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ABSTRACT Low pathogenicity avian influenza
(LPAI) H9N2, highly pathogenic avian influenza
(HPAI) H5N1, and H5N8 circulate in Egyptian poul-
try and cause veterinary and public health burdens.
In response, AIV vaccines are commonly used. The
main objective of this study was to develop a broad,
cross-protective, trivalent vaccine based on circulating
AIVs in Egypt. We generated highly replicating aviru-
lent AIVs, H5N1, and H5N8, to be used in combination
with H9N2 strain for the generation of an inactivated

vaccine. Immunogenicity and protective efficacy of this
vaccine were tested. Results showed that a single immu-
nization dose enhanced humoral immune responses giv-
ing full protection against challenges with LPAI H9N2,
HPAI H5N1, and H5N8 viruses. This efficacious vaccine
will reduce the cost of vaccination for poultry growers
and is expected to be effective in the field as it is based
on contemporary viruses currently in circulation among
Egyptian poultry.
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INTRODUCTION

During the last decade, Egypt suffered from en-
demic avian influenza viruses (AIV) that cause great
economic losses and threaten public health (Aly
et al., 2008). Co-circulation of highly pathogenic
avian influenza (HPAI) H5N1 and H5N8 as well as
low pathogenic avian influenza (LPAI) H9N2 viruses
among poultry has been observed. Chances to eradi-
cate these endemic viruses from Egypt are considered
to be low as a result of gaps in the application of the
recommended AIV control strategies that mainly fo-
cused on vaccination (Kayali et al., 2016). At least 24
commercial inactivated AI H5 vaccines were licensed
for use against H5N1 in Egyptian poultry (Kayali
et al., 2016). Genetic mismatch of vaccine seed strains
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in commercial products and circulating AIVs has led to
vaccination failure and rapid evolution of H5N1 virus
as a result of escaping from immune pressure. The cur-
rent endemic situation of many AIVs subtypes (H5N1,
H5N8, and H9N2) in Egyptian poultry, make vaccina-
tion using monovalent vaccines costly. Therefore, multi-
antigenic vaccine production may provide a solution for
such issues. Here we generated highly replicating aviru-
lent H5N1 and H5N8 viruses based on reverse genetics
system, to be used in combination with H9N2 strain
for the generation of an inactivated trivalent AI vaccine
for Egypt. The immunogenicity and protective efficacy
of this vaccine against HPAI H5N1, H5N8, and LPAI
H9N2 viruses were evaluated.

MATERIALS AND METHODS

Viruses and Vaccine Preparation

The LPAI A/chicken/Egypt/D10802C/2015(H9N2)
virus abbreviated as D10802C/H9N2, the HPAI clade
2.3.4.4 A/green-winged teal/Egypt/871/2016(H5N8)
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Figure 1. Viral growth kinetics of 2 reassortant LPAI H5N8 viruses
in ECE by HA and EID50.

(871/H5N8), and HPAI clade 2.2.1.2 A/chicken/Egypt/
D10552B/2015(H5N1) (D10552B/H5N1) viruses were
used for preparation of experimental vaccines. The
multibasic amino acid sequences (PKGEKRRKKR/
GLF) and (PLREKRRKR/GLF) at the cleavage site
of the H5N1 and H5N8 viruses respectively were
transformed into a monobasic form (ETR/GLF) as
described previously (Webby et al., 2004).

For H5N1 vaccine strain preparation (rgD10552B/
H5N1), a plasmid-based reverse genetics system
was applied using 6 internal genes of A/Puerto
Rico/8/34(H1N1) and 2 surfaces LP-HA and NA genes
of D10552B/H5N1 virus. For H5N8, 2 forms of vac-
cine seed strains, LP (6+2) 871 and LP full 871 were
prepared. LP (6+2) 871 virus was rescued by using 6
internal genes of A/Puerto Rico/8/34(H1N1) virus and
2 surface LP-HA and NA genes of 871/H5N8 virus. LP
full 871 included the full genome of 871/H5N8 with
altered LP-HA. Rescued reassortant LP H5N8 viruses
were individually inoculated into 11-day-old specific
pathogen-free embryonated chicken eggs (SPF-ECE)
(Koum Oshiem SPF Chicken Farm, Fayoum, Egypt)
using equal 104 EID50/0.1 mL titer of each virus. The
allantoic fluids were harvested at 24 and 36 h post-
infection and titrated using EID50 and HA assays.

