the same
concentration vaccine were used to adjust doses. Animals were vaccinated by the intramuscular route at one
site in the neck.

“Related to day of vaccination (days post vaccination = dpv).

“Related to day post challenge (day post challenge = dpc).

2.4. Serological assays to detect neutralising antibodies

Sera collected at the time of vaccination, challenge and at 6 dpc were heat-inactivated at

56 °C for 30 min before testing. Virus neutralization assays were performed with O1 Manisa
and O/SKR/2010 respectively, following standard procedures (Golding et al., 1976). The log1o
serum antibody titres were expressed as the final dilution of serum where 50% of wells
showed cytopathic effect (Karber, 1931). Titre values of > 1.2 logio were taken as a
serological response (OIE Terrestrial Manual, 2012).

2.5. Detection of antibodies to the non-structural proteins of FMIDV
Sera collected at the time of vaccination, challenge and at euthanasia were tested for the

presence of antibodies against FMIDV non-structural proteins (NSP) by utilizing the
PrioCHECK" FMDV NS (Prionics, Lelystad, Netherlands).



2.6. Quantitation of viral RNA in samples

Real-time semi-quantitative reverse transcriptase PCR (RT-qPCR) for detection of viral RNA
in serum, nasal swabs and probang samples was carried out targeting the 3D polymerase
region of the FMDV genome with primers adapted from Rasmussen et al. (2003) and the
AgPATH-ID One-step RT-PCR kit (Applied Biosystems, Carlsbad, CA, USA), according to
Stenfeldt et al., 2016b. Samples with a Ct < 40 were considered positive. Cycle threshold
values were converted into FMDV genome copy numbers per millilitre as previously
described (Arzt et al., 2010).

2.7. Virus isolation from probangs

Probang samples were processed with triclorotrifluoroethane before inoculation of cells to
isolate FMDV (Pacheco et al., 2015). One cell amplification cycle was performed in 25 cm?
flasks and read for cytopathic effect at 72 h. Results were confirmed by RT-qPCR.

2.8. Statistical analysis

The normality assumption was assessed by calculating descriptive statistics, plotting
histograms, and performing the Anderson-Darling test for normality using MINITAB
Statistical Software, Release 13.32 (Minitab Inc, USA). Data were transformed using the
base-10 logarithm (logo) or by ranking when necessary to improve the distributional form
prior to performing parametric regression analyses. Rectal temperatures were descriptively
presented as mean and standard deviation while other quantitative data were presented as
the median and range. Rectal temperatures measured at each dpc were compared among
treatment groups using 1-way ANOVA with Bonferroni correction of P values for multiple
post-hoc tests. All other quantitative data were compared at each dpc using Kruskal-Wallis
tests with multiple post-hoc tests adjusted using Bonferroni correction. Correlation between
guantitative variables was estimated using Spearman's rho. Comparison of the analytical
sensitivity of virus isolation and RT-PCR on probang samples was performed using
McNemar's chi-square test. Linear mixed models were used to estimate the effect of
treatment group on the quantitative outcomes of rectal temperature and viral titres
estimated from quantitative PCR. Independent models were fit for each outcome in addition
to a combined model for two PCR specimens (serum and nasal swabs). All models included a
random effect term for animal with a first-order autoregressive correlation structure to
account for the repeated measurements. Fixed effects included terms for treatment group,
experimental phase (1 versus 2), and dpc. Bonferroni correction was used to adjust P values
for multiple post-hoc comparisons. Statistical analyses were performed in commercially
available software (IBM SPSS Statistics Version 23, International Business Machines Corp.,
Armonk, New York, USA) and significance set as P < 0.05.

3. Results

3.1. Clinical signs detected during the vaccine efficacy trials

Two sheep in group 1 and one in group 3 died due to complications during the virus
challenge procedure. Animals vaccinated with 1/4x, 1/2x or 1x vaccine dose and



unvaccinated control animals challenged at 7 dpv were not protected. Lesions were
observed starting at 2 dpc and mean clinical scores ranged from 8.3 to 9.2 at 6 dpc. Three
animals in the group receiving a double vaccine dose and challenged at 7 dpv were
protected with the remaining unprotected animals showing lower mean clinical scores (4.2)
(Table 1; Supplementary table 1). In the groups receiving 1x or 2x dose of vaccine and
challenged at 14 dpv four of the 7 animals were protected from clinical lesions. In these
groups appearance of clinical lesions was delayed to 4 dpc and mean clinical scores were 3.7
in each group at 6 dpc (Table 1; Supplementary table 2).

