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ABSTRACT

Vaccines are used in integrated control strategies to protect poultry against H5N1 high-pathogenicity avian influenza (HPAI).
H5N1 HPAI was first reported in Indonesia in 2003, and vaccination was initiated in 2004, but reports of vaccine failures began
to emerge in mid-2005. This study investigated the role of Indonesian licensed vaccines, specific vaccine seed strains, and emerg-
ing variant field viruses as causes of vaccine failures. Eleven of 14 licensed vaccines contained the manufacturer’s listed vaccine
seed strains, but 3 vaccines contained a seed strain different from that listed on the label. Vaccines containing A/turkey/Wiscon-
sin/1968 (WI/68), A/chicken/Mexico/28159-232/1994 (Mex/94), and A/turkey/England/N28/1973 seed strains had high serologi-
cal potency in chickens (geometric mean hemagglutination inhibition [HI] titers, >1:169), but vaccines containing strain
A/chicken/Guangdong/1/1996 generated by reverse genetics (rg; rgGD/96), A/chicken/Legok/2003 (Legok/03), A/chicken/Viet-
nam/C57/2004 generated by rg (rgVN/04), or A/chicken/Legok/2003 generated by rg (rgLegok/03) had lower serological potency
(geometric mean HI titers, <1:95). In challenge studies, chickens immunized with any of the H5 avian influenza vaccines were
protected against A/chicken/West Java/SMI-HAMD/2006 (SMI-HAMD/06) and were partially protected against A/chicken/Pap-
ua/TA5/2006 (Papua/06) but were not protected against A/chicken/West Java/PWT-WIJ/2006 (PWT/06). Experimental inacti-
vated vaccines made with PWT/06 HPAI virus or rg-generated PWT/06 low-pathogenicity avian influenza (LPAI) virus seed
strains protected chickens from lethal challenge, as did a combination of a commercially available live fowl poxvirus vaccine ex-
pressing the H5 influenza virus gene and inactivated Legok/03 vaccine. These studies indicate that antigenic variants did emerge
in Indonesia following widespread H5 avian influenza vaccine usage, and efficacious inactivated vaccines can be developed using
antigenic variant wild-type viruses or rg-generated LPAI virus seed strains containing the hemagglutinin and neuraminidase
genes of wild-type viruses.

IMPORTANCE

H5N1 high-pathogenicity avian influenza (HPAI) virus has become endemic in Indonesian poultry, and such poultry are the
source of virus for birds and mammals, including humans. Vaccination has become a part of the poultry control strategy, but
vaccine failures have occurred in the field. This study identified possible causes of vaccine failure, which included the use of an
unlicensed virus seed strain and induction of low levels of protective antibody because of an insufficient quantity of vaccine anti-
gen. However, the most important cause of vaccine failure was the appearance of drift variant field viruses that partially or com-
pletely overcame commercial vaccine-induced immunity. Furthermore, experimental vaccines using inactivated wild-type virus
or reverse genetics-generated vaccines containing the hemagglutinin and neuraminidase genes of wild-type drift variant field
viruses were protective. These studies indicate the need for surveillance to identify drift variant viruses in the field and update
licensed vaccines when such variants appear.

Since 1959, there have been 35 reported epizootics of high-
pathogenicity avian influenza (HPAI) in poultry, of which the

majority have been handled using stamping-out (culling) strate-
gies for control, which have mostly led to eradication in less than a
year (1, 2). However, vaccines were added as a control tool to
augment stamping out in five epizootics: (i) the H5N2 HPAI virus
epizootic in Mexico (1995), (ii) the H7N3 HPAI virus epizootic in
Pakistan (1995 to present), (iii) the H5N1 HPAI virus epizootic in
multiple countries of Asia, Africa, and Europe (2002 to present),
(iv) the H7N7 HPAI virus epizootic in North Korea (2005), and

(v) the H7N3 HPAI virus epizootic in Mexico (2012 to present). In
total, 15 countries have publically utilized poultry vaccination in
HPAI control programs either as a preventative measure before
HPAI affected poultry in the country, as an emergency measure to
limit spread among poultry farms in the face of an acute outbreak,
or as a routine nationwide measure when the HPAI virus became
endemic (1). Over 113 billion doses of vaccine were used in poul-
try between 2002 and 2010, with 99% being used in the routine
national vaccination programs of China, Vietnam, Indonesia, and
Egypt against H5N1 HPAI virus (1, 3). Furthermore, the first out-
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breaks of H5N1 HPAI virus in China, Indonesia, Vietnam, and
Egypt were identified in mid-1996 (4), mid-2003 (5), December
2003 (6), and February 2006 (7), respectively, and the virus be-
came enzootic in national poultry populations before national
vaccination programs were implemented in mid-2004, June
2004 (5), October 2005 (8), and March 2006 (7), respectively
(1, 5).