HA titers of the 3 viruses (rgD10552B/H5N1, LP full
871, and D10802C/H9N2) were adjusted individually
using phosphate buffered saline to 7 log2 HA/50μL.
Viruses were inactivated by the addition of 0.1% for-
malin overnight. The complete inactivation process for
each antigen used in this study was verified by inoculat-
ing the inactivated antigens into 11-day-old SPF-ECE.

Figure 2. Weekly log2 antibody titers mean of SPF chicken vac-
cinated with 3 monovalent vaccines, 1 trivalent vaccine, and con-
trol chickens against D10552B/H5N1, 871/H5N8, and D10802C/H9N2
AIVs.

Inactivated antigens were mixed with adjuvant Mon-
tanide ISA 71 VG (Seppic Inc., Puteaux, France) as
water in oil (W/O) emulsionin the ratio recommended
by the manufacturer’s technical manual (30 antigen/70
adjuvant W/W) followed by homogenization for 3 min
on ice using a mixer homogenizer. To test the safety
of the prepared vaccines, 5 SASSO chickens (3-wk-old)
were inoculated intramuscularly by double dose (1 mL)
of each form of vaccine then observed for the presence
of any clinical signs or local lesions at the site of vacci-
nation for 2 wk (OIE, 2014).

Immunization of SPF Chickens and
Seroconversion Determination

A total of 84 2-wk-old SPF chickens were purchased
from Koum Oshiem SPF Chicken Farm, Fayoum, Egypt
and divided into 5 groups: groups 1 to 3 were composed
of 12 chickens each and immunized with H5N1, H9N2,
and H5N8 monovalent vaccines, group 4 had 25 chickens
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Figure 3. Weekly MN titer mean of SPF chickens immunized
with 3 monovalent, 1 trivalent, and chickens against D10552B/H5N1,
871/H5N8, and D10802C/H9N2 AIVs.

that were immunized with the trivalent vaccine, and
group 5 of 23 chickens were unimmunized control
group. Chickens were vaccinated intramuscularly in
the leg with 0.5 mL of the desired vaccine. Serum was
collected weekly from all chickens for determination
of serological conversion. Specific antibodies were
determined using hemagglutination inhibition (HI)
and virus microneutralization test (VMN) (WHO,
2002). Homologous AIVs rgD10552B/H5N1, LP (6+2)
871/H5N8, and D10802C/H9N2 were used for titration
of specific antibodies in both HI and VMN assays.

Challenge Infection and Viruses Shedding

Virus challenge was conducted at 5 weeks post-
vaccination (wpv) at the National Research Centre in
Egypt. A total of 7 chickens from groups 1 to 3 (mono-
valent vaccines) were infected with homologous subtype
using HPAIV A/chicken/Egypt/F12505B/2016(H5N1)
(F12505B/H5N1), LPAIV A/chicken/Egypt/D7100/
2013(H9N2) (D7100/H9N2), and HPAI A/duck/

Egypt/F13666A/2017(H5N8) (F13666A/H5N8) virus-
es. Chickens from groups 4 and 5 were subjected to
challenge infections with the 3 AIVs (7 chickens for
each virus). The challenge dose for each virus was 106

EID50/0.5 mL inoculated through intranasal and intra-
tracheal routes. Live virus infection experiments were
applied in a negative pressure based biosafety level 3
isolators (PLAS LABS, Lansing, MI). Birds were daily
observed for morbidity and mortality for 10 days post-
infection (dpi). For determination of viruses shedding,
oral and cloacal swabs were obtained from each bird
at 3, 5, and 7 dpi, then titrated in egg culture as
viruses EID50 per 1 mL was calculated using Reed–
Muench method. All animal experiments were approved
by the Ethics Committee of the National Research Cen-
ter, Egypt.

Evaluation of Vaccine at Central Laboratory
for Evaluation of Veterinary Biologics
(CLEVB)

Another challenge experiment was conducted at
CLEVB. One-week-old SPF chickens were immu-
nized as 10 chickens for each monovalent vaccine,
30 for the trivalent vaccine, and 30 chickens as
unvaccinated control. By the fourth wpv, chick-
ens were challenged with A/chicken/Egypt/128S/
2012(H5N1), A/chicken/Egypt/18FL6/2018(H5N8),
and A/chicken/Egypt/114922v/2011(H9N2). Chickens
were monitored daily for morbidity and mortality for
10 dpi.

Statistical Analyses

All statistical analyses were carried out using Graph-
Pad Prism V5 software (GraphPad Inc., San Diego,
CA). One-way ANOVA with Tukey post-hoc test was
used to compare antibody and virus titers. Differences
were considered statistically significant at P-value <
0.05.

