
Vaccine 27 (2009) 6247–6260

Contents lists available at ScienceDirect

Vaccine

journa l homepage: www.e lsev ier .com/ locate /vacc ine

Comparative efficacy of North American and antigenically matched reverse
genetics derived H5N9 DIVA marker vaccines against highly pathogenic
Asian H5N1 avian influenza viruses in chickens

Samadhan J. Jadhaoa, Chang-Won Leeb,c, Matt Syltea, David L. Suareza,∗

a Southeast Poultry Research Laboratory, Agricultural Research Service, United States Department of Agriculture, 934 College Station Road, Athens, GA 30605, USA
b Food Animal Health Research Program, Ohio Agricultural Research and Development Center, The Ohio State University, Wooster, OH 44691, USA
c Department of Veterinary Preventive Medicine, College of Veterinary Medicine, The Ohio State University, Columbus, OH 43210, USA

a r t i c l e i n f o

Article history:
Received 5 February 2009
Received in revised form 10 July 2009
Accepted 30 July 2009
Available online 15 August 2009

Keywords:
Avian influenza
Vaccine
H5N1
DIVA
Antigenic match

a b s t r a c t

Highly pathogenic (HP) H5N1 avian influenza has become endemic in several countries in Asia and
Africa, and vaccination is being widely used as a control tool. However, there is a need for effica-
cious vaccines preferably utilizing a DIVA (differentiate infected from vaccinated animals) marker
strategy to allow for improved surveillance of influenza in vaccinated poultry. Using a reverse genet-
ics approach, we generated Asian rgH5N9 vaccine strain deriving the hemagglutinin gene from
A/chicken/Indonesia/7/2003 (H5N1) with modification of the cleavage site to be low pathogenic (LP)
and N9 neuraminidase gene from the North American LP A/turkey/Wisconsin/1968 (H5N9) virus. The
recombinant rgH5N9, A/turkey/Wisconsin/1968 (H5N9) A/chicken/Hidalgo/232/1994 (H5N2), and wild
type HP A/chicken/Indonesia/7/2003 (H5N1) viruses were used to prepare inactivated oil-emulsified
whole virus vaccines. Two weeks after vaccination, chickens were challenged with either Asian HP
H5N1 viruses, A/chicken/Indonesia/7/2003 (W.H.O. clade 2.1) or A/chicken/Supranburi Thailand/2/2004
(W.H.O. clade 1.0). The H5 HA1 of the North American vaccine strains exhibited 12% amino acid dif-
ferences including amino acid changes in the major antigenic sites as compared to the Asian HP H5N1
challenge viruses, serologically exhibited substantial antigenic difference, but still provided 100% protec-
tion from mortality. However, challenge virus shedding was significantly higher in chickens immunized
with antigenically distinct American lineage vaccines as compared to the antigenically matched Asian
rgH5N9 and the wild type Asian H5N1 vaccine. The antibody response to the heterologous subtype neu-
raminidase proteins were discriminated in vaccinated and infected chickens using a rapid fluorescent
2′-(4-methylumbelliferyl)-�-d-N-acetylneuraminic acid sodium salt as substrate for neuraminidase inhi-
bition assay. This study demonstrates the value of using a vaccine containing antigenically matched H5
hemagglutinin for control of HP H5N1 avian influenza in poultry and the potential utility of a heterologous
neuraminidase as a DIVA marker.

Published by Elsevier Ltd.

1. Introduction

Influenza A viruses have been isolated from many different avian
and mammalian species, but wild waterfowl and shorebirds are
thought to be the primary reservoir of influenza A virus in nature
[1]. The influenza A virus genome consists of eight strands of neg-
ative sense RNA, which codes for 10–11 different proteins [2–5].
Influenza A viruses are characterized into distinct antigenic sub-
types based on their two surface glycoprotein’s, the hemagglutinin
(HA) and the neuraminidase (NA) [6]. Influenza A viruses repre-
senting 16 HA and 9 NA antigenic subtypes have been isolated

∗ Corresponding author. Tel.: +1 706 546 3479; fax: +1 706 546 3161.
E-mail address: David.Suarez@ars.usda.gov (D.L. Suarez).