Proper application of high-potency vaccines reduces the num-
ber of HPAI virus-susceptible poultry; increases their resistance to
HPAI virus infection, disease, and death; and reduces the amount
of virus that immune but infected poultry excrete (9). In the field,
this translates into reduced environmental contamination and re-
duced farm-to-farm spread (1, 10–13). Furthermore, the integra-
tion of H5N1 vaccine usage with other control components in

poultry has been associated with a reduction in human cases in
Vietnam and Hong Kong and a lack of H5N1 HPAI outbreaks on
farms on which poultry were fully vaccinated (10). When initially
assessed in the 1990s, diverse H5 and H7 vaccines provided broad
protection in poultry against challenge by diverse H5 and H7
HPAI viruses, respectively (14–20). For example, chickens vacci-
nated with inactivated vaccines using the 1968 H5N9, 1981 H5N2,
and 1994 H5N2 low-pathogenicity avian influenza (LPAI) viruses
from North America and the 1997 H5N3 virus from Asia as vac-
cine seed strains were protected from death and had reduced virus
replication and shedding from their respiratory and gastrointesti-
nal tracts after challenge by several different H5N1 HPAI viruses
(14, 18).

However, by mid-2005, reports of vaccine failures emerged
from the field in Indonesia (11). The cause of such failures was
unknown, but vaccine quality, seed strain selection, and antigen
content, as well as field application issues, could result in vaccine
failures. The purpose of this study was to investigate the potential
contribution that the 15 different H5 avian influenza vaccines
registered in Indonesia during 2007 had in such vaccine failures,
specifically, the influence of potency, vaccine seed strain selection,
and emergence of variant field viruses, and to determine if sero-
logical tests can be used to predict protection in the field.

MATERIALS AND METHODS
Vaccines. Fifteen commercially available inactivated H5 whole-virus vac-
cines adjuvanted in proprietary oil emulsions (Table 1), a live recombi-
nant fowl poxvirus (rFPV) vaccine genetically engineered to contain the
hemagglutinin (HA) gene insert from A/turkey/Ireland/1378/1983
(H5H9) (rFPV-AI-H5; Trovac; Merial Inc., Gainesville, GA, USA), and
two experimental inactivated vaccines were examined. Each different
commercial vaccine is represented by a code letter (A to O) in Table 1. The
experimental vaccines used the wild-type A/chicken/West Java/PWT-
WIJ/2006 (PWT/06) H5N1 HPAI virus field isolate and a strain generated
by reverse genetics (rg) containing the HA and neuraminidase (NA) gene
segments from PWT/06 and six internal gene segments from the A/Puerto
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TABLE 1 Fifteen commercial inactivated oil-emulsified H5 avian influenza vaccines for poultry