RESULTS

Two reassortant LPAI H5N8 viruses [LP (6+2) 871
and LP full 871] viruses were successfully rescued.
The rescued viruses were propagated in eggs for 2
passages and did not cause embryo death. Rescued
viruses and HP parent virus were grown on eggs
and titrated by EID50 and HA assays. We observed
that HP A/green-winged teal/Egypt/871/2016 (H5N8)
virus showed higher HA and EID50 titers at 24 dpi
as compared to LP 871 (6+2) virus (P-value < 0.01)
(Figure 1). LP full 871 virus had significantly higher
HA and EID50 titers as compared to the LP (6+2) 871
virus (P-value < 0.05) (Figure 1). Thus, the LP full 871
virus was used as H5N8 antigen in vaccine formulation
as its titers would be acceptable by vaccine producers.
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Figure 4. Survival curves of monovalent immunized, trivalent immunized, and control SPF chickens after challenge with different strains of
AI H5N1, H9N2, and H5N8 viruses at National Research Centre (NRC), and Central laboratory for evaluation of Veterinary Biologics (CLEVB).

Immunogenicity of AIV Inactivated Trivalent
Vaccine in SPF Chickens

At the day of vaccination (2 wk of age), sera col-
lected from 10 chicks cross-reacted with H5N1, H5N8,
and H9N2 antigens with log2 HI mean titers of 3, 1.9,
and 3, respectively. All immunized chickens of trivalent
and monovalent groups developed a significant immune
response at 3 wpv (P < 0.0001) by both HI (Figure 2)
and VMN assays (Figure 3), which increased over time
through 4 and 5 wpv. No significant difference of de-
tected antibodies was detected between 3 monovalent
and trivalent vaccine either by HI and VMN (P-values
< 0.05). Unimmunized chickens had ≤ 3 log2 mean
titers against the 3 antigens during the vaccination im-
munity assessment period which is considered as a non-
specific titer (Figures 2 and 3). Neither morbidity nor
BW loss were observed in the 4 vaccinated groups com-
pared to the control group during the vaccination follow
up period.

Protective Efficacy of Developed AIV
Inactivated Trivalent Vaccine in SPF
Chickens

Vaccinated chickens did not show any AI signs
and survived post challenge infection with homologous
viruses for monovalent and trivalent vaccine groups
(Figure 4). All control chickens challenged by HPAIV
H5N1 and HPAIV H5N8 died by 5 dpi with typi-
cal symptoms of highly pathogenic infection including
cyanotic combs and wattles, edema of the head, and
shank of leg hemorrhage, while D7100/H9N2 challenged
control chicks survived with mild symptoms.

Viral shedding was determined via titration of
oropharyngeal and cloacal swabs in eggs by EID50
(Figure 5 and Table S1). All 3 AIVs were detected by
3 dpi in oropharyngeal swabs of the control chickens
as the peak of viral shedding was recorded, while only
H5N1 and H9N2 (not H5N8) were detected in oropha-
ryngeal swabs of vaccinated groups. Virus shedding in
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Figure 5. Titration of viral shedding from collected oropharyngeal and cloacal swabs for challenged experiment conducted at NRC after
infection of unimmunized and immunized chickens with Egyptian HPAIV A/chicken/Egypt/F12505B/2016(H5N1) (F12505B/H5N1), LPAIV
A/chicken/Egypt/D7100/2013(H9N2) (D7100/H9N2), and HPAI A/duck/Egypt/F13666A/2017(H5N8) (F13666A/H5N8) viruses at 3, 5, and 7
dpi. A total of 7 chickens from each group were individually infected. Virus shedding was monitored by titration of Log10 EID50/mL for each
collected sample from only live chickens. Each dot represents the viral titer of each chicken. The bar for each vaccine is the mean of viral shedding
in the group. The detection limit was <1 Log10 EID50/0.1 mL.

cloacal swabs at 3 dpi varied with virus/vaccine type.
Over time, viral shedding declined in vaccinated chick-
ens more than in control groups. Both mono- and tri-
valent vaccinated chickens had non-significantly differ-
ent profile of viral shedding.