from avian species, and can theoretically be found in any combi-
nation of subtypes (e.g. H1N1, H5N9 etc.) [1,7]. The HA protein
is initially synthesized as a single polypeptide precursor (HA0),
which is then cleaved by host proteases into HA1 and HA2 subunits
[8,9]. The clinical disease outcome in influenza A virus infection
among avian species largely depends upon the ability of different
cellular proteases to cleave the hemagglutinin protein. The pres-
ence of polybasic amino acids or an insert of amino acids at the
HA cleavage site of H5 and H7 subtype viruses are characteristic
of highly pathogenic (HP) viruses which by definition are highly
lethal for chickens in standard animal pathotyping studies. Low
pathogenic (LP) H5 and H7 viruses are distinctive in that they
can quickly and unpredictably change to HP viruses with amino
acid changes at the cleavage site [1,8]. In addition to the evolu-
tion of antigenic subtypes, avian influenza A viruses have evolved
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into distinct genetic lineages within the HA subtypes, Eurasian and
North American lineages, presumably as a result of the predom-
inant north to south migration pattern of their waterfowl hosts
[1,11].

Highly pathogenic H5N1 avian influenza viruses cause a serious
disease in poultry and is a notifiable disease to the Office Interna-
tional des Epizootics, the World Organization of Animal Health, and
therefore outbreaks adversely affect international trade of poul-
try and poultry products [9]. An Asian lineage HP H5N1 avian
influenza strain that emerged in domestic geese in southern China
during 1996 [10] became endemic in the region, and continued
to spread to other parts of the country and across Asia [11,12].
Beginning in late 2003, an unprecedented number of outbreaks
of this H5N1 lineage occurred in many Asian, African and Euro-
pean countries [13,14]. Recent W.H.O. antigenic and phylogenetic
analyses criteria distinguish Asian lineage H5N1 viruses into nine
major clades, indicating the array of genetic and antigenic diver-
sity among this lineage of avian influenza viruses, underscoring a
challenge posed to control H5N1 avian influenza in poultry [15].
The zoonotic transmission of the HP H5N1 avian influenza virus
strains from poultry to humans in Asian and African countries
resulted in fatal illnesses in 241 of 383 confirmed cases and con-
tinue to pose a serious threat to the public health [16]. Because of
the repeated outbreaks of HP H5N1 avian influenza in poultry in
Asia and Africa, and associated human infections [17–22], control
of the disease in poultry has become a high priority. Traditional
control strategies against HP H5N1 avian influenza outbreaks in
poultry include the identification and slaughter of affected and
at risk poultry [23]. However, eradication by slaughter may be
prohibitively costly when the outbreak is widespread within a
country or region. Vaccination as a control tool has been gaining
favor as a potentially more cost effective approach for control-
ling the virus, reducing the economic loss to poultry farmers,
and contributing to improved food security in developing nations.
Although several different types of vaccines are available world-
wide, vaccination of poultry is primarily done with whole virus
inactivated oil-emulsified vaccines that when properly adminis-
tered can provide high antibody levels to the HA protein and
result in significant reductions of viral shedding. Vaccination has
been useful for the control of HP H5N1 avian influenza in chick-
ens in Hong Kong [24] and H5N2 avian influenza in Mexico,
although vaccination did not eradicate the LP H5N2 virus in Mexico
[25].

One disadvantage of the inactivated whole virus vaccines is they
affect serologic surveillance when using the common influenza
type A specific diagnostic tests like the agar gel immunodiffu-
sion test (AGID) or the commercially available enzyme linked
immunosorbent assay, because both vaccinated and naturally
infected birds develop antibody to both the nucleoprotein and
matrix proteins which are the primary antigens for these tests. Ide-
ally any vaccine approach would benefit from a DIVA (differentiate
infected from vaccinated animals) strategy where an easy and cost
effective serologic test can provide surveillance even in vaccinated
flocks [23,26]. One proposed DIVA strategy is the heterologous neu-
raminidase (hNA) approach where the hemagglutinin subtype of
the vaccine is matched to the predominantly circulating field strain,
but the neuraminidase subtype is different from the field strain.
Therefore the presence of antibodies or lack of antibodies to the
neuraminidase protein can determine if a bird was infected, vacci-
nated or vaccinated and then infected with avian influenza virus.
Inclusion of a rarely circulating NA subtype in poultry influenza
virus such as N4, N5, N6, N8 and N9 in the vaccine, either a natu-
rally occurring strain or in an engineered vaccine strain, can provide
a useful and effective DIVA marker, and reduces the possibility of
confusion if more than one subtype of avian influenza is circulat-
ing at one time [27,28]. The European Union has approved use Ta
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