Vaccine code Manufacturer’s purported seed strain Most closely related isolatea

% amino acid
similarityb

A A/turkey/England/N28/1973 (H5N2) A/turkey/England/N28/1973 (H5N2) 100
B A/turkey/England/N28/1973 (H5N2) A/turkey/England/N28/1973 (H5N2) 99.1
C rg-generated Indonesian virus A/chicken/Legok/2003 (H5N1) 98.2
D A/turkey/England/N28/1973 (H5N2) A/goose/Guangdong/1/96 (H5N1) 99.3
E A/chicken/Mexico/232/1994 (H5N2) A/chicken/Hidalgo/28159-232/1994 (H5N2) 100
F A/turkey/Wisconsin/1968 (H5N9) (WI/68) A/turkey/Wisconsin/1968 (H5N9) 100
G A/turkey/England/N28/1973 (H5N2) A/goose/Guangdong/1/1996 (H5N1) 100
H A/turkey/England/N28/1973 (H5N2) A/goose/Guangdong/1/1996 (H5N1) 99
I A/chicken/Mexico/232/1994 (H5N2) Not determined due to the poor quality of the RNA extracted
J A/chicken/Mexico/232/1994 (H5N2) A/chicken/Hidalgo/28159-232/1994 (H5N2) 100
K A/chicken/Legok/2003 (H5N1) A/chicken/Legok/2003 (H5N1) 98.9
L A/chicken/Legok/2003 (H5N1) A/chicken/Legok/2003 (H5N1) 99.4
M A/chicken/Mexico/232/1994 (H5N2) A/chicken/Hidalgo/28159-232/1994 (H5N2) 100
N A/goose/Guangdong/1/1996 (H5N1) A/goose/Guangdong/1/1996 (H5N1) 99.6
O rg-generated A/duck/Vietnam/2004 (H5N3) A/chicken/Vietnam/C57/2004 (H5) 99.3
a The most closely related isolate was determined on the basis of extraction of RNA from the vaccine, sequencing, and determination of the lineage of HA by BLAST analysis. The
indicated strain represents the virus or closely related viruses within the same lineage. Seed strains were (i) the H5N9 USA LPAI virus seed strain A/turkey/Wisconsin/1968 (WI/68),
(ii) the H5N2 Mexican LPAI virus seed strain A/chicken/Hidalgo (Mexico)/28159-232/1994 (Mex/94), (iii) the 1973 United Kingdom LPAI virus seed strain A/turkey/England/
N28/1973 (Eng/73), (iv) the local Indonesian H5N1 HPAI seed strain A/chicken/Legok/2003 (Legok/03), (v) the Chinese reverse genetics-generated H5N1 LPAI virus seed strain
A/goose/Guangdong/1/96 (rgGD/96), (vi) the Indonesian reverse genetics-generated H5N1 LPAI virus strain A/chicken/Legok/2003 (rgLegok/03), and (vii) the Vietnamese reverse
genetics-generated H5N3 LPAI strain A/chicken/Vietnam/C57/2004 (rgVN/04).
b Percent amino acid similarity between the deduced protein sequence of the vaccine seed strain and the closest relative.
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Rico/8/1934(H1N1) (PR8) vaccine strain. The HA gene segment was al-
tered to have a low-pathogenicity (LP) proteolytic cleavage site, as previ-
ously described (21). Both of the seed strains were grown in 9- to 11-day-
old embryonating chicken eggs. The low-pathogenicity phenotype of the
PWT/06 strain generated by rg (the rgPWT/06 strain) was assessed for in
vitro plaque-forming ability in cells of the MDCK cell line in the absence
and presence of exogenous L-1-tosylamide-2-phenylmethyl chloromethyl
ketone (TPCK)-treated trypsin. The pathogenicity potential for specific-
pathogen-free (SPF) White Leghorn (WL) chickens was assessed by use of
the intravenous pathogenicity index according to World Organization for
Animal Health (OIE) guidelines (22–24). Experimental vaccines were
prepared by inactivation of seed viruses with 0.1% beta-propiolactone
and made into an oil-in-water emulsion (OE) vaccine, as previously de-
scribed (25). The oil phase consisted of 36 ml mineral oil, 3 ml Span 80
(Sigma-Aldrich, St. Louis, MO), and 1 ml Tween 80 (Sigma-Aldrich, St.
Louis, MO).

Identification of seed strains in commercial inactivated vaccines.
RNA was extracted from the commercial inactivated vaccines, and then a
region of the HA from nucleotides 645 to 1082 was amplified by reverse
transcriptase PCR (RT-PCR), gel extracted, and sequenced as previously
described (26). The most closely related isolate was identified by a nucle-
otide BLAST search.

Vaccine potency. Each vaccine was injected subcutaneously into the
nape of the neck between the two scapulae of each of 10 3-week-old SPF
WL chickens, using the manufacturer’s recommended dose. At 3 weeks
postvaccination, blood was collected from the ulnar vein and processed to
serum. The serological response was determined by hemagglutination
inhibition (HI) assays using individual vaccine viruses as the antigen
on the basis of most closely related isolate (Table 1), as previously
described (27).

Challenge virus selection: genetic and antigenic methods. The se-
quences of available H5N1 HPAI viruses from Indonesia were initially
characterized by use of a BLAST search to find the most similar sequences
in GenBank. Phylogenetic analysis was performed by aligning the deduced
amino acid sequences by use of the Clustal V program (Lasergene, v.7.1;
DNAStar, Madison, WI). Bayesian Evolutionary Analysis Sampling trees
were constructed with merged duplicate runs with the BEAST (v.1.4.8)
program [14] using the Blosum62 substitution, the Gamma � invariant
site heterogeneity model, a relaxed lognormal clock, a Yule Process tree
prior with default operators with the unweighted-pair group method us-
ing average linkages starting tree, and a Markov chain Monte Carlo length
of 106. Three H5N1 HPAI viruses were selected for additional antigenic
and challenge studies on the basis of sequence diversity and geographic
separation: A/chicken/West Java/SMI-HAMD/2006 (H5N1) (SMI-
HAMD/06), A/chicken/Papua/TA5/2006 (H5N1) (Papua/06), and
PWT/06.

Initial antigenic analysis was performed utilizing sera collected 2 weeks
after the last vaccination from groups of three adult SPF WL chickens that
had been hyperimmunized with 1 ml of vaccine given subcutaneously in
the nape of the neck three times at 3-week intervals. Five vaccines con-
taining one of the following seed strains were used: A/chicken/Legok/2003
(H5N1) (Legok/03), A/chicken/Guangdong/1/1996 (H5N1) generated by
rg (rgGD/96), A/turkey/England/N28/1973 (H5N2) (Eng/73), A/chicken/
Mexico/23294/1994 (H5N2) (Mex/94), and A/turkey/Wisconsin/1968
(H5N9) (WI/68). Subtype-specific antibodies were assessed in HI tests
using the homologous vaccine antigen. One chicken from each group
which had an initial HI titer of 1:512 or 1:1,024 was selected for further
testing using the HI antigen from the three Indonesian strains selected
from the genetic analysis, as described above.

For more detailed examination of the antigenic relationships among
the viruses, 3-week-old SPF chickens each received a single immunization
with 1 of 14 genetically and antigenically diverse H5 avian influenza vi-
ruses, and antisera were collected at 3 weeks postvaccination. Carto-
graphic analysis was conducted as previously described (28–30) using the
standard HI assay (31) with all the immunizing antigens and sera. The

immunizing viruses included WI/68, Eng/73, A/turkey/1378/Ireland/
1983 (H5N8) (Ireland/83), Mex/94, A/mallard/Netherlands/3/1999
(H5N2), A/mallard/Sweden/49/2002 (H5N9), A/mallard/Sweden/21/
2002 (H5N2), A/mallard/Sweden/7/2002 (H5N2), and H5N1 HPAI virus
strains A/chicken/Hong Kong/220/1997, Legok/03, A/Vietnam/1203/
2004, SMI-HAMD/06, Papua/06, and PWT/06.

All H5N1 HPAI viruses were handled in a biosafety level 3 enhanced
(BSL-3E) laboratory, and animal studies were conducted under BSL-3E
containment in accordance with the guidelines of the U.S. Department of
Agriculture (USDA) (available at http://www.afm.ars.usda.gov/ppweb
/PDF/242-01M.pdf) and in accordance with the requirements of the
USDA-Centers for Disease Control and Prevention select agent programs.

Vaccine efficacy. To determine the efficacies of the vaccines, three
challenge studies were conducted.

The first challenge study, to determine the protection provided by six
vaccine seed strains when chickens were challenged with the three genet-
ically and antigenically divergent field viruses (PWT/06, Papua/06, and
SMI-HAMD/06), was performed using 30 3-week-old SPF WL chickens
for each seed strain (Legok/03 [vaccine K], A/chicken/Vietnam/C57/2004
[H5N3] generated by rg [rgVN/04; vaccine O], rgGD/96 [vaccine N],
Eng/73 [vaccine B], Mex/94 [vaccine E], and WI/68 [vaccine F]). The
chickens were divided into groups of 10 birds each and intranasally chal-
lenged with 106 mean (50%) chicken embryo infectious doses (EID50s) of
SMI-HAMD/06, Papua/06, or PWT/06 virus at 3 weeks postvaccination.
Ten sham-vaccinated chickens (which were injected with noninfectious
allantoic fluid) were also challenged with each of the three H5N1 HPAI
viruses.

A second challenge study was performed to determine if commercial
vaccines with the same seed strain but different proprietary emulsion
formulations protected the chickens against an antigenic variant H5N1
HPAI virus, PWT/06, differently. Groups of 10 3-week-old SPF WL chick-
ens were immunized with the vaccines containing seed strains Eng/73 (vac-
cines A and B), rg-generated Legok/03 (rgLegok/03) or Legok/03 (vaccines C,
K, and L), rgGD/96 (vaccines D, G, H, and N), and Mex/94 (vaccines E, I, J,
and M), and a group that was sham vaccinated (with vaccine R) was included.
At 3 weeks postvaccination, the chickens were intranasally challenged with
106 EID50s of PWT/06 virus.

A third challenge study was performed to determine if the PWT/06
homologous vaccine or a combination of existing licensed vaccines would
protect against the three Indonesian H5N1 HPAI viruses, PWT/06, Pap-
ua/06, and SMI-HAMD/06. Groups of 10 3-week-old SPF WL chickens
that were immunized with in-house experimental vaccines containing
inactivated wild-type PWT/06 (vaccine P) or rgPWT/06 (vaccine Q) or a
combination of commercial live rFPV-AI-H5 (given at 1 day of age by
subcutaneous route) and inactivated Legok/03 (vaccine V) (3 weeks of
age) vaccines were used. A group that was sham vaccinated (vaccine U)
was included. At 3 weeks postvaccination, the wild-type PWT/06 (vaccine
P) and rFPV-AI-H5–Legok/03 groups were intranasally challenged with
106 EID50s of SMI-HAMD/06, Papua/06, or PWT/06 HPAI virus, and the
rgPWT/06 group was challenged with PWT/06 only.

In all three studies, the chickens were observed daily for 14 days for any
clinical signs or deaths. At 2 days postchallenge (DPC), oropharyngeal
swabs were collected and processed for virus presence and virus was quan-
tified using quantitative real-time reverse transcriptase PCR as previously
described (32). Survivors were terminated by intravenous administration
of pentobarbital (5 mg/kg of body weight).

Statistical analysis. All statistical functions were carried out using
the QI Macros for Excel program (KnowWare International, Inc.,
Denver, CO) and the Statistics Calculator program (StatPac Inc.,
Bloomington, MN).

RESULTS
Case report of high-pathogenicity avian influenza outbreaks in
vaccinated chicken flocks. The first reports of H5N1 HPAI virus
in Indonesia emerged from the field in mid-2003 (5, 33). As the
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virus spread in commercial operations, vaccination using locally
produced vaccines based on Legok/03 or imported available com-
mercial vaccines from Mexico was implemented (34); use of the
latter vaccine was based on the broad protection provided by H5
North American vaccine seed strains against Hong Kong H5N1
challenge viruses from 1997 (14). In December 2005, a broiler
breeder flock in one production house in West Java, Indonesia,
that had been vaccinated four times with inactivated Mex/94 vac-
cine began to experience increased mortality, and total mortality
peaked at over 14%. The remaining chickens were culled. The
breeders had been individually handled and vaccinated with inac-
tivated vaccine and at the time of the outbreak had geometric
mean titers (GMTs) averaging above 128, signifying that vaccine
had been administered to the flock and had produced reasonable
titers that should have been protective against H5N1 HPAI virus
challenge, suggesting a different cause for the lack of protection.

Vaccine seed strain identification. Fourteen of 15 vaccines
contained a sufficient quantity and good quality of RNA upon
extraction for RT-PCR and sequencing to identify the vaccine seed
strain. Eleven of these 14 vaccines were formulated with one of
seven Indonesian government-licensed seed strain viruses that
were consistent with the manufacturers’ claims listed on the label
or in the company literature (Table 1). However, the remaining
three vaccines were purported to contain the Eng/73 H5N2 seed
strain, as listed on the label and licensed, but they actually con-
tained the rgGD/96 H5N1 seed strain. Chinese manufacturers
produced vaccines with the Eng/73 H5N2 seed strain from 2004 to

2006, while vaccines with rgGD/96 were manufactured from 2006 to
2008 (35), suggesting that the three rgGD/96 vaccines used in this
study and manufactured in 2007 were mislabeled with the H5N2
label to meet the licensing and importing requirements of Indonesia.

Potency of commercial vaccines. To determine if the 15 inac-
tivated commercial vaccines had the potency or antigenic mass
sufficient to be protective, a functional assay of the immune re-
sponse in SPF WL hens receiving a single vaccination was com-
pleted (36). Three weeks after a single immunization, the mean HI
serological titers obtained using homologous vaccine seed strain
antigen for each vaccine group ranged from 34 to 955 (Fig. 1). The
WI/68, Eng/73, and Mex/94 vaccines induced the highest mean
titers (GMTs, 169 to 955), while Legok/03, rgLegok/03, rgVN/04,
and rgGD/96 induced the lowest titers (GMTs, 34 to 97). Using
the minimum titer for protection from homologous lethal chal-
lenge (24, 37), all the vaccines met the minimum potency of a
GMT of �32, which has previously been associated with the pre-
vention of mortality (24). However, a higher minimum potency of
a GMT of �128 was associated with a reduction in challenge virus
replication and shedding, which are necessary to reduce environ-
mental contamination and spread of the virus (24). All vaccines
using the WI/68, Mex/94, and Eng/73 seed strains met this higher
serological standard, while vaccines using the Legok/03, rgLegok/
03, rgVN/04, and rgGD/96 seed strains did not.

Challenge virus selection. Challenge viruses were selected
from available field viruses on the basis of a comparison of the
divergence of HA1 sequences and geographic separation (Fig. 2).

FIG 1 Indirect potency test based on the mean serological titers obtained following a single immunization of 3-week-old chickens with 15 different vaccines and
by use of the homologous vaccine antigen in the HI test. Threshold lines for the minimum titers that protect from mortality (dotted line; titer, 1:32) and challenge
virus shedding from the oropharynx (dashed line; titer, 1:128) are included.
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FIG 2 Phylogenetic tree of representative H5N1 isolates from Indonesia and other countries. DK and Dk, duck; TK, turkey; CK and Ck, chicken; GS, goose. The
numbers on nodes are bootstrap values.
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A phylogenetic tree was constructed with representative H5N1
isolates from Indonesia and other countries (Fig. 2). The earliest
reported isolates from Indonesia were recovered in 2003, when
there was evidence of only a single introduction of virus that was
genetically unique from other outbreak viruses at the time and
that was designated a unique genotype, clade 2.1 (33). Because
Indonesia is composed of many islands that facilitate geographic
isolation of virus populations, the H5N1 virus had further evolved
into multiple third-order clades (clades 2.1.1, 2.1.2, and 2.1.3) by
2007 and fourth-order clades (clades 2.1.3.1, 2.1.3.2, 2.1.3.2a, and
2.1.3.3) by 2011, on the basis of pairwise comparisons of nucleo-
tide and amino acid sequences and further support from HI anti-
genic data (38).

Challenge viruses were selected from three different subclades.
A/chicken/West Java/SMI-HAMD/06 (SMI-HAMD/06) was se-
lected from the cluster of earlier viruses thought to be closely re-
lated to the progenitor of Indonesian H5N1 viruses and that fell
within clade 2.1.1 (39, 40). The amino acid sequence of the SMI-
HAMD/06 virus had 99.8% identity to that of the local Indonesian
H5N1 HPAI vaccine seed strain, Legok/03 (Table 2). An addi-
tional two strains were selected from clade 2.1.3, which has
emerged to become the predominant clade since 2005 (39).
A/chicken/Papua/TA5/2006 (Papua/06) was representative of
subclade 2.1.3.1, and A/chicken/West Java/PWT-WIJ/2006
(PWT/06) was representative of subclade 2.1.3.2 (39, 40). Pap-
ua/06 and PWT/06 were divergent viruses, having a 3.3% differ-
ence in the HA nucleotide sequence. PWT/06 was isolated from
vaccinated poultry involved in the H5N1 HPAI outbreak on the
broiler breeder farm described in the case report presented above.

Pairwise comparison of the three challenge viruses and seven
H5 vaccine strains showed amino acid sequence variability of
from 0 to 17.2% within the full-length hemagglutinin and 0 to
20.7% within the HA1 segment (Table 2).

Antigenic characterization. For initial antigenic characteriza-
tion of vaccine strains compared to Indonesian field viruses,
chickens were hyperimmunized with five commercial vaccine
seed strains (Legok/03, rgGD/96, Mex/94, Eng/73, and WI/68)
and their sera were tested in HI assays with homologous antigens.
Individual chicken serum samples with HI titers of 512 or 1,028
were compared for antigenic relatedness in HI tests using the three
Indonesia challenge viruses (SMI-HAMD/06, Papua/06, and
PWT/06) as the antigen. Only the Legok/03 antisera tested using
SMI-HAMD/06 (clade 2.1.1) and Papua/06 (clade 2.1.3.1) as the
antigens had titers similar to the titer of the homologous antigen.

All other antisera had �3 log2 reductions in titers when the chal-
lenge virus antigens rather than homologous antigens were used.
The lower that the HA1 relatedness (Table 2) between the viruses
used to produce the sera and the test antigen was, the greater that
the reduction in HI titers was (Tables 2 and 3). No HI titers were
detected for rgGD/96, Mex/94, Eng/73, and WI/68 antisera when
tested against the PWT/06 antigen, but low titers (titers, 8 to 32)
were seen with Papua/06 antigens and intermediate titers (titers,
32 to 128) were seen with SMI-HAMD/06 antigens.

To provide a more detailed antigenic analysis, sera with anti-
bodies against 14 genetically and antigenically diverse H5 viruses
were produced in chickens, the sera were tested in HI assays for
activity against all 14 viruses, and a cartographic analysis was con-
ducted (Fig. 3). The antigens from the classic H5 vaccine strains
(WI/68, Eng/73, Ireland/83, and Mex/94) antigenically clustered
together with the four wild bird H5 viruses. The antigenic relat-
edness decreased slightly from the eight classical H5 viruses at the
root to the A/chicken/Hong Kong/220/1997 virus, and the anti-
genic relatedness with Legok/03, VN/04, SMI-HAMD/06, and
Papua/06 progressively decreased. The virus that was the least an-
tigenically related to the eight root viruses was PWT/06.