The experimental trivalent and monovalent vaccines
were evaluated at CLEVB by challenge infection using
different reference Egyptian strains. All vaccinated
chicken with H5N8 and trivalent vaccines did not show
any AI signs and survived post challenge infection
with HP A/chicken/Egypt/18FL6/2018(H5N8) virus
(Figure 4). The vaccinated chickens with monovalent
H5N1 and trivalent vaccines showed 90% protec-
tion against A/chicken/Egypt/128S/2012(H5N1)
virus. All control chickens challenged by HP
A/chicken/Egypt/128S/2012(H5N1) virus died by

4 dpi with typical symptoms of highly pathogenic
infection, while 60% of challenged control chicks
with A/chicken/Egypt/18FL6/2018(H5N8) virus
died by 6 dpi. All vaccinated chickens with H9N2
and trivalent vaccines did not show any AI signs
and survived post challenge infection with LP
A/chicken/Egypt/114922v/2011(H9N2) virus while
unvaccinated chickens showed 20% mortality rate after
4 dpi that increased to reach 40% by 5 dpi.

DISCUSSION

The complicated situation of AIVs in Egypt added
additional economic risk on poultry industry in Egypt
as a result of combined enzootic state of 3 antigeni-
cally different subtypes AIVs, clade 2.2.1.2 H5N1 (since
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2006), GI like H9N2 (since 2011), and clade 2.3.4.4
H5N8 (since 2016) (Aly et al., 2008; Kandeil et al., 2017;
Kayali et al., 2014, 2016; Yehia et al., 2018). Vaccina-
tion in Egypt is the primary tool for controlling AIVs
in poultry. Vaccine seed strains of licensed commer-
cial vaccines were based either on classical LPAI H5NX
viruses or on Rg H5N1 having HA and NA genes of
H5N1 on a backbone of A/Puerto Rico/8/1934(H1N1)
strain. The majority of commercial influenza vaccines
had limited protection effects against circulating viruses
due to diversity in genetic and antigenic patterns be-
tween circulating viruses and antigens contained in
those vaccines (Kandeil et al., 2018; Kayali et al.,
2013). Although some commercial inactivated H5 vac-
cines showed 100% protection against H5N8 under lab-
oratory conditions, they did not prevent virus shedding
against circulating H5N8 viruses in Egypt (Kandeil
et al., 2018). The genetic dissimilarity and poor reac-
tivity between H5 commercial vaccines used in Egypt
and currently circulating H5N8 viruses proves that the
vaccines might not be effective in the field or introduce
only partial protection and thus might lead to vaccine-
induced escape mutant strains.

In this study, we constructed reverse genetics H5N8
virus (LP (6+2) 871) containing HA and NA gene seg-
ments from H5N8 virus on a PR8 backbone. Growth
yield of the reassortant LP (6+2) 871 virus was lim-
ited. Previous studies showed that some LP H5N1 vac-
cine seed strains produced by reverse genetics in a back-
bone A/Puerto Rico/8/34(H1N1, PR8) virus as a donor
strain for 6 internal segments grow suboptimally in
ECE (Harvey et al., 2008; Horimoto et al., 2007). There-
fore, a seed virus with more efficient growth in ECE is
needed to ensure an adequate supply of H5N8 antigen
content. Thus, the LP full 871 virus was used as H5N8
antigen in vaccine formulation.

A single immunization with the current trivalent vac-
cine enhanced humoral immune response and provided
full protection based on the 2 independent experiments
conducted at NRC and CLEVB against challenges with
different strains of LPAI H9N2, HPAI H5N1, and HPAI
H5N8 viruses. The use of this vaccine might reduce the
cost of vaccination for poultry growers leading to bet-
ter vaccination coverage. If vaccination continues to be
the primary method of control of AIVs in Egypt, this
trivalent vaccine is recommended.

The difference in mortality rates among the chal-
lenged unvaccinated chickens of the 2 experiments con-
ducted at NRC and CLEVB might be attributed to
the difference in genetic constellation of 2 challenge
strains used. A previous study showed multiple intro-
ductions of HP influenza A(H5N8) viruses into poultry
in Egypt(Salaheldin et al., 2018).

The findings of this study may have been affected
by the following limitations. The developed inacti-
vated trivalent vaccines conferred protection for chick-
ens against different subtypes of AIVs circulating
in Egypt under laboratory conditions, thus the effi-
cacy of this vaccine for different species of poultry

(ducks, turkey, geese, etc.) under field conditions needs
further studies. The vaccination schedule used in this
study is suitable for broiler chickens that have a short
life-span and further studies are needed to investigate
the long term immunity and recommended doses for
layer and breeder chickens. Biosecurity and safety fac-
tors associated with preparation of inactivated vaccines
based on full LP H5N8 will need to be assessed further
in case this strain is used in vaccine manufacturing.

SUPPLEMENTARY DATA

Supplementary data are available at Poultry Science
online.

Table S1. AIVs shedding titration of oropharyngeal
and cloacal swabs at 3, 5, and 7 days post challenge.
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