All animals had fever for at least one day between 1 and 6 dpc, except for two animals (#32
and #67) (results not shown). However, these two animals developed clinical signs (i.e.,
vesicles at sites distant from inoculation point; Fig. 1).
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Fig. 1. Clinical scores at 6 days post inoculation, the final observation day for groups 1, 2, 3 and animals 51,
52, 53 and 54. All other animals survived to 35 days post inoculation, but scores remained unchanged, except
for animals highlighted in pink; ET#57 and 76 clinical scores progressed from 2 to 4 and 9 to 10 respectively by
8 days post challenge. Vesicular lesions observed at medial or lateral aspects of the two main digits of each
foot contributed one point towards a cumulative score, with additional single points counted for lesions on the
dental pad, tongue, lips and nostrils. The highest score possible following coronary band inoculation was 16 as
lesions on the foot used for inoculation were not counted. (1) Clinical Scores; (2) Ear Tag Numbers (ET); (3) d =
day post vaccination.

3.2. Detection of FMDV RNA in the blood and nasal swabs

FMDV RNA was detected in serum of all non-vaccinated animals (group 7) for at least one
day from 1 to 6 dpc with the majority (6/8) positive at 3 dpc (Fig. 2). For vaccinated animals,
FMDV RNA was detected intermittently in serum of a number of the animals 1 to 4 dpc.
Only one animal each had viral RNA at 6 dpc in groups 3 and 6 respectively. In groups 1-3,
viral RNA was more often detected, and at higher levels, compared to the groups that had
received higher vaccine doses and/or had been challenged at longer periods post
vaccination (groups 4—6). However, animals with no FMDV RNA detected in serum were not
necessarily those that were clinically protected, or vice versa. Overall, there was variability
in the amount of FMDV RNA detected in serum among groups (P < 0.001; Supplementary
table 3) and sheep in groups 4—6 had significantly less RNA and for shorter periods of time
compared to the unvaccinated controls (P < 0.05).
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Fig. 2. RNA detected in sera and swabs from 0 to 6 days post challenge (log,, RNA copy number per ml of
FMDV O/SKR/2010). Animals are arranged by treatment group, as previously described. Doses of vaccine
ranged from 1/4X to 2X. Animals were challenged at 7 or 14 days post vaccination (d); (1) ET: Ear Tag number;
(2) Color coding indicates stratified quantity of FMDV RNA detected in sera; (3) Color coding indicates stratified
quantity of FMDV RNA detected in nasal swabs. “-” Indicates below limit of detection, log, 2.1 copies per ml
for sera and log10 3.0 copies per ml for nasal swabs.

FMDV RNA was detected in nasal swabs from 1 dpc, with most swabs positive by 2 dpc
(Fig. 2). In groups 4—6 the frequency of detection decreased after 6 dpc, but intermittent
shedding continued until 31 dpc (Figs. 2 and 3). FMDV RNA was found in swabs at least
twice in all sheep, including those that were clinically protected. In groups 4—6 fewer



animals had detectable RNA in their swabs by 1 dpc, compared to groups 1-3. Highest levels
of FMDV RNA were obtained in group 7 followed by the phase 1 group, with the least
detection in phase 2 groups (Supplementary table 4). Overall, there was variability in the
amount of FMDV RNA detected in swabs among groups when summarized for the entire
trial (P = 0.001; Supplementary table 4) and sheep in groups 4—6 had significantly less RNA
compared to the unvaccinated controls (P < 0.05).
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Fig. 3. RNA detected in probangs and swabs collected daily (7 to 10 dpc) or twice per week (14 to 35 dpc).
Results are expressed in log;o RNA copy number per ml of FMDV O/SKR/2010. Animals not included in this
figure were humanely euthanized at 6 dpc. Animals are arranged by treatment group, as previously described.
Doses of vaccine ranged from 1X to 2X. Animals were challenged at 7 or 14 days post vaccination (d). (1) ET:
Ear Tag number; (2) Color coding indicates stratified quantity of FMDV RNA detected in probangs. Underlined
number indicates virus isolation positive sample. Non-underlined value indicates virus isolation negative
sample. “n” indicates below limit of detection, logy, 3.0 copies; (3) Color coding indicates stratified quantity of
FMDV RNA detected in nasal swabs. “-” indicates below limit of detection, log;y 3.0 copies per ml. Color scale is
kept from 4.0 to 9.0 to help comparison with nasal swab results in Fig. 2.

3.3. FMDV RNA and virus isolation from probangs

Probangs were collected twice a week after 14 dpc from sheep in phase 2. Both viral RNA
and live virus were found in three of the four control sheep in Group 7 between 14 and 31
dpc. Infectious virus was isolated from two of these sheep at 35 dpc, but viral RNA was not
detected. One sheep (#79) remained negative for the duration of sampling. In group 6 the
probangs were negative in all animals (Fig. 3). Overall, there were significant differences in
FMDV RNA levels in probangs between the experimental groups and the unvaccinated
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controls (P = 0.002; Supplementary table 5) but there were no differences among the
different experimental groups themselves (P > 0.05). The sensitivity of FMDV detection via
virus isolation and RT-gPCR on probang specimens was not statistically different (P = 0.226).
Only two sheep out of 21 vaccinated in phase 2 studies (Groups 4—6) had viral RNA after 28
dpc.

3.4. Serological responses measured during the trial

Sera from all sheep were tested for the presence of neutralising antibodies at 0 dpv, 0 dpc
and 6 dpc, against vaccine (O1 Manisa) and challenge (O/SKR/2010) viruses. No sheep had
measurable neutralising antibodies when tested with either strain, at 0 and 7 dpv, but all 14
animals challenged at 14 dpv had homologous response against 01 Manisa at the time of
challenge. Also, in these two groups, all but one had heterologous response to

O/SKR/2010 at 0 dpc (P < 0.001; Table 2; Supplementary table 6). Six days after challenge, all
animals in all groups (including non-vaccinated controls) were sero-positive for both strains.
The titres among groups were significantly different (P < 0.001; Supplementary table 6).
Interestingly, 9 of the 12 protected animals did not have detectable antibodies at the time
of challenge, therefore there was no correlation between protection and neutralising
antibody levels.

Table 2. Serum neutralization titres for sheep in different vaccine groups pre- and post-challenge.

A 01 Manisa 0/SKR/2010
Groups ET b
=14 dpc” -7dpc 0dpc 6dpc -14dpc -7 dpc 0dpc 6 dpc
44 - - - -
45 - - 2.10 - - 2.40
46 - - 2.10 - - 2.40
47 - - 2.40 - - 2.40
Group 1 48 - - - -
49 - - 1.80 - - 2.40
50 - - 2.40 - - 2.40
Mean - - 2.17/2.1 - - 2.41/2.4
SE - - 0.11 - - 0.00
37 - - 2.40 - - 2.40
38 - - 2.40 - - 2.10
39 - - 2.10 - - 2.40
40 - - 2.40 - - 2.40
Group 2 41 - - 2.70 - - 2.40
42 - - 1.80 - - 2.10
43 - - 2.10 - - 2.40
Mean - - 2.28/2.4 - - 2.32/2.4
SE - - 0.11 - - 0.06
30 - - - -
Group 3 31 - - 2.10 - - 2.40
32 - - 2.10 - - 2.40
33 - - 2.10 - - 2.40
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01 Manisa 0O/SKR/2010

Groups ET° b
=14 dpc” -7 dpc 0dpc 6dpc -14dpc -7 dpc 0dpc 6 dpc
34 - - 2.40 - - 2.40
35 - - 2.40 - - 1.80
36 - - - - - 1.20
Mean - - 1.96/2.1 - - 2.11/2.4
SE - - 0.28 - - 0.20
69 - - 3.00 - 1.20 3.30
70 - - 2.40 - - 3.30
71 - - 3.00 - 1.20 3.30
72 - - 3.30 - - 3.00
Group 4 73 - 1.20 3.00 - 1.20 3.30
74 - - 2.70 - - 3.30
75 - - 2.40 - - 3.30
Mean - - 2.84/3.0 - - 3.27/3.3
SE - - 0.13 - - 0.04
55 - - 1.20 3.00 - - 1.20 3.00
56 - - 1.20 2.40 - - 1.20 2.40
57 - - 1.50 2.70 - - 1.20 2.70
58 - - 1.80 3.00 - - 1.80 2.70
Group 5 59 - - 1.20 3.00 - - 1.20 2.70
60 - - 1.20 2.70 - - - 2.40
61 - - 1.20 2.70 - - 1.50 2.40
Mean — - 1.34 2.80/2.7 - - 1.25 2.62/2.7
SE - - 0.09 0.09 - - 0.14 0.09
62 - - 1.20 2.40 - - 1.50 2.70
63 - - 1.50 3.30 - - 2.10 3.60
64 - - 1.80 3.00 - - 2.10 3.00
65 - - - 2.10 - - 1.20 2.40
Group 6 66  — - 1.20 3.00 - - 1.50 3.30
67 - - 1.80 2.40 - - 1.20 2.70
68 - - 1.80 3.00 - - 1.80 3.60
Mean — - 1.47 2.75/3.0 - - 1.63 3.04/3.0
SE 0 0.00 0.14 0.17 0.00 0.00 0.14 0.18
51 - 2.60 - 2.40
52 - 2.60 - 2.40
53 - 2.40 - 2.40
54 - 2.10 - 2.00
Group 7 76 - 2.40 - 2.70
77 - 2.40 - 3.30
78 - 2.70 - 2.70
79 - 2.40 - 3.00
Mean - 2.45/2.4 - 2.62/2.6
SE - 0.07 - 0.16

- = negative. Titres log;0>1.2 are considered positive. *ET = Ear Tag number. I[’dpc = day post challenge.
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All the sheep were negative for antibodies to FMDV NSP at the time of vaccination and
challenge (Supplementary table 7). For animals in phase 1, only two of the four non-
vaccinated animals and five of 18 vaccinated animals were positive at 6 dpc. For animals
euthanized at 35 dpc, all four non-vaccinated animals and 18 of 20 vaccinated were
seropositive at the termination of the study (Supplementary table 7). There was no
association between clinical protection and absence of antibodies against FMDV NSP.

3.5. Comparison of the data between the different treatment groups

The effect of vaccination on the excretion of virus in nasal secretions and presence of virus
in serum was determined using a multivariable model (Table 3). Groups 1-3 did not differ
significantly with the unvaccinated group (P > 0.05) while a highly significant difference was
observed between Groups 4-6 and the other vaccine groups 1-3 and the unvaccinated
controls (P < 0.001).

Table 3. Multivariable model results evaluating the effect of treatment group on the quantity of virus
recovered from serum and nasal swabs.

Variable Estimate (95% CI°)  t statistic P value
Experimental group <0.001
Group 1 (0.25 ml, 7 dpv) -0.330 (-0.871, 0.212) -1.197 0.232
Group 2 (0.50 ml, 7 dpv) -0.262 (-0.777,0.254) -0.999 0.318
Group 3 (1 ml, 7 dpv) -0.285(-0.812,0.242) -1.065 0.287
Group 4 (2 ml, 7 dpv) -0.725 (-1.074, -0.375) -4.082  <0.001
Group 5 (1 ml, 14 dpv) -0.799 (-1.151, -0.447) -4.470 <0.001
Group 6 (2 ml, 14 dpv) -0.777 (-1.127,-0.428) -4.377 <0.001

Group 7 (unvaccinated) Referent

Phase
Phase 1 0.305(-0.192, 0.802) 1.207 0.229
Phase 2 Referent

Specimen type
Serum -1.606 (-1.790, -1.421) -17.11  <0.001
Nasal swab Referent

dpv = days post vaccination.

®Cl = confidence interval; Model estimates for the variables associated with days post-inoculation are not
presented in the table.

4. Discussion

Vaccination against FMD during an outbreak is an additional measure that can be used to
successfully control an outbreak in non-endemic countries. Although vaccines can offer
clinical protection against the disease, they are less effective in preventing infection, virus
excretion and sometimes, establishment of persistent infection (Cox et al., 2006; Golde

et al., 2005; Muthukrishnan et al., 2012; Park et al., 2014; Stenfeldt et al., 2016a). However,
several studies have shown that vaccination results in reduction of virus excretion and
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clinical signs when compared to unvaccinated animals (Stenfeldt et al., 2016a; Barnett et al.,
2004). Although small ruminants like sheep and goats play an important role in FMD
epidemiology and could become infected and transmit the disease, in many regions they are
vaccinated only in the face of an outbreak and are not included in routine vaccination
programs and campaigns (Patil et al 2002a,b). Some FMD free countries are undecided on
whether or not to include extensive sheep farms during emergency vaccination.

There is little scientific evidence to support the use of half a cattle dose in small ruminants.
For most emergency vaccination campaigns in previously free countries, a vaccine with > 6
PDso dose will be used and the recommended 1 ml dose for sheep (Doel, 2003) would
deliver a payload of at least > 3 PDsq per dose depending on the antigen payload in the
commercial vaccines, which could be > 32 PDsq (Brehm et al., 2008). Earlier studies have
shown that a minimum antigen payload is required for protective responses in sheep but
that it would not result in sterile immunity or absence of persistently infected animals
(Muthukrishnan et al., 2012). However, the current practice of using one-half of the cattle
dose of high potency vaccine is sufficient to induce protective immune responses in sheep
and goats without the development of persistent infection (Muthukrishnan et al., 2010b).
Therefore, where commercial formulations are used that guarantee an antigen payload >6
PDsq, half the cattle dose would most likely be adequate to provide sterile immunity and
prevent the development of persistently infected animals.

In this study, we tested this hypothesis with heterologous challenge where sheep received
different doses of the vaccine (2x, 1x, 1/2x and 1/4x) and were challenged early post
vaccination. Based on the limited number of animals and using the CB challenge, sheep that
received the recommended dose of vaccine (1x) were not protected against clinical disease
at 7 dpv but groups that received 2x dose showed partial protection. When challenge was
done at 14 pdv partial protection was observed in groups receiving 1x or 2x vaccine dose.

Cox et al. (1999) have shown that in the event of airborne or contact challenge, sheep
remain clinically protected as early as 4 dpv with emergency vaccines. However, in this
study, CB inoculation was the route of challenge using a relatively high challenge dose which
could have delivered a more severe challenge, leading to a different result.

At 7 dpv, sheep vaccinated with 1x vaccine did not have detectable antibody titres but by 14
dpv, 6 out of 7 sheep that had received 1x vaccine dose had antibody titres measuring

> 1.2logso. The clinical scores between these groups were significantly different (P < 0.05).
Three of the seven sheep that received 2x vaccine had antibody titres of > 1.2logyo at 7 dpv,
while by 14 dpv all seven sheep had titres. The clinical scores were not significantly different
between these groups (5 and 6) (P > 0.05) but were significantly different from groups 1 to 4
(P <0.05). It is known that protection in sheep is associated in part with induction of serum
antibody responses, but that some sheep are protected despite low antibody titres (Cox

et al., 1999). Our results indicated that the recommended dose of 1 ml will be sufficient to
offer clinical protection at least 14 days post vaccination with improved protection,
especially at early time points, if the normal cattle 2 ml dose is used. However, this will
increase the cost of vaccinating sheep and decrease the number of doses available for other
species.
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Barnett et al. (2004) reported that high potency emergency vaccines not only offered clinical
protection but also reduced virus excretion and prevented the development of persistently
infect animals, the co-called “carrier animals” 21 dpv in sheep. In contrast, almost all the
animals in phase 2 that were studied until 35 dpc developed antibodies to NSP, indicating
that vaccination did not completely prevent virus replication and that even the clinically
protected animals did not develop sterile immunity (Supplementary table 7). This could be
as a result of the early challenge time points and the direct inoculation route. Earlier studies
have shown evidence for persistent infection in sheep and goats with significantly lower
numbers of vaccinated and infected sheep compared to unvaccinated and infected animals
(Muthukrishnan et al., 2010a; b, 2011, 2012, Orsel et al., 2007). In all these studies the
challenge routes were different from each other and challenge occurred at 21 dpv. In the
present study, using 28 dpv as defining persistent infection, one of the seven sheep in each
group that received 2x vaccine became ‘carriers’, compared to two of six sheep in group 5
that received 1x vaccine. Although the numbers of animals per group are low, it seems that
the 2x vaccine was more effective at preventing persistent infection at early time points
post vaccination (Fig. 3).

It is likely that many of the sera and swab samples during the incubation and clinical phases
of infection of the non-protected animals contained infectious FMDV. However, it was not
possible to determine the extent to which the lower levels of FMDV RNA detected in the
samples correlated with isolation of infectious virus. This is because the relationship
between RNA quantity and infectious virus titre is highly variable and dependent upon
sample type, virus strain, immunological status of the animal, and cells used for isolation.
For probang samples, six samples were PCR-positive, but VI negative, while five samples
were positive only for live virus (Fig. 3). Neutralising antibodies in the mucosa following
subclinical infection can interfere with virus isolation on cell culture (Burrows, 1966), but the
TTE treatment of the probang samples likely facilitated isolation while it is possible that
inhibitors could affect the PCR reactions. Although detection of FMIDV RNA may be useful
for diagnostic purposes to determine whether or not an animal has had contact with virus,
RNA copy number alone is not sufficient as an indicator for determining the risk for disease
transmission (Burrows, 1966). Only direct transmission studies would definitively
demonstrate the biological significance of a reduction in virus load in vaccinated sheep.

This preliminary study indicated that vaccinating sheep with half the prescribed cattle dose
(12 ml) would offer only partial protection when challenged with a heterologous strain at
early time points and would not prevent persistent infection. In contrast, the full dose (2 ml)
may offer better clinical protection and could reduce the risk of persistent infection
developing in sheep. It would also be of interest to compare the two different vaccine doses
with virus challenge at 21 dpv, when the immune response has matured. Studies with a
serotype A vaccine against a variant of SEA genotype A virus, using an intra nasal challenge
route in sheep, have shown that vaccination not only offered clinical protection but also
prevented the development of persistently infected sheep (Horsington et al., 2015). It is
therefore possible that in addition to the challenge route, the virus strain could also impact
on development of persistent infection.
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Supplementary table 1. Detailed clinical score per animal.

Days post challenge
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WET = Ear Tag Number; @dpv = day post vaccination
1/4X = One fourth dose; 1/2X = Half dose; 1X = Full dose; 2X = Two times the dose
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Supplementary table 2. Median (range) clinical score

Phase 1 Phase 2

" Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7

1
Day PC 8;3(%“ ! 0.50ml, 7dpv  1Iml, 7dpv 2ml,7dpv  1ml, 14dpv 2ml, 14dpv  Unvaccinated P valuet
2 1*° (0, 2) 1*° (0, 3) 05*°(0,1) 0%(0, 0) 0% (0, 1) 0% (0, 0) 3.5° (1, 9) <0.001
4 7% (3, 11) 7*° (0, 10) 4**4,6)  0%(0, 4) 0% (0, 4) 0% (0, 4) 10° (5, 14) <0.001
6 9%° (4, 12) 10** (0, 12) 8*° (4,13) 2°(0,5) 0% (0, 5) 0% (0, 7) 10° (6, 15) <0.001
8 ND® ND ND 2% (0, 5) 0% (0, 5) 0*(0, 7) 12° (9, 15) 0.011
10 ND ND ND 2% (0, 5) 0% (0, 5) 0% (0, 7) 122 (9, 15) 0.011
Overall 4*% (0, 12) 4*% (0, 12) 4**(0,13)  0%(0, 5) 0% (0, 5) 0% (0, 7) 9° (1, 15) 0.013%

WpC = Post-challenge; ®dpv = day post vaccination; ®ND = not done (animals euthanized)

tBased on Kruskal-Wallis for a difference among the 7 treatment groups. Medians without superscripts in common are significantly different
based on pairwise Mann-Whitney U tests after Bonferroni correction of P values.

iBased on mixed-effects linear regression on ranked transformed values for all days. Medians without superscripts in common are significantly
different based on model results after Bonferroni correction of P values.
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Supplementary table 3. Median (range) serum PCR results (logio)

Phase 1 Phase 2
@ Groupl Group 2 Group 3 Group 4 Group 5 Group 6 Group 7
Day PC ) . P Value’f‘
0.25ml, 7 dpv 0.50ml, 7 dpv iml, 7 dpv 2ml, 7 dpv 1ml, 14 dpv 2ml, 14 dpv Unvaccinated
1 6.96°° (<2.1,7.13)  6.57°(<2.1,7.58)  4.91*°(<2.1,6.80) <2.1*’(<2.1,3.67) <2.1*’(<2.1,5.11) NGD° 4.05(<2.1,8.54)  0.002
2 NGD® NGD NGD <2.1(<2.1,5.53) <2.1(<2.1,4.41) <2.1(<2.1,4.13) 490 (<2.1,9.08)  0.065
3 <2.1*"(<2.1,5.11) NGD? <2.1**(<2.1,4.90) <2.1**(<2.1,5.00) NGD? <2.1**(<2.1,4.39)  4.46"(<2.1,6.41) 0.018
4 NGD NGD <2.1(<2.1,3.87) <2.1(<2.1, 2.66) <2.1(<2.1, 4.15) NGD NGD 0.369
5 NGD NGD NGD NGD NGD NGD <2.1(<2.1,4.09) 0.6
6 NGD NGD <2.1(<2.1, 4.45) NGD NGD <2.1(<2.1, 4.20) <2.1(<2.1,4.02)  0.456
14 ND® ND ND NGD NGD NGD NGD 1
21 ND ND ND NGD NGD NGD NGD 1
28 ND ND ND NGD NGD NGD NGD 1
35 ND ND ND NGD NGD NGD NGD 1
Overall <2.1%(<2.1,7.13) <2.1*"(<2.1,758) <2.1*"(<2.1,6.8) <2.1%(<2.1, 5.53) <2.1%(<2.1,5.11) <2.1%(<2.1,439) <2.1°(<2.1,9.08) <0.001%

WpC = Post-challenge; ®dpv = day post vaccination; ® NGD = no genome detected; > ND = not done (animals euthanized).
tBased on Kruskal-Wallis for a difference among the 7 treatment groups. Medians without superscripts in common are significantly different
based on pairwise Mann-Whitney U tests after Bonferroni correction of P values.
1Based on mixed-effects linear regression on values for all days. Medians without superscripts in common are significantly different based on
model results after Bonferroni correction of P values.
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Supplementary table 4. Median (range) nasal swab PCR results (logio)

Day PC®

Phase 1 Phase 2
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
0.25ml, 7dpv® 0.50ml, 7dpv  1ml, 7 dpv 2ml, 7 dpv iml, 14 dpv 2ml, 14 dpv

Group 7
Unvaccinated

P valuet

o o1 A WON

35

6.73% (<3.0, 8.45)
6.58%" (<3.0, 8.30)
<3.0*(<3.0, 5.44)
5.27% (<3.0, 7.31)
5.14*" (4.81, 6.00)
4.32 (<3.0, 5.87)
nD®

ND

ND
ND

6.17% (<3.0, 8.77)
6.06*" (<3.0, 8.16)
<3.0? (<3.0, 7.88)
5.96° (4.72, 7.15)
5.83%" (<3.0, 6.57)
<3.0 (<3.0, 6.03)
ND

ND

ND
ND

5.40% (<3.0, 6.68)
6.99%" (<3.0, 7.75)
4.95* (<3.0, 5.72)
5.26% (<3.0, 6.73)
6.00% (<3.0, 6.82)
4.91 (<3.0, 5.87)
ND

ND

ND
ND

4.89% (<3.0, 5.24)
5.27%" (<3.0, 6.29)
5.21%" (<3.0, 5.82)
5.03% (<3.0, 5.75)
4.98* (<3.0, 5.19)
<3.0 (<3.0, 5.33)
<3.0 (<3.0, 5.52)
NGD

NGD
NGD

<3.0* (<3.0, 5.70)
5.37% (<3.0, 5.59)
5.38%" (<3.0, 6.53)
5.06% (<3.0, 5.98)
<3.0*" (<3.0, 5.56)
<3.0 (<3.0, 5.15)
<3.0 (<3.0,5.11)
<3.0 (<3.0, 4.84)

NGD
NGD

<3.0? (<3.0, 5.09)
5.47*" (4.85, 6.23)
5.49*" (<3.0, 6.31)
4.99* (<3.0, 5.72)
<3.0° (<3.0, 4.96)
<3.0 (<3.0, 5.13)
NGD™

NGD

<3.0 (<3.0, 4.87)
NGD

7.17%(<3.0, 8.20)
8.03" (<3.0,9.73)
7.08" (5.09, 8.49)
6.38% (5.02, 7.51)
6.08%" (<3.0, 6.40)
5.14 (<3.0, 6.19)
<3.0 (<3.0, 4.13)
NGD

NGD
NGD

0.004
0.034
0.004
0.023
0.008
0.291
0.541
0.392

0.488
1

Overall

5.30*" (<3.0, 8.45)

5.40*" (<3.0, 8.77)

5.39%" (<3.0, 7.75)

<3.0° (<3.0, 6.29)

<3.0° (<3.0, 6.53)

<3.0%(<3.0, 6.31)

4.77° (<3.0,9.73)

0.001%

WpC = Post-challenge. ®dpv = day post vaccination; ®’ND = not done (animals euthanized). ’NGD = no genome detected.
tBased on Kruskal-Wallis for a difference among the 7 treatment groups. Medians without superscripts in common are significantly different
based on pairwise Mann-Whitney U tests after Bonferroni correction of P values.
}Based on mixed-effects linear regression on values for all days. Medians without superscripts in common are significantly different based on

model results after Bonferroni correction of P values.
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Supplementary table 5. Median (range) probang PCR results (logio)

1 Group 4 Group 5 Group 6 Group 8 x
Day PC"” 2ml, 7 dpv*? 1ml, 14 dpvpv 2ml, 14 dpv  Unvaccinated P value
14 <3.0°(<3.0,5.48)  <3.0°(<3.0,4.77)  NGD? 4.47%(<3.0,7.11)  0.039
17 <3.0 (<3.0, 5.92) <3.0 (<3.0, 5.25) NGD 5.76 (<3.0,6.90)  0.067
21 <3.0°(<3.0,6.28)  <3.0°(<3.0,5.31)  NGD? 5.92% (<3.0, 6.64)  0.02
24 <3.0°(<3.0,5.23)  <3.0°(<3.0,5.18)  NGD? 5.50? (<3.0, 6.27)  0.034
28 ®NGD? <3.0*" (<3.0,5.65) NGD? 4.89° (<3.0,6.58)  0.009
31 <3.0*" (<3.0,4.84) NGD? NGD? 5.12° (<3.0, 6.29)  0.007
35 NGD NGD NGD NGD 1
Overall <3.0%(<3.0,6.28)  <3.0°(<3.0,5.65)  NGD? 417° (<3.0,7.11)  0.002%

WpC = Post-challenge; ®dpv = day post vaccination; ®NGD = no genome detected.
*Based on Kruskal-Wallis for a difference among the 7 treatment groups. Medians without
superscripts in common are significantly different based on pairwise Mann-Whitney U tests

after Bonferroni correction of P values.

tBased on mixed-effects linear regression on values for all days. Medians without
superscripts in common are significantly different based on model results after Bonferroni

correction of P values.
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Supplementary table 6. Median (range) serological titres.

Phase 1 Phase 2
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 P valuet
0.25ml, 7 dpv®  0.50ml, 7 dpv 1ml, 7 dpv 2ml, 7 dpvpv 1ml, 14 dpv 2ml, 14 dpv Unvaccinated
VNT,
homologous
Day 0 @ AN? AN? AN? 0.9*°(<0.9,1.2) 1.2°(1.2,1.8) 1.2°(<0.9,1.8)  AN? <0.001
Day 6 2.1%(1.8,2.4)  2.4%(1.8,2.7) 2.1%(<0.9,2.4)  3.0°(2.4,3.3) 2.7% (2.4, 3.0) 3.0%(2.1,3.3) 2.4%(2.1,2.7) 0.009
VNT,
heterologous
Day 0 AN? AN? AN? 0.9°°(<0.9,12) 1.2°(<0.9, 1.8) 1.5° (1.2, 2.1) AN? <0.001
Day 6 2.4%°(2.4,24) 2.4°(2.1,2.4) 2.4% (1.2, 2.4) 3.3°(3.0,3.3) 2.7 (2.4, 3.0) 3.0°°(2.4,36) 2.6*(2.0,3.3) <0.001
NSPY ELISA
Day 0 16.2 (2.9, 33.6) 26.2(12.4,39.2) 20.5(10.9,28.9) 19.8(17.8,37.7) 14.7(11.8,23.9) 23.4(10.7,39.2) 26.3(7.9,32.8) 0.56
Day 6 218.2)(28.8, 51.0 (36.2,68.0) 47.3(34.4,60.7) ND® ND ND 42 (5.8, 55.5) 0.357
Day 35 ND ND ND 65.6 (44.8,91.3) 71.3(64.4,81.1) 69.4 (46.4,89.0) 68.6(59.2,73.0) 0.912

Wdpv = day post vaccination; @VNT = virus neutralization test; ®AN = all negative, no serological titres; ’NSP = non-structural protein; ®ND
= not done.

+Based on Kruskal-Wallis for a difference among treatment groups. Medians without superscripts in common are significantly different based
on pairwise Mann-Whitney U tests after Bonferroni correction of P values.
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Supplementary table 7: Results of NSP serology in different vaccine groups post-challenge

Groups ET® 0 dpc® 6 dpc 35 dpc
44 Neg ND NA
45 Neg Neg NA
‘;_' 46 Neg Neg NA
5 47 Neg Neg NA
(G} 48 Neg ND NA
49 Neg Neg NA
50 Neg Neg NA
37 Neg Pos NA
38 Neg Pos NA
S 39 Neg Neg NA
3 40 Neg Neg NA
o 41 Neg Neg NA
42 Neg Pos NA
43 Neg Pos NA
30 Neg ND NA
31 Neg Neg NA
Cg_ 32 Neg Neg NA
5 33 Neg Neg NA
O 34 Neg Neg NA
35 Neg Pos NA
36 Neg Neg NA
69 Neg ND Pos
70 Neg ND Pos
1 71 Neg ND Neg
3 72 Neg ND Pos
5} 73 Neg ND Pos
74 Neg ND Pos
75 Neg ND Pos
55 Neg ND Pos
56 Neg ND Pos
L& 57 Neg ND Pos
3 58 Neg ND Neg
o 59 Neg ND Pos
60 Neg ND Pos
61 Neg ND Pos
62 Neg ND Pos
63 Neg ND Pos
‘3 64 Neg ND Neg
3 65 Neg ND Pos
o 66 Neg ND Pos
67 Neg ND Pos
68 Neg ND Pos
51 Neg Neg NA
52 Neg Neg NA
~ 53 Neg Pos NA
= 54 Neg Pos NA
o 76 Neg ND Pos
© 77 Neg ND Pos
78 Neg ND Pos
79 Neg ND Pos

WET = Ear Tag number
@dpc = day post challenge
ND = Not done; NA = Not Applicable
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