Numerous amino acid differences in the sequences of the HA1
protein were observed among the vaccine and challenge viruses
(Fig. 4). Eight amino acid differences were observed at sites known
to be important for antigenic recognition (41–48), including sites
near the receptor binding site, and as previously reported (48),
one potential glycosylation site whose sequence differed among
the vaccine and challenge viruses was identified (Table 4). Three of
the amino acids were specific to the Indonesian isolates (amino
acid residues 124, 189, and 212). Four residues (amino acid resi-
dues 94, 140, 141, and 162) were specific to PWT/06 and Papua/
06, which were antigenically the most distant from the classical H5
group, and vaccines prepared with classical H5 group strain
GD/96 or VN/04 most poorly protected against infection with
PWT/06 and Papua/06. The most antigenically distant isolate,
PWT/06, had a unique amino acid signature (P74Q). The se-
quence of PWT/06 was different from that of all the other isolates
at a pair of sites, residues 183 and 189, identified to be collectively
important for antigenic changes in clade 2.1 (48). The sequence of
this isolate was also unique at residue 185, one site of another
important pair of residues (residues 133 and 185) previously iden-
tified by Koel et al. (48).

Efficacy of commercial vaccine seed strains. Survival is the
most common indicator of protection measured for determina-
tion of HPAI vaccine efficacy in studies in poultry, but other met-
rics of protection, such as prevention of challenge virus replication

TABLE 3 HI GMTs for adult hensa

Serum

HI GMT for the following antigen (clade):

Homologous
SMI-HAMD/06
(2.1.1)

Papua/06
(2.1.3.1)

PWT/06
(2.1.3.2)

Legok/03 512 2,056 512 32
rgGD/96 512 128 16 0
Eng/73 512 64 32 0
Mex/94 1,028 32 16 0
WI/68 1,028 32 8 0
a The hens were hyperimmunized with inactivated virus 3 times at 3-week intervals; the
resulting sera were tested against the homologous vaccine seed strain antigen and three
different challenge viruses.

TABLE 2 Pairwise amino acid comparison of full-length and HA1
proteins of the H5 proteins from challenge vaccine seed strains

Vaccine seed
strain

% amino acid sequence identity of full-length
protein/HA1 protein for the following challenge
viruses:

SMI-HAMD/06 Papua/06 PWT/06

Legok/03 99.8/100 97.5/96.6 94.9/92.3
VN/04 97.4/97.2 94.9/94.1 93.5/91.0
GD/96 96.0/95.7 93.8/93.2 92.1/89.5
Eng/73 90.1/90.4 89.4/89.2 86.484.2
Ireland/83 89.9/88.2 89.1/87.0 87.7/84.5
WI/68 88.3/86.1 88.3/86.4 84.8/80.5
Mex/94 86.7/85.4 86.2/84.8 82.8/79.3
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and shedding from respiratory and gastrointestinal tracts, are
noteworthy since they are associated with reduced environmental
contamination, reductions in contact transmission, and reduc-
tions in bird-to-bird and farm-to-farm transmission (1, 13, 49,
50). For the first efficacy study, the vaccine groups with the highest
HI titer for each seed strain, Eng/73 (vaccine B), Mex/94 (vaccine
E), WI/68 (vaccine F), Legok/03 (vaccine K), rgGD/96 (vaccine
N), and rgVN/04 (vaccine O), were intranasally challenged with
SMI-HAMD/06, PWT/06, and Papua/06. Using 80% survival as
the minimum level of acceptable protection, none of the seed
strains provided acceptable protection against PWT/06 challenge,
but Legok/03, rgVN/04, rgGD/96, and Mex/94 provided protec-
tion resulting in �80% survival following virulent challenge with

SMI-HAMD/06 and Papua/06, and WI/68 provided protection
resulting in �80% survival following virulent challenge with SMI-
HAMD/06 (Fig. 5). All six vaccine seed strains significantly re-
duced the number of chickens shedding SMI-HAMD/06 and Pap-
ua/06 challenge virus from the respiratory tract (oropharyngeal
swab) at 2 DPC and significantly reduced the titers of challenge
virus shed (Table 5). However, the reductions in challenge virus
replication and shedding were not consistent across the different
vaccine seed strains when the PWT/06 challenge virus was used;
i.e., Eng/73 provided no measure of protection from shedding,
and the other five seed strains provided partial to complete pro-
tection from shedding at 2 DPC.

Since individual veterinary vaccine manufacturers use various

FIG 3 Cartographic map of H5 avian influenza viruses produced with chicken antisera. The colored shapes (viruses) and open shapes (antisera) are relative
positions adjusted such that the distances between viruses and antisera in the map represent the corresponding HI measurements with the least error. The blue
fill represents the antigenic root from classic H5 influenza viruses, including four viruses of wild bird origin (A/mallard/Netherlands/3/1999 [MA/
NETHERLANDS/3/1999], A/mallard/Sweden/49/2002 [MA/SWEDEN/49/2002], A/mallard/Sweden/7/2002 [MA/SWEDEN/7/2002], and A/mallard/
Sweden/21/2002 [MA/SWEDEN/21/2002]) and four viruses of poultry origin (A/turkey/Wisconsin/1968 [TU/WISCONSIN/1968], A/turkey/England/
N28/1973 (TU/ENGLAND/N28/1973], A/turkey/Ireland/1983 [TU/IRELAND/1983], and A/chicken/Mexico/23294/1994 [CH/Mexico/23294/1994]).
The other solid colors represent six H5N1 Guangdong lineage viruses (A/chicken/Hong Kong/220/1997 [CH/HK/220/1997], A/chicken/Legok/2003
[CH/LEGOK/2003], A/Vietnam/1203/2004 [VN/1203/04], A/chicken/West Java/SMI-HAMD/06 [SMI-HAMD/06], A/chicken/Papua/TA5/06 [Papua/
06], and A/chicken/West Java/PWT-WIJ/06 [PWT/06]). Since the relative positions of antigens and antisera are determined and both the vertical and
horizontal axes represent antigenic distance, the orientation of the map within these axes is free. The spacing between grid lines is 1 unit of antigenic
distance, corresponding to a 2-fold dilution of antiserum in the HI assay.
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proprietary oil emulsions and different quantities of hemaggluti-
nin antigen, four vaccines containing seed strains rgLegok/03, Le-
gok/03, Eng/73, and Mex/94 that were made by multiple manu-
facturers were tested for their ability to provide protection against
PWT/06 challenge to determine if such variables would affect pro-
tection. The use of none of these additional vaccines resulted in
�80% survival in vaccinated chickens (Fig. 6). The Legok/03 vac-
cines provided the best survival (40 to 60%), while all vaccines
with rgGD/96, Eng/73, or Mex/94 seed strains provided �40%
survival. Overall, there was no correlation between survival and

HA antigen content, as measured by assay of indirect potency
determined from the HI titers obtained using vaccine antigen
(P � 0.87) (Table 6). However, a longer mean time to death
(MDT) was associated with the presence of H5 HI antibodies, as
determined by an HI test against the homologous vaccine seed strain
antigen. Specifically, chickens that died and lacked HI antibodies (all
sham-vaccinated chickens and one chicken vaccinated with Legok/
03) had MDTs of �2 days, while chickens that died but that had
measureable HI antibodies (four vaccine groups) exhibited pro-
longed MDTs (3.1 to 6.7 days), indicating incomplete protection (Ta-
ble 6). Prolonged MDTs were also noted in vaccinated groups chal-
lenged with SMI-HAMD/06 and Papua/06 viruses (Table 5).

In the Eng/73-, Legok/03-, and Mex/94-vaccinated groups
challenged with PWT/06, there were significant differences in the
number of chickens shedding challenge virus and/or the titer of
virus shed within each vaccine group. Overall, there was an inverse
correlation between the percentage of chickens shedding chal-
lenge virus and the antigen content of the vaccine (P � 0.013) and
between the titer of the challenge virus being shed and the antigen
content (P � 0.001) at 2 DPC (Table 6). These data suggest that
any of the vaccine seed strains or vaccines would prolong the time
to death, but unexpectedly, neither the different proprietary oil
emulsions nor the higher hemagglutinin antigen content signifi-
cantly improved survival. However, a higher HA antigen content
did reduce virus replication and shedding from the oropharynx
when measured at 2 DPC.

Experimental vaccines and vaccination protocols. Because li-

FIG 4 Alignment of the HA1 amino acid sequences of the vaccine and challenge viruses used in these studies. Orange shading, amino acids identified to be
important for antigenic recognition by previous studies (41, 42, 44, 45, 75); blue shading, amino acids identified to be part of the receptor binding site; asterisks,
potential N-linked glycosylation sites; red arrow, the proteolytic cleavage site; boxes, the loop at position 130, the helix at position 190, and the loop at position
220. Note that amino acids at positions higher than position 138 appear to have numbering 1 greater than their typical numbering due to an insertion in the
A/turkey/England/N28/1973 isolate.

TABLE 4 Amino acid changes between vaccine and challenge viruses at
sites critical for H5 antigenic structure

Isolate

Amino acid at positiona:

74 94 124 140 141 162 189 212

WI/68 P D N R S R E E
Eng/73 P D N R S R K E
Ireland/83 P D N R S R K K
Mex/94 P N N R S R K E
GD/96 P D N R S R K E
VN/04 P D S K S R K R
Legok/03 P N D K S R R K
SMI-HAMD P N D K S R R K
Papua/06 P S D S P K R K
PWT/06 Q S D S P K R K
a Positions refer to H5 numbering. The results for the initial vaccine strain used in
Indonesia, Legok/03, are highlighted.
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censed vaccine seed strains provided inconsistent protection
against the antigenic variