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Abstract

In Egypt, ducks kept for commercial purposes constitute the second highest poultry popula-
tion, at 150 million ducks/year. Hence, ducks play an important role in the introduction and
transmission of avian influenza (Al) in the Egyptian poultry population. Attempts to control
outbreaks include the use of vaccines, which have varying levels of efficacy and failure. To
date, the effects of vaccine efficacy has rarely been determined in ducks. In this study, we
evaluated the protective efficacy of a live recombinant vector vaccine based on a turkey
Herpes Virus (HVT) expressing the H5 gene from a clade 2.2 H5SN1 HPAIV strain (A/Swan/
Hungary/499/2006) (rHVT-H5) and a bivalent inactivated H5N1 vaccine prepared from
clade 2.2.1 and 2.2.1.1 H5N1 seeds in Mulard ducks. A 0.3ml/dose subcutaneous injection
of rHVT-H5 vaccine was administered to one-day-old ducklings (D1) and another 0.5ml/
dose subcutaneous injection of the inactivated MEFLUVAC was administered at 7 days
(D7). Four separate challenge experiments were conducted at Days 21, 28, 35 and 42, in
which all the vaccinated ducks were challenged with 10°EIDso/duck of HSN1 HPAI virus (A/
chicken/Egypt/128s/2012(H5N1) (clade 2.2.1) via intranasal inoculation. Maternal-derived
antibody regression and post-vaccination antibody immune responses were monitored
weekly. Ducks vaccinated at 21, 28, 35 and 42 days with the rHVT-H5 and MEFLUVAC vac-
cines were protected against mortality (80%, 80%, 90% and 90%) and (50%, 70%, 80%
and 90%) respectively, against challenges with the HSN1 HPAI virus. The amount of viral
shedding and shedding rates were lower in the rHVT-H5 vaccine groups than in the
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MEFLUVAC groups only in the first two challenge experiments. However, the non-vacci-
nated groups shed significantly more of the virus than the vaccinated groups. Both rHVT-H5
and MEFLUVAC provide early protection, and rHVT-H5 vaccine in particular provides pro-
tection against HPAI challenge.

Introduction

Egypt is one of five countries where the highly pathogenic avian influenza (HPAI) H5N1 has
become endemic. The H5N1 virus continues to circulate and has already caused great eco-
nomic losses in poultry [1, 2]. Human infections and deaths have also been reported. Approxi-
mately 100 to 150 million domestic ducks are produced in Egypt annually and this makes
ducks the species that constitutes the second largest group in the domestic poultry population.
There are also vast numbers of domestic ducks in Egypt in the household sector, a recognized
source of infection and transmission of the HPAI H5N1 virus to poultry and humans [3-7].
Previous research suggests that water fowls (migratory and domestic) play a crucial role in the
perpetuation and dissemination of avian influenza (AI) viruses globally [3-8]. It is therefore
crucial to mitigate the risk of HPAI H5N1 infection and to reduce the circulation of HPAI in
domestic ducks to control the spread of HPAI H5N1 [9]. Vaccination can decrease disease
prevalence and reduce viral shedding among infected poultry, thereby decreasing the rate of
environmental contamination, especially where enforcement of biosecurity is impractical [9].
Although Al vaccination has been widely implemented as a disease control tool in Egypt, very
little or no post-vaccination monitoring has taken place in the country [10-12]. In addition,
there is insufficient information on the effectiveness of HPAI H5N1 vaccination in domestic
duck species to guide disease control programs. Since the licensing of a new live recombinant
vector vaccine (rHVT-H5) based on a turkey herpes virus (HVT) expressing the H5 gene from
a clade 2.2 HPAI H5N1 virus in Egypt late in 2012, the vaccine has gained acceptance [12]. Fur-
thermore, because so far no Al vaccine has been developed specifically for water fowl, all the
available studies for this vaccine have been on specific pathogen-free (SPF) chickens [13-15],
commercial broilers [12,16], and commercial layers [12] only. Because the ducks play a central
role in the epidemiology of HPAI H5N1 in Egypt, the present study was conducted to fill the
knowledge gap about the rHVT-H5 vaccine and to assess the effectiveness of HPAT H5N1 vac-
cine in domestic water fowl. The study was specifically designed to monitor the post-vaccina-
tion serological response to a single dose of the rHVT-H5 vaccine, compared to a dose of an
inactivated H5N1 reverse genetic vaccine based on clade 2.2.1 and 2.2.1.1 Egyptian seed strain
(MEFLUVACQ), in protecting domestic Mulard ducks from challenges with HPAI H5N1 clade
2.2.1 viruses from Egypt.

Results
Maternally-derived antibody (MDA) monitoring

We obtained 225 commercial Mulard day-old-ducks from breeder flock that has been vacci-
nated four times using the H5N2 vaccine. During the first week, all the tested ducklings from
the two experimental groups (n = 15/group) and the controls (n = 15) were 100% seropositive.
At one day old, the mean HI titres of the MDAs ranged from 7.3 to 7.4 log, using H5N2/Ag
(Table 1, Fig 1A). However, other antigens did not perform as well as the H5N2/Ag (Fig 1B-
1D, S1-S3 Tables). The MDA titres decreased constantly until the third week in the two vacci-
nated groups (the rHVTHS5-vaccinated and MEFLUVAC-H5-vaccinated groups) and the
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Table 1. Weekly HI mean titres (log2 £ SD) using (A/chicken/Mexico/232/1994) H5N2/Ag that indicate
the MDAs’ regression profile.

Age (Weeks) Group*
I [} m

0 (day 1) 7.341.42 7.4+1.4° 7.4+1.6°
1 4.2+12 4.8+1.2° 4.8+0.7°
2 1.4+1.52 1.5+1.42 2.6+1°
3 002 0+0? 0.1+0.42
4 0+0? 0+02 0+0?
5 0+0? 0+02 0+0?
6 0+0? 0+02 0+0?

Different superscripts in a row denote the presence of statistically significant (p <0.05) differences.
*Group | (vaccinated with rHVT-H5 vaccine at 1 day old), Group Il (vaccinated with inactivated KV-H5
vaccine at 8 days old), Group Ill (unvaccinated control).

doi:10.1371/journal.pone.0156747.1001

control. (Table 1, Fig 1A). However, while the MDA decreased in the other groups, it continued
to exist until the fourth week in the unvaccinated controls (Table 1). Only during the second
week was the MDA mean titre for Group III significantly higher (p<0.05) than the MDA titre
for the vaccinated groups (I and II) (Table 1). In this study, the time to reach the half-life of
MDAs was <7 days for vaccinated Group I (5.9 days) and Group II (6.1days), and it was 9.3
days for the unvaccinated (Group III) birds (Fig 2A-2D).

Post-vaccination antibody response to the rHVT-H5 vaccine

The three experimental groups were highly sero-positive (90-95%) during the first week, but
the mean HI titres of the MDA were significantly lower than where the H5N2/Ag was used
(Fig 2A, Table 2). The detected HI mean titres of the MDA ranged from 3.8 to 7.4 log,

(Table 2, Fig 2A). The post-vaccination antibody response against the rHVT-H5 in Group I
started from the second week, with a sero-conversion rate of 16.7% (Table 2, Fig 2B). The post-
vaccination immune response continued in its development on a weekly basis until the HI
mean titres reached 3.5log, and 70% sero-conversion by the sixth week (Table 2 and Fig 2A-
2D).

Post-vaccination antibody response to MEFLUVAC-H5 vaccine

Using the V/H5N1/Ag as the homologous antigen to the MEFLUVAC-H5 vaccine, the MDA
monitoring indicated that in the three experimental groups, significantly lower (undetectable
level of antibodies (range 0.0 to 1.5 log,) existed in the first week post vaccination until the
third week. The antibody titres gradually developed thereafter with higher titres obtained in
group II (Table 2, Fig 2C and S2 Table). The post-vaccination antibody response against the
MEFLUVAC-HS5 in Group II started from the second week with a sero-conversion rate of 50%.
The post-vaccination immune response continued to develop on a weekly basis until the HI
mean titres reached 5.6log, and 100% sero-conversion by the sixth week (Table 2, Fig 2C).

Post-vaccination antibody response against the HPAI H5N1 challenge
virus antigen (C/H5N1/AQ)

All the experimental groups showed (>75%) sero-positivity at Day 1. The MDA mean HI titres
(0.8-3.1 log,) were significantly lower for HSN1/Ag than where the H5N2/Ag was used
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Fig 1. Weekly mean Hl titres (log2 * SD) showing the results of MDA regression profiles and post vaccination immune responses in different
experimental groups*. Weekly Mean Hl titers (log 2) measured using (1a) (A/Chicken/Mexico/232/1994) H5N2/Ag indicating MDA regression; (1b)
(A/Swan/Hungary/4999/2006)rHVT-H5/Ag indicating immune response to rHVT-H5 vaccination; (1¢) (A/Chicken/Egypt/Q1995D/2010)H5N1/Ag
indicating immune response to KVT-H5 vaccination; (1d) (A/H5N1/Chicken/Egypt/128s/2012)C/H5N1/Ag indicating immune response to challenge
virus antigen. *Group I (1b) (vaccinated with rHVT-H5 vaccine at 1 day old), Group Il (1c) (vaccinated with inactivated MEFLUVAC-H5 vaccine at 8
days old), Group Ill (1d) (unvaccinated control).

doi:10.1371/journal.pone.0156747.g001

(Table 2, S1-S3 Tables). MDA waned significantly by the end of the second week in all three
experimental groups (Figs 1 and 2). The post-vaccination antibody response against the C/
H5N1/Ag in Group II started in the third week, while in Group I, it started in the fourth week
(S3 Table, Fig 2D). The post-vaccination mean antibody titre detected in Group I and II were
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Fig 2. Weekly sero-conversion (%) showing the results of MDA regression profiles and post vaccination inmune responses in different
experimental groups *. Weekly Mean Sero-conversion (%) measured using (2a) (A/Chicken/Mexico/232/1994) H5N2/Ag indicating MDA regression;
(2b) (A/Swan/Hungary/4999/2006)rHVT-H5/Ag indicating immune response to rHVT-H5 vaccination; (2¢) (A/Chicken/Egypt/Q1995D/2010)H5N1/Ag
indicating immune response to KVT-H5 vaccination; (2d) (A/H5N1/Chicken/Egypt/128s/2012)C/H5N1/Ag indicating immune response to challenge virus

antigen. *Group | (vaccinated with rHVT-H5 vaccine at 1 day old), Group Il (vaccinated with inactivated MEFLUVAC-H5 vaccine at 8 days old), Group Il
(unvaccinated control).

doi:10.1371/journal.pone.0156747.g002

(0+0, 1.1£1.3,1.8+1.3 and 2.4+1.1 log,) and (1.7+1.3, 2.4+1.4, 2.8+1.1 and 3.5+1.1log,) at
third, fourth, fifth and sixth weeks respectively (S3 Table). The sero-conversion rates detected
in Group I and II at the third, fourth, fifth and sixth weeks gradually peaked (Table 2). In
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Table 2. Hltitres* (mean £SD) and sero-positivity rates for the selected ducks subject to the four challenge experiments* *.

Age

1 day

7 days

14 days

21 days

28 days

35 days

42 days

Parameters

HI logy titres
Sero-conversion (%)
HI log, titres
Sero-conversion (%)
HI logy titres
Sero-conversion (%)
HI log, titres
Sero-conversion (%)
HI log, titres
Sero-conversion (%)
HI log, titres
Sero-conversion (%)
HI logy titres
Sero-conversion (%)

Group | (n =10) Group Il (n =10) Group lll (n = 10)

rHVT Ag H5N1/2012 H5N1/2010 H5N1/2012 H5N2 H5N1/2012
3.8+1.32 2.9+1.3% 0.8+1.6° 2.8+1.2% 7.441.6° 3.1+1.42
95 75 20 75 100 75
1.9+1.6% 1.541.4° 0+0° 1.541.42 4.8+0.7° 1.741.5°
52 36.8 0 40 100 35
0.5+1.12 0+0? 2.8+1.1° 0+0? 2.6+1° 0+0?
16.7 0 50 0 70 0
1.5+1.6% 00° 2.8+0.5° 1.740.4% 0.1+0.4° 00°
20 0 60 0 0 0
2+1.4° 1.3+1.4° 45+1.1° 1.741.4° 00 ¢ 00 ¢
40 20 85 35 0 0
2.5+0.5 2 1.841.3° 5.240.9 © 2.8+0.8°2 0x0¢ 0x0¢
60 20 100 60 0 0
3.5+0.5% 2.4+0.5° 5.6+0.7° 2.8+0.5° 0+0° 0+0°
70 30 100 70 0 0

Different superscripts in a row denote the presence of statistically significant (p <0.05) differences

*HI titres were measured using homologous vaccinal antigens: rHVT-H5/Ag (A/Swan/Hungary/4999/2006) was used for Groups |; V/H5N1/Ag (A/chicken/
Egypt/Q1995D/2010) was used for Group Il, and H5N2/Ag (A/chicken/Mexico/232/1994) was used for Group .

**Group 1 (vaccinated with rHVT-H5 vaccine at 1 day old), Group Il (vaccinated with inactivated KV-H5 vaccine at 8 days old), Group Il (unvaccinated
control). All birds were challenged with HPAI H5N1 virus (A/Chicken/Egypt/128S/2012 (H5N1)) (GenBank Accession No. JQ858485) via the oculo-nasal
route with 100 pl (50_ul in eye, 50_ul in nose) of inoculum containing 108 EIDs, per duck.

doi:10.1371/journal.pone.0156747.1002

general, the mean HI antibody titres and sero-conversion rates were significantly higher in
Group II than in Group I at the third, fourth, fifth and sixth weeks (Table 2 and Fig 2).

Challenge study: Clinical signs and protection

Control birds. The control positive challenged group displayed 100% morbidity during
the four different challenge experiments at 21, 28, 35 and 42 days (Table 3). All the challenged
control positive groups displayed depression, pink eye, respiratory distress and nervous mani-
festations before death. There was no clear difference between the means for the onset of clini-
cal signs between the four different control positive groups, although the trend displayed by
age (21, 28, 35 and 42 days) differed, as the mean duration of the onset of clinical signs
increased (1.1, 1.2, 1.3 and 1.5 days) respectively (Table 3). The mean duration of the clinical
signs (the patent period) also displayed the same age trend in the four challenge experiments
were 7, 6, 8.7 and 11.3 days respectively (Table 3). The control positive challenged groups dis-
played 100% mortality and a 100% case fatality rate (CFR). However, the mean death time
(MDT) was 8.2, 8, 9.8 and 12.8 days respectively during the four challenge experiments, sug-
gesting the possibility of age susceptibility (Table 3).

Group I (rHVT-HS5 vaccinated group). Group I displayed 100% morbidity during the
four different challenge experiments. All the challenged birds displayed depression, pink eye
and mild respiratory distress, and nervous manifestations appeared only in these birds that
died. There was no difference in the mean duration for the onset of clinical signs (2.7, 4.2, 3.0
and 3.4 days) between the four experiments (21, 28, 35 and 42 days), although it was longer
than for the control positive groups (Table 3). The mean duration of clinical signs (patent
period) also was 10.1, 6, 10.1 and 10.1 days, during the four challenge experiments respectively.

PLOS ONE | DOI:10.1371/journal.pone.0156747 June 15,2016 6/17



@'PLOS ‘ ONE

Protective Efficacy of rHVT-H5 Vaccine against H5N1 Virus in Mulard Ducks

Table 3. Morbidity and mortality parameters measured in animals subjected to four separate challenge experiments (Exp.1, 2, 3 and 4)*.

Parameters Group | (n = 10) Group Il (n = 10) Group lll (n = 10)

Exp. 1 Exp.2 Exp.3 Exp.4 Exp.1 Exp.2 Exp.3 Exp.4 Exp.1 Exp.2 Exp.3 Exp.4
Morbidity (%) 100 100 100 100 100 100 100 100 100 100 100 100
Mean duration for clinical 27(1-5) 4.2(1- 3(1-5) 3.4(2— 3.1(2- 34(2- 3(-5) 29(- 11(1—- 12(1- 1.3(1- 1.5(1-
onset (days) (range) 6) 4) 4) 5) 4) 3) 2) 2) 2)
Overall mean patent period 10.1(7— 6(6— 10.1(8- 10.1(9- 7(5-8) 9.2(4- 9.76— 9.2(7- 7 6 8.76— 11.3(9-
(days) (range) 12) 12) 12) 12) 12) 13) 12) 13) 13)
Mean patent period (days) for 7 7.5(7- 11(9- 12 7(6-8) 5.3(4— 8 12 7 6 8.7(5—- 11.3(9-
birds that died (range) 8) 13) 6) 13) 13)
Mean patent period (in days) 10.9 5.6(4— 9.9(9- 9.9(9- 7(5-8) 10.9(9- 10.1(8— 8.9(7—- NA NA NA NA
for birds that survived (range) (10-12) 8) 11) 11) 12) 12) 12)
Mortality (%) 20 20 10 10 50 30 20 10 100 100 100 100
Total no. sick birds but 80 80 90 90 50 70 80 90 0 0 0 0
recovered (%)
Case fatality rate (%) 20 20 10 10 50 30 20 10 100 100 100 100
Mean death time (MDT) 8 12 14 14 7.8 9.3 10 14 8.2 8 9.8 12.8
Protection (%) 80 80 90 90 50 70 80 90 0 0 0 0

*Experiments 1, 2, 3 and 4 were carried out on birds of 21, 28 and 35 and 42 days of age. In both cases, Group 1 (vaccinated with rHVT-H5 vaccine at 1
day old), Group Il (vaccinated with inactivated KV-H5 vaccine at 8 days old), Group Il (unvaccinated control). All birds were challenged with HPAI H5N1
virus (A/Chicken/Egypt/128S/2012 (H5N1)) (GeneBank Accession No. JQ858485) via the oculo-nasal route with 100 pl (50_ul in eye, 50_ul in nose) of

inoculum containing 10° EIDs, per duck.

doi:10.1371/journal.pone.0156747.t003

Group I challenge birds showed 20%, 20%, 10%, and 10% mortality and CFR was 20%, 20%,
10% and 10% respectively in the four different experiments. However, the mean death time

(MDT) was 8, 12, 14 and 14 days respectively during the fourth challenge experiment. In terms
of the protection percentage (against mortality), the rHVT-H5-vaccinated birds displayed the
highest protection levels at 80%, 80%, 90% and 90% respectively during the four challenge
experiments (Table 3).

Group II (MEFLUVAC-HS5 vaccinated group). Group II challenged birds displayed
100% morbidity in the four different challenge experiments. All the challenged birds displayed
depression, pink eye, and mild respiratory, but nervous manifestation appeared only in the birds
that died. There was no difference in the means for the onset of clinical signs (3.1, 3.4, 3 and 2.9
days) between the four experiments (21, 28, 35 and 42 days of age), although it was longer than
in the control positive groups (Table 3). The mean duration of clinical signs (patent period) was
also 7, 9.2, 9.7 and 9.2 days respectively during the four challenge experiments. Group II chal-
lenge birds displayed 50%, 30%, 20% and 10% mortality, and CFR was 50%, 30%, 20% and 10%
respectively in the four different experiments. However, the mean death time (MDT) was 7.8,
9.3, 10 and 14 days respectively in the fourth challenge experiment (Table 3). The percentage of
protection against mortality was highest for the MEFLUVAC-H5-vaccinated birds, at 50%, 70%,
80% and 90% respectively during the four challenge experiments (Table 3). In general, Group I
performed the best during the first two challenge experiments, and there was no difference
between the two vaccinated groups in the third and fourth challenge experiments.

Viral shedding

Rate of viral shedding. The control positive groups (Group III) displayed a 100% shed-
ding rate in the four different challenge experiments. All the shedder birds in the control posi-
tive groups died.
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Table 4. Virological parameters measured in animals subjected to four separate challenge experiments (Exp.1, 2, 3 and 4)*.

Parameters

Total no. shedder birds
(%)

Shedder birds that
died

Shedder birds that
recovered

Total no. sick birds but
did not shed virus

Mean virus load/
shedder birds

Third dpc

Sixth dpc

Ninth dpc
Fourteenth dpc

Mean virus load/
shedder birds that died

Group | (n = 10)

Exp. 1
8
(80%)?
2

6

4.1+1.2
3.2+0.4
0
0

3.9
0.5

Exp. 2
4
(40%)°
2

2.7+0.4
3.2+0.1
0

0

3.5

Group Il (n = 10) Group lll (n = 10)

Exp.3 Exp.4 Exp.1 Exp.2 Exp.3 Exp.4 Exp. 1 Exp. 2 Exp.3 Exp.4
4 2 5 8 8 2 10 10 10 10
(40%)° (20%)° (50%)° (80%)? (80%)? (20%)C€ (100%)° (100%)° (100%)° (100%)°
2 1 5 3 2 1 10 10 10 10
2 1 0 5 6 1 0 0 0 0
6 8 5 2 2 8 0 0 0 0
3.6+0.3 3.1x0.1 3.3x0.2 3.6+1.2 3.9+1.3 3 3.9+1 3.54£0.3 4.410.4 3+0.5
41+0.7 2.0+0.1 3.5#1.1 3.240.3 3.1%1 2.4+0.6 3.6+0.6 3.620.5 4.1+0.8 3.5+0.3
4.2 0 3.3:t0.3 4.5+0.3 4.5+0.2 3.7 **NA NA 3.841.2 4+0.5
25 0 0 0 0 3.9 NA NA 50.7 4.8+0.8
3.4+x1.2 34 3.6+0.5 4.5+0.2 45+02 3.9 4.7+0.7 5.120.5 5.4+0.6 4.7+0.7

Different superscripts in a row denote the presence of statistically significant (p <0.05) differences

*Experiment 1, 2, 3 and 4 were carried out on birds of 21, 28, 35 and 42 days of age. In both cases, Group 1 (vaccinated with rHVT-H5 vaccine at 1 day
old), Group Il (vaccinated with inactivated KV-H5 vaccine at 8 days old), Group Il (unvaccinated control). All birds were challenged with HPAI H5N1 virus
(A/Chicken/Egypt/128S/2012 (H5N1)) (GeneBank Accession No. JQ858485) via the oculo-nasal route with 100 ul (50_ul in eye, 50_ul in nose) of
inoculum containing 10° EIDs, per duck.
** NA = not applicable as all birds died before 10 dpc.

doi:10.1371/journal.pone.0156747.1004

In the case of Group I, the shedding rates were 80%, 40%, 40% and 20% respectively in the
four challenge experiments (Table 4). The number of shedder birds that died was 2, 2,2 and 1
respectively in the four challenge experiments. The total number of sick birds that did not shed
the virus was 2, 6, 6 and 8 birds respectively.

In case of Group II, the shedding rates were 50%, 80%, 80% and 20% respectively during the
four challenge experiments. The number of shedder birds that died was 5, 3, 2 and 1 respec-
tively during the four challenge experiments. The total number of sick birds that did not shed
the virus was 5, 2, 2 and 8 birds respectively (Table 4).

In general, the highest shedding rate (80%) was recorded in Group I in the first challenge
experiment. In Group II, it was recorded in the second and third challenge experiments. The
rate of shedding decreased by age in both vaccinated groups. In the fourth challenge experi-
ment, both vaccinated groups displayed the same trend (Table 4).

Amount of challenge viral shedding (log;o PCR copies). In Group III, the mean viral
shedding in the control positive groups ranged from 3.6 to 5 log;o/ml in the surviving birds.
The mean viral shedding in dead birds was 4.7+0.7, 5.1£0.5, 5.4+0.6 and 4.7+0.7 log;o/ml
respectively in the four different experiments. The control positive birds in the third and fourth
challenge experiment continued shedding until the 14th dpc. The highest shedding rates (5
+0.7 and 4.8+0.8) among the four challenge control positive groups were detected in the third
and fourth challenge experiments in late shedding birds respectively (Table 4).

In Group I, the mean viral shedding in Group I-challenged birds during the four challenge
experiments ranged from 2 to 4.1 log;o/ml in the surviving birds. The mean viral shedding in
dead birds was 3.9+0.5, 3+0, 3.4%1.2 and 3.4 log;o/ml in the four different experiments respec-
tively. Viral shedding stopped from the sixth dpc in the first, second and fourth challenge
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experiments, but it continues until the 14™dpc in the third challenge experiment. The level of
viral shedding decreased as the age of the challenged birds increased. The mean viral shedding
in Group I challenged birds in the four challenge experiments was lower than in the case of the
control positive groups by 1 to 2 log;, (Table 4).

In Group II, the mean viral shedding in Group II-challenged birds during the four challenge
experiments ranged from 2.4 to 4.5 log;o/ml in the surviving birds. The mean viral shedding in
dead birds was 3.6+0.5, 4.5+0.2, 4.5+0.2 and 3.9 log;,/ml in the four different experiments
respectively. Viral shedding stopped from the 9"dpc in the first, second and third challenge
experiments, but continued until the 14™dpc in the fourth challenge experiment. The mean
viral shedding in Group II challenged birds in the four challenge experiments was lower than
in case of the control positive groups by 1 log;, (Table 4).

In Group III, the mean viral shedding in Group III-challenged birds during the four chal-
lenge experiments ranged from 4.7to 5.4 log;o/ml in the surviving birds. The mean viral shed-
ding in dead birds was 4.7£0.7, 5.1£0.5, 5.4%0.6 and 4.7+0.7 log; o/ml in the four different
experiments respectively. Viral shedding stopped became undetectable from the 6™dpc in the
first and second challenge experiments, but continued until the 14™dpc in the third and fourth
challenge experiments (Table 4).

Discussion

In the winter of 2014-2015, Egypt recorded an epizootic of HPAI H5N1 virus, because of the
emergence of a new but dominant H5N1 virus cluster (clade 2.2.1.2) [17]. Prior to this event,
Egypt’s poultry population has continued to be infected with the H5N1 virus with regular
reports of human cases. To date, the following control measures have been implemented to miti-
gate the extent and impact of avian influenza H5N1: biosecurity, a ban on poultry movement,
market rest days, stamping out, and vaccination [18]. Whereas the first four measures are per-
ceived as the classical approach to the disease and have gained prominence worldwide, vaccina-
tion against avian influenza H5N1 is still hotly debated and its implementation is considered on
a country-by-country basis only. Because Egypt has been declared an area where the virus is
endemic to the poultry population and multiple human infections have been reported, the coun-
try has adopted vaccination of poultry against avian influenza to increase resistance to infection,
to protect the poultry population from clinical disease, and to reduce shedding of the virus in
infected birds.

Many vaccines against the H5N1 virus have been used and studied [19-23], however, no
single study has considered the efficacy of influenza H5N1 vaccine in Mulard ducks. This spe-
cies of domestic duck is a reproductive sterile hybrid between Perkin ducks (Anasplatyrhynchos
domestica) and muscovy ducks (Cairina moschata), and this hybrid is susceptible to infection
and can effectively transmit the virus [24].

Previous work by Cagle et al. [20], confirmed that both Perkin and Muscovy ducks have
received efficient vaccination for protection against the spread of the disease, but suggested
that they respond differently to the HPAT H5N1 commercial inactivated vaccine. It is therefore
difficult to generalize for duck species, based on these previous evaluations. In addition, the
virus may still be shed even in clinically healthy vaccinated populations [20], particularly in the
summer months [25, 26]. Furthermore, although previous studies have confirmed the effective-
ness of inactivated H5 vaccines in protecting ducks against disease [27-29], continuous shed-
ding of the virus occurs in clinically healthy vaccinated duck populations [30], and low scale
transmission to other poultry can still occur. Current H5 inactivated vaccines and vaccination
practices are thus insufficient to control HSN1 HPAI virus infections in domestic waterfowl.
New vaccination strategies are thus needed to improve the level of protection for ducks.
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In this study, we have demonstrated the protective efficacy of a commercial live recombi-
nant vector vaccine (rHVT-H5) given on its own, and have compared it with using an inacti-
vated H5N1 vaccine (MEFLUVAC), or no vaccination, in domestic Mulard ducks (a cross-
breed between Muscovy and mallard breeds). We used a virulent challenge virus that belongs
to major HA clade 2.2.1 circulating in Egypt and that is known to have previously caused severe
clinical signs and 100% mortality in non-vaccinated ducks.

The ducklings used in this study had maternally derived antibodies (MDA) from previous
multiple vaccination of the breeder ducks. However, we have determined that such MDA
waned significantly on or before 21 days of age. Decision-making on vaccination against HPAI
H5N1 in ducks should consider such degrading immunity before vaccination, because interfer-
ence between MDA and the protection provided by avian influenza inactivated vaccines has
been reported in poultry [12, 13,22, 31]. In this case, the MDA half-life was less than 7 days in
the case of the rHVT-H5 and inactivated H5N1 vaccinated groups (5.9 and 6.1 days respec-
tively), while it was 9 days for non-vaccinated birds. Our work suggests that vaccination at 7
days of age could help minimize the interference of maternal antibodies, and would enable the
ducks to acquire early immunity. Despite this immunity and good protection against the dis-
ease, viral shedding still persisted in these species [29].

In this study, the ducks vaccinated with the rHVT-H5 and inactivated MEFLUVAC vac-
cines rapidly developed antibodies and were well protected against the challenge with the Egyp-
tian HPAI H5N1 virus. However, most ducks shed the virus for at least six days in the case of
the rHVT-H5-vaccinated groups, and for up to nine days in the case of the groups inoculated
with the inactivated vaccine. Although virus titres were generally lower than the titres observed
in the challenge controls for both groups of ducks, neither the rHVT-H5 vaccine nor the inacti-
vated vaccine were capable of protecting challenged ducklings from displaying clinical signs.
However, the vaccinated duck groups had a higher mean death time than the challenge con-
trols, and this difference in survival was significant (P>0.05). Ducks vaccinated with the inacti-
vated vaccine challenged with the Egyptian virus shed the virus for a longer period than those
vaccinated with the rHVT-H5 vaccine.

The rHVT-H5 vaccine induced a weak antibody response to its homologous antigen and unde-
tectable level for other viruses tested, indicating that it is most likely to replicate in Mulard ducks
[16]. In fact, the virus was detected in tissues from rHVT-H5-vaccinated ducks when they were
examined at 14 and 21 days after vaccination, both in feather follicles and in the spleen [16, 32].

In this study, we have confirmed that both vaccines were effective and conferred protection.
In addition, they induced both cellular and humoral immune responses, including cell-medi-
ated immunity [15]. Several studies have been conducted to evaluate vaccine efficacy in ducks
against a HPAI virus lethal challenge [27-29]. Vaccine protection from infection and the level
of viral shedding varied depending on single or double-dose vaccination [30], and the challenge
virus strain [29].

The majority of the published vaccine studies on ducks were done either on Perkin ducks
(Anasplatyrhynchos domesticus) [5,27,33], or mallard ducks (A. platyrhynchos) [34,35] and less
research has been done on Muscovy ducks (Cairinamoschata) [33,36], even though Muscovy
ducks are economically significant, as they are not produced only in Asia, but also represent
90% of the ducks hatched in France, the primary producer of ducks in Europe [36]. Vaccine
efficacy studies in ducks conducted by Steensels et al. [33] using fowlpox-vectored Al vaccina-
tion (TROVAC AIV H5, rFP-AIV-H5) revealed oropharyngeal virus shedding in Muscovy
ducks as late as 19 days after infection (dpi), while no shedding was detectable in Perkin ducks
at any point after infection with the same HPAI H5N1virus. However, no research has been
done comparing the responses of Perkin and Muscovy ducks to vaccination in the same study
and under the same conditions.
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In conclusion, the rHVT-H5 vaccine used alone and with inactivated H5 vaccine could con-
fer the required level of protection in Mulard ducks when they are challenged with the HPAI
H5N1 clade 2.2.1 viruses. The rHVT-H5 vaccine appears to offer better protection than the
inactivated vaccine, although it produced a higher level of viral shedding until Day 6 after the
challenge. Vaccinating ducklings with the rHVT-H5 vaccine should reduce the transmission of

HPAI H5N1 among domestic poultry.

Materials and Methods

All studies were carried out according to the Reference Laboratory for Veterinary Quality Con-
trol on Poultry Production (NLQP) guidelines for research ethics in animals. The project ethics
approval number was LA140801/Ex04. Model of experimental design are described in Fig 3.

Pre-approval and full approval for the Experimental study from NLQP

Vectormune ® Al
(rHVT-HS5) vaccine

(75 ducklings) day 1

MEFLUVAC ® Al
H5N1 vaccine

(75 ducklings) day 8

Control

unvaccinated birds

(75 ducklings)

\

=

4

4

4

/ *Serological testing on day 1, Weeks 1, 2, 3,4, 5 and 6 using four antigens \
including the following: (A/Chicken/Mexico/232/1994) H5N2/Ag;
(A/Swan/Hungary/4999/2006)rHVT-H5/Ag;
(A/Chicken/Egypt/Q1995D/2010)H5N1/Ag and
(A/H5N1/Chicken/Egypt/128s/2012)C/H5N1/Ag

*Monitor for virus shedding, clinical signs, symptoms and determine
k endpoints following challenge experiments.

/

10 Ducklings

10 Ducklings

10 Ducklings

10 Ducklings

10 Ducklings

10 Ducklings

10 Ducklings

10 Ducklings

Fig 3. Model of experimental design.

doi:10.1371/journal.pone.0156747.9003

10 Ducklings

10 Ducklings

10 Ducklings

10 Ducklings

HPAI' H5N1
Challenge virus
(JQ858485)

]

Day 28

'
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Vaccines and Challenge virus

Vectormune® AI (rHVT-H5). Itisa cryopreserved cell-associated recombinant turkey
herpes virus constructed with the FC-126 strain of HVT as the vector, and the HA gene from
the H5N1 clade 2.2 HPAI (A/Swan/ Hungary/ 4999/2006) strain as an insert, and manufac-
tured by CEVA-Santé animalé (Libourne, France). The details of the vaccine have been
described in previous studies [16, 22]. It is injected subcutaneously in day-old birds, usually in
the lower third of the neck at a dose rate of 12,450 plaque forming units (pfu)/0.3 ml/duckling
(the equivalent of 1.5 chicken doses). The Serial number of the vaccine was 395-042 with expi-
ration date set at 09 October 2016.

Egyptian inactivated bivalent H5N1 vaccine (MEFLUVAC). It is an oil emulsion inacti-
vated vaccine that contains two reassortant H5N1 strains (A/chicken/Egypt/Q1995D/2010;
GeneBank Accession No. CY099579 and A/duck/Egypt/M2583D/2010; GeneBank Accession
No. CY099580). The inactivated bivalent vaccine was manufactured by the Middle East Vac-
cine Producing Company (MEVAC) (Al Sharkia-Egypt). It is administered at a dose of 0.5 ml
per bird I/M as per manufacturer’s recommendation for chicken. The Batch number of the vac-
cine was 1402250101 with expiration date set at 25 February 2016.

HPAI H5N1 virus (A/chicken/Egypt/128s/2012(H5N1) (GeneBank Accession No.
JQ858485). The HPAI H5NI1 virus (A/chicken/Egypt/128s/2012(H5N1) (HA clade 2.2.1)
was obtained from the repository of the Reference Laboratory for Veterinary Quality Control
on Poultry Production (NLQP), Animal Health Research Institute, Giza, Egypt. The virus was
inoculated into the allantoic cavity of 9-day-old embryonating chicken eggs and grown for 30
hours at 37°C. The allantoic fluid was harvested and frozen at —70°C until further use.

Study protocol

A total of 225 commercial day-old Mulard ducks (DODs) that carried maternally derived anti-
bodies (MDAs) against H5N2 vaccine were obtained from a commercial duck breeder (Al-
Wafaa Company, Egypt). The duck breeder flocks were vaccinated four times against avian
influenza H5, at Weeks 2, 8, 19 and 40, using different H5N2 inactivated vaccines. The DODs
were kept at biosecurity level 3 (BSL-3) poultry isolators at the Reference Laboratory for the
Quality Control of Poultry Production (NLQP) animal facility. The ducks for this experiment
were allocated into three groups (I, IT and III) of 75 ducklings each. At one day old, 15 DODs
from each group were humanely bled intra-cardially to monitor for MDA titres. The Group I
ducklings (n = 75) were vaccinated with rHVT-H5 vaccine at one day old; Group II ducklings
(n = 75) received MEFLUVAC-H5 vaccine when they were eight days old, and Group III

(n =75) served as unvaccinated controls. All the experimental DODs were monitored daily for
56 days.

Serological monitoring

Fifteen (15) randomly selected birds from each group were bled at Day 1, and at Weeks 1 2, 3,
4,5 and 6. Sera were individually identified by group and date, and stored at -20°C until tested.
Duck antisera were treated using 10% chicken RBCs before HI testing was conducted to avoid
any non-specific reactions [37], The haemagglutination inhibition (HI) test was conducted
according to standard procedures and as previously described by the World Organisation for
Animal Health [22,37]. Briefly, an HI test was conducted using four different H5 antigens: i) the
H5N2/Ag (A/chicken/Mexico/232/1994 (H5N2) (Genebank Accession No. AY497096) to deter-
mine MDA titres; ii) the rHVT-H5/Ag, homologous vaccinal antigen (A/Swan/Hungary/4999/
2006) to determine post-vaccination antibody immune response against the rHVT-H5 vaccine;
iii) the V/H5N1/Aghomologous Egyptian H5N1 antigen (A/chicken/Egypt/Q1995D/2010)
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(GeneBank Accession No. CY099579) to determine any post-vaccination immune response
against the MEFLUVAC-HS5 vaccine, and iv) the C/H5N1/Ag challenge virus antigen (A/H5N1/
chicken/Egypt/128s/2012) (GeneBank Accession No. AFI 44355) to evaluate the post-vaccination
immune response against the challenge virus. The HI mean titres were expressed as reciprocal
log, and an HI titre in a dilution of >2> was used to test specifically for the presence AT H5 anti-
body titres. The sero-conversion (sero-positivity) rate was estimated as the proportion of birds
with positive HI titres (>2) and was calculated using the following formula:

n 100
JE— X _
N 1

where n = number positive with HA titres of >2% N = total randomly selected and tested number
in the group.

Detection of rHVT-H5 in vaccinated birds

The rHVT-HS5 virus replication was assessed in both the spleen and feather follicles of rHVt-
H5 vaccinated and control (non-vaccinated) birds at the age of 14 and 21 days. Specifically, the
Marek’s disease virus serotype 3 (HVT) US3 gene was targeted using the PCR test according to
Handberg et al.[38].

The challenge experiment

Considering the lack of standardized information on the challenge and protection time for Al
vaccine evaluation in ducks, and the differential responses in different species of ducks [20],
four different sets of challenge experiments were conducted at Days 21, 28, 35 and 42. In each
challenge trial, 10 DODs, tagged and identified individually, were randomly selected and allo-
cated from each group (Groups I, II and III). The birds were transferred to separate BLS-3
poultry isolators, and a challenge experiment was conducted according to the NLQP guidelines
for research ethics in animals. All experimental infections were performed via the oculo-nasal
route, with 100 pl of the challenge inoculum, containing 10° EIDso/duckling (with 50pl admin-
istered into the eye and 50yl into the nasal cavity).

Animal care and welfare during the study

All ducks were placed under a 24-hour monitoring program by the laboratory animal facility
team for the duration of the study and no incidence of animal death or unexpected occurrence
was recorded in the course of the experiment.

However, in the course of the challenge experiment with highly pathogenic avian influenza
virus, it is expected that some ducks may die, and humane endpoint protocol were submitted
and approved by the Institution Ethics Committee for euthanasia of such animal. Situation
that will trigger the use of humane endpoint include the display of severe clinical signs that
cause suffering (Score of > 6) [39], pain or incompatible with animal welfare including prostra-
tion and nervous manifestation that affects normal movement and food intake and respiration
inside the isolator for 24-48 hours.

Euthanasia of individual experimental bird was performed by the intra-vascular inoculation
of sodium pentobarbital (100 mg/kg) with or without CO, gas. This medication was provided
in a small ready-to-use vials (0.324 grams/ml) for use in individual experiments. A dose of 0.1-
0.2 ml was administered intravascularly to each 4-to-6 week old bird to quickly cause uncon-
sciousness and death for an experimental duck that was severally sick as described above. At
the end of the experiment, all survivor ducks were killed humanely using CO, after euthanasia
of animals as described above.
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Pre- and Post-challenge monitoring

Prior to the challenge experiments, Mean HI (log,) titres and sero-conversion rates were ana-
lyzed as described above to determine the baseline values. Similarly, oropharyngeal swabs were
collected and tested using qRT-PCR, which targets the influenza type A matrix (M) gene of A/
H5NI1 [40].

Post-challenge. Following the virus challenge, the health status of experimentally chal-
lenged birds was monitored for 10 days or more post-challenge (dpc). The parameters mea-
sured included: i) the onset of clinical signs and symptoms, ii) the duration of the clinical signs,
iii) daily and cumulative mortality, and iv) the mean death time.

Virus shedding. Oropharyngeal swabs were collected from individual chickens at 3, 6 and
10dpc. Each swab was immediately inserted into 1 ml of viral transport medium, processed
and tested separately for excretion of the challenge virus. Virus detection and quantification
were conducted in a Tagman qRT-PCR, targeting the influenza type A matrix (M) gene [40].
Briefly, RNA extraction was performed according to the manufacturer’s recommendations
using the QIAamp viral RNA Mini kit (Qiagen, Hilden, Germany). Genome amplification,
detection and analysis were performed in a Stratagen MX3005P machine (Agilent, California,
USA). An absolute quantification of the AIV matrix gene specific RNA was achieved relative to
a standard curve, based on the tenfold dilution of an in vitro transcribed RNA template of the
challenge virus. The current detection limit of the qRT-PCR is 2.3 copies. A cut threshold (Ct)
value of 40 was selected as the cut-off between positive and negative results; therefore samples
with a Ct higher than 40 were considered negative for AIV. The results were expressed as the
number of M gene copies per ml of swab sample solution.

The viral load was expressed as the mean values of the M gene copies/ml per swab sample
(log;o PCR copies) detected daily. The mean viral load shed per group was calculated only for
live positive shedders per group per day. The number and proportion of shedders was calcu-
lated as the percentage of shedders of the total live birds in a group at one time point, and the
level of protection against morbidity and mortality conferred by a given vaccination regime
was determined as the proportion of healthy and surviving birds respectively in a group during
the monitoring period after the challenge.

Statistical analysis

Systematically collected data on parameters of interest were analyzed using descriptive and
appropriate tests of the hypotheses were conducted in SPSS v 21 (IBM, 2012). The variations
within and between groups were analyzed using a One-Way ANOVA and a P-value <0.05 was
considered statistically significant for all tests.
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*Group I (vaccinated with rHVT-HS5 vaccine at 1 day old), Group II (vaccinated with inacti-
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(p <0.05) differences. *Group 1 (vaccinated with rHVT-H5 vaccine at 1 day old), Group II

PLOS ONE | DOI:10.1371/journal.pone.0156747 June 15,2016 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156747.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156747.s002

@’PLOS ‘ ONE

Protective Efficacy of rHVT-H5 Vaccine against H5N1 Virus in Mulard Ducks

(vaccinated with inactivated KV-H5 vaccine at 8 days old), Group III (unvaccinated control).
(DOCX)

S3 Table. Weekly mean HI titres (log2 + SD) measured using (A/chicken/Egypt/1285/2012)
C/H5N1/Ag that indicates the immune response to the challenge virus. S3 Table legend: Dif-
ferent upper case letters in a row denote the presence of statistically significant (p <0.05) differ-
ences. “Group 1 (vaccinated with rHVT-H5 vaccine at 1 day old), Group II (vaccinated with
inactivated KV-H5 vaccine at 8 days old), Group III (unvaccinated control).

(DOCX)

Acknowledgments

We express our sincere gratitude to USAID for its continued support in addressing the eradica-
tion and control of endemic HPAI situation in Egypt. The authors are grateful to Ahmed
Shawky and other colleagues from our partner organizations, who all provided a wide range of
direct and indirect supports during the field study.

Author Contributions

Conceived and designed the experiments: YM] WHK JL MS. Performed the experiments:
WHK SMM MS AS AGS MKH. Analyzed the data: WHK FOF GD OGF JL YM]J. Contributed
reagents/materials/analysis tools: FOF JL YM] WHK. Wrote the paper: WHK FOF MS SMM
AS OGF AGS GD MKH JL YMJ.

References

1. Aly MM, Arafa A, Hassan MK. Epidemiological findings of outbreaks of disease caused by highly patho-
genic H5N1 avian influenza virus in poultry in Egypt during 2006. Avian Dis 2008; 52:269-277. PMID:
18646456

2. Food and Agriculture Organisation of the United Nations (FAO). Fifth Report of the Global Programme
for the Prevention and Control of highly Pathogenic Avian Influenza, January 2011-January 2012,
2013. Available at http://www.fao.org/docrep/017/i3139¢e/i3139e.pdf. Accessed 09 December 2015.

3. Gilbert M, Chaitaweesup P, Parakamawongsa T, Premashthira S, Tiensin T, Kalpravidh W et al. Free-
grazing ducks and highly pathogenic avian influenza, Thailand. Emerging infectious diseases 2006; 12
(2):227-34. PMID: 16494747

4. Dinh PN, Long HT, Tien NT, Hien NT, Mai le TQ, Phong le H et al. Risk factors for human infection with
avian influenza A H5N1, Vietnam, 2004. Emerg Infect Dis 2006; 12(12):1841-7. PMID: 17326934

5. vander Goot, Jeanet A, van Boven M, Stegeman A, van de Water, Sandra GP, de Jong MC, Koch G.
Transmission of highly pathogenic avian influenza H5N1 virus in Pekin ducks is significantly reduced
by a genetically distant HSN2 vaccine. Virology 2008; 382(1):91-7. doi: 10.1016/j.virol.2008.08.037
PMID: 18848343

6. HenningJ, Wibawa H, Morton J, Usman TB, Junaidi A, Meers J. Scavenging ducks and transmission of
highly pathogenic avian influenza, Java, Indonesia. Emerg Infect Dis 2010; 16(8):1244-50. doi: 10.
3201/eid1608.091540 PMID: 20678318

7. Wibawa H, Bingham J, Nuradji H, Lowther S, Payne J, Harper J et al. Experimentally infected domestic
ducks show efficient transmission of Indonesian H5N1 highly pathogenic Avian Influenza virus, but lack
persistent viral shedding. PloS one 2014; 9(1).

8. Pantin-Jackwood MJ, Suarez DL. Vaccination of domestic ducks against HSN1 HPAI: A review. Virus
Res 2013; 178(1):21-34. doi: 10.1016/j.virusres.2013.07.012 PMID: 23916865

9. Swayne DE, Kapczynski DR.Vaccines, Vaccination, and Immunology for Avian Influenza Viruses in
Poultry, in Avian Influenza (ed Swayne DE), Blackwell Publishing Ltd., Oxford, UK. 2008;407-51. doi:
10.1002/9780813818634.ch19

10. Peyre Ml, Samaha H, Jobre MY, Saad A, Abd-Elnabi A, Galal S et al. Avian influenza vaccination in
Egypt: Limitations of the current strategy. J Mol Genet Med 2009; 3:198-204. PMID: 20076791

11. Abdelwhab EM, Hafez HM. An overview of the epidemic of highly pathogenic H5N1 avian influenza
virus in Egypt: epidemiology and control challenges. Epidemiol Infect 2011; 139(05):647-57

PLOS ONE | DOI:10.1371/journal.pone.0156747 June 15,2016 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0156747.s003
http://www.ncbi.nlm.nih.gov/pubmed/18646456
http://www.fao.org/docrep/017/i3139e/i3139e.pdf
http://www.ncbi.nlm.nih.gov/pubmed/16494747
http://www.ncbi.nlm.nih.gov/pubmed/17326934
http://dx.doi.org/10.1016/j.virol.2008.08.037
http://www.ncbi.nlm.nih.gov/pubmed/18848343
http://dx.doi.org/10.3201/eid1608.091540
http://dx.doi.org/10.3201/eid1608.091540
http://www.ncbi.nlm.nih.gov/pubmed/20678318
http://dx.doi.org/10.1016/j.virusres.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23916865
http://dx.doi.org/10.1002/9780813818634.ch19
http://www.ncbi.nlm.nih.gov/pubmed/20076791

@’PLOS ‘ ONE

Protective Efficacy of rHVT-H5 Vaccine against H5N1 Virus in Mulard Ducks

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

Kilany W, Dauphin G, Selim A, Tripodi A, Samy M, Sobhy H et al. Protection conferred by recombinant
turkey herpesvirus avian influenza (rHVT-H5) vaccine in the rearing period in two commercial layer
chicken breeds in Egypt. Avian Pathol 2014; 43(6):514—23. doi: 10.1080/03079457.2014.966302
PMID: 25245772

De Vriese J, Steensels M, Palya V, Gardin Y, Dorsey KM, Lambrecht B et al. Passive protection
afforded by maternally-derived antibodies in chickens and the antibodies' interference with the protec-
tion elicited by avian influenza-inactivated vaccines in progeny. Avian Dis 2010; 54(s1):246-52.

Kapczynski DR, Esaki M, Jackwood MW, Dorsey KM. Vaccination of SPF chickens with a recombinant
HVT expressing the HA from H5N1 highly pathogenic avian influenza protects against lethal challenge.
59" Western Poultry Disease Conference, Vancouver, Canada, 18-21 April 2010;124

Rauw F, Palya V, Van Borm S, Welby S, Tatar-Kis T, Gardin Y et al. Further evidence of antigenic drift
and protective efficacy afforded by a recombinant HVT-H5 vaccine against challenge with two antigeni-
cally divergent Egyptian clade 2.2. 1 HPAI H5N1 strains. Vaccine 2011; 29(14):2590-600. doi: 10.
1016/j.vaccine.2011.01.048 PMID: 21292007

Rauw F, Palya V, Gardin Y, Tatar-Kis T, Dorsey KM, Lambrecht B et al. Efficacy of rHVT-Al vector vac-
cine in broilers with passive immunity against challenge with two antigenically divergent Egyptian clade
2.2. 1 HPAI H5N1 strains. Avian Dis 2012; 56(4s1):913-22.

Arafa AS, Naguib MM, Luttermann C, Selim AA, Kilany WH, Hagag N et al. Emergence of a novel clus-
ter of influenza A(H5N1) virus clade 2.2.1.2 with putative human health impact in Egypt, 2014/15. Euro
Surveill 2015; 20(13):2-8. PMID: 25860390

Sims LD. Intervention strategies to reduce the risk of zoonotic infection with avian influenza viruses:
Scientific basis, challenges and knowledge gaps. Influenza and other respiratory viruses 2013; 7
(s2):15-25.

Abdelwhab EM, Grund C, Aly MM, Beer M, Harder TC, Hafez HM. Multiple dose vaccination with heter-
ologous H5N2 vaccine: immune response and protection against variant clade 2.2.1 highly pathogenic
avian influenza H5N1 in broiler breeder chickens. Vaccine 2011; 29:6219-6225. doi: 10.1016/j.
vaccine.2011.06.090 PMID: 21745517

Cagle C, To TL, Nguyen T, Wasilenko J, Adams SC, Cardona CJ et al. Pekin and Muscovy ducks
respond differently to vaccination with a HSN1 highly pathogenic avian influenza (HPAI) commercial
inactivated vaccine. Vaccine 2011; 29(38):6549-57. doi: 10.1016/j.vaccine.2011.07.004 PMID:
21771626

Cha RM, Smith D, Shepherd E, Davis CT, Donis R, Nguyen T et al. Suboptimal protection against
H5N1 highly pathogenic avian influenza viruses from Vietnam in ducks vaccinated with commercial
poultry vaccines. Vaccine 2013; 31(43):4953-60. doi: 10.1016/j.vaccine.2013.08.046 PMID: 23994373

Kilany WH, Khalifa MK, Safwat M, Mohammed S, Selim A, VonDobschuetz S et al. Comparison of the
effectiveness of rHVT-HS5, inactivated H5 and rHVT-H5 with inactivated H5 prime/boost vaccination
regimes in commercial broiler chickens carrying MDAs against HPAI H5N1 clade 2.2. 1 virus challenge.
Avian Pathol 2015(just-accepted): 1-33.

Liu Q, Mena |, Ma J, Bawa B, Krammer F, Lyoo YS et al. Newcastle Disease Virus-Vectored H7 and H5
Live Vaccines Protect Chickens from Challenge with H7N9 or H5N1 Avian Influenza Viruses. J Virol
2015; 89(14):7401-8. doi: 10.1128/JVI.00031-15 PMID: 25926639

Szeredi L, Dan A, Palmai N, Ursu K, Balint A, Szeleczky Z et al. Tissue tropism of highly pathogenic
avian influenza virus subtype H5N1 in naturally infected mute swans (Cygnus olor), domestic geese
(Anseranser var. domestica), Pekin ducks (Anasplatyrhynchos) and mulard ducks (Cairinamoschatax
Anasplatyrhynchos). Acta Vet Hung 2010; 58(1):133—45. PMID: 20514747

Hassan M, Jobre Y, Arafa A, Abdelwhab E, Kilany W, Khoulosy SG et al. Detection of A/H5N1 virus
from asymptomatic native ducks in mid-summer in Egypt. Arch Virol 2013; 158(6):1361-5. doi: 10.
1007/s00705-012-1599-x PMID: 23381391

ElMasry |, Elshiekh H, Abdlenabi A, Saad A, Arafa A, Fasina FO et al. Avian influenza H5N1 surveil-
lance and its dynamics in poultry in live bird markets, Egypt. TransboundaryEmerg Dis 2015; doi: 10.
1111/tbed.12440

Kim JK, Kayali G, Walker D, Forrest HL, Ellebedy AH, Griffin YS et al. Puzzling inefficiency of H5SN1
influenza vaccines in Egyptian poultry. ProcNatlAcadSci U S A 2010; 107(24):11044-9.

Chua TH, Leung CY, Fang HE, Chow CK, Ma SK, Sia SF et al. Evaluation of a Subunit H5 Vaccine and
an Inactivated H5N2 Avian Influenza Marker Vaccine in Ducks Challenged with Viethamese H5N1
Highly Pathogenic Avian Influenza Virus. Influenza Res Treat 2010; 2010:489213. doi: 10.1155/2010/
489213 PMID: 23074648

Pfeiffer J, Suarez DL, Sarmento L, To TL, Nguyen T, Pantin-Jackwood MJ. Efficacy of commercial vac-
cines in protecting chickens and ducks against H5N1 highly pathogenic avian influenza viruses from
Vietnam. Avian Dis 2010; 54(s1):262-71.

PLOS ONE | DOI:10.1371/journal.pone.0156747 June 15,2016 16/17


http://dx.doi.org/10.1080/03079457.2014.966302
http://www.ncbi.nlm.nih.gov/pubmed/25245772
http://dx.doi.org/10.1016/j.vaccine.2011.01.048
http://dx.doi.org/10.1016/j.vaccine.2011.01.048
http://www.ncbi.nlm.nih.gov/pubmed/21292007
http://www.ncbi.nlm.nih.gov/pubmed/25860390
http://dx.doi.org/10.1016/j.vaccine.2011.06.090
http://dx.doi.org/10.1016/j.vaccine.2011.06.090
http://www.ncbi.nlm.nih.gov/pubmed/21745517
http://dx.doi.org/10.1016/j.vaccine.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21771626
http://dx.doi.org/10.1016/j.vaccine.2013.08.046
http://www.ncbi.nlm.nih.gov/pubmed/23994373
http://dx.doi.org/10.1128/JVI.00031-15
http://www.ncbi.nlm.nih.gov/pubmed/25926639
http://www.ncbi.nlm.nih.gov/pubmed/20514747
http://dx.doi.org/10.1007/s00705-012-1599-x
http://dx.doi.org/10.1007/s00705-012-1599-x
http://www.ncbi.nlm.nih.gov/pubmed/23381391
http://dx.doi.org/10.1111/tbed.12440
http://dx.doi.org/10.1111/tbed.12440
http://dx.doi.org/10.1155/2010/489213
http://dx.doi.org/10.1155/2010/489213
http://www.ncbi.nlm.nih.gov/pubmed/23074648

@’PLOS ‘ ONE

Protective Efficacy of rHVT-H5 Vaccine against H5N1 Virus in Mulard Ducks

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Boltz DA, Douangngeun B, Sinthasak S, Phommachanh P, Midouangchanh P, Walker D et al. Field
assessment of an H5N1 inactivated vaccine in chickens and ducks in Lao PDR. Arch Virol 2009; 154
(6):939—44. doi: 10.1007/s00705-009-0385-x PMID: 19458904

Kim JK, Seiler P, Forrest HL, Khalenkov AM, Franks J, Kumar M et al. Pathogenicity and vaccine effi-
cacy of different clades of Asian H5N1 avian influenza A viruses in domestic ducks. J Virol 2008; 82
(22):11374-82. doi: 10.1128/JVI1.01176-08 PMID: 18786988

Palya V, WalkénéKovacs E, Tatar-Kis T, Felféldi B, Homonnay ZG, Maté T et al. Recombinant HVT-Al
vaccine virus replication in different species of waterfowl. Avian Dis 2015; doi: 10.1637/11129-050715

Steensels M, Bublot M, Van Borm S, De Vriese J, Lambrecht B, Richard-Mazet A et al. Prime—boost
vaccination with a fowlpox vector and an inactivated avian influenza vaccine is highly immunogenic in
Pekin ducks challenged with Asian HSN1 HPAI. Vaccine 2009; 27(5):646—54. doi: 10.1016/j.vaccine.
2008.11.044 PMID: 19056442

Fereidouni SR, Starick E, Beer M, Wilking H, Kalthoff D, Grund C et al. Highly pathogenic avian influ-
enza virus infection of mallards with homo- and heterosubtypic immunity induced by low pathogenic
avian influenza viruses. PLoS One 2009; 4(8):e6706. doi: 10.1371/journal.pone.0006706 PMID:
19693268

Jourdain E, Gunnarsson G, Wahlgren J, Latorre-Margalef N, Brojer C, Sahlin S et al. Influenza virus in
a natural host, the mallard: experimental infection data. PLoS One 2010; 5(1):8935. doi: 10.1371/
journal.pone.0008935 PMID: 20126617

Guionie O, Guillou-Cloarec C, Courtois D, Bougeard S, Amelot M, Jestin V. Experimental infection of
Muscovy ducks with highly pathogenic avian influenza virus (H5N 1) belonging to clade 2.2. Avian Dis
2010; 54(s1):538—47.

World Organisation for Animal Health (OIE). Avian Influenza, Chapter 2.3.4. In: Manual of Diagnostic
Tests and Vaccines for Terrestrial Animals. 2015. Available at: http://www.oie.int/fileadmin/Home/eng/
Health_standards/tahm/2.03.04_Al.pdf. Accessed 09 December 2015.

Handberg KJ, Nielsen OL, Jgrgensen PH. The use of serotype 1-and serotype 3-specific polymerase
chain reaction for the detection of Marek's disease virus in chickens. Avian Pathol 2001; 30(3):243-9.
doi: 10.1080/03079450120054659 PMID: 19184906

Hawkins P, Morton DB, Burman O, Dennison N, Honess P, Jennings M, Lane S, Middleton V, Roughan
JV, Wells S, Westwood K. A guide to defining and implementing protocols for the welfare assessment
of laboratory animals: eleventh report of the BVAAWF/FRAME/RSPCA/UFAW Joint Working Group on
Refinement. Laboratory Animals 2011; 45:1-13. doi: 10.1258/1a.2010.010031 PMID: 21123303

Spackman E, Senne DA, Myers T J, Bulaga LL, Garber LP. Development of a real-time reverse tran-
scriptase PCR assay for type A influenza virus and the avian H5 and H7 hemagglutinin subtypes. J.
Clin. Microbiol. 2002; 40:3256-60. PMID: 12202562

PLOS ONE | DOI:10.1371/journal.pone.0156747 June 15,2016 17/17


http://dx.doi.org/10.1007/s00705-009-0385-x
http://www.ncbi.nlm.nih.gov/pubmed/19458904
http://dx.doi.org/10.1128/JVI.01176-08
http://www.ncbi.nlm.nih.gov/pubmed/18786988
http://dx.doi.org/10.1637/11129-050715
http://dx.doi.org/10.1016/j.vaccine.2008.11.044
http://dx.doi.org/10.1016/j.vaccine.2008.11.044
http://www.ncbi.nlm.nih.gov/pubmed/19056442
http://dx.doi.org/10.1371/journal.pone.0006706
http://www.ncbi.nlm.nih.gov/pubmed/19693268
http://dx.doi.org/10.1371/journal.pone.0008935
http://dx.doi.org/10.1371/journal.pone.0008935
http://www.ncbi.nlm.nih.gov/pubmed/20126617
http://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/2.03.04_AI.pdf
http://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/2.03.04_AI.pdf
http://dx.doi.org/10.1080/03079450120054659
http://www.ncbi.nlm.nih.gov/pubmed/19184906
http://dx.doi.org/10.1258/la.2010.010031
http://www.ncbi.nlm.nih.gov/pubmed/21123303
http://www.ncbi.nlm.nih.gov/pubmed/12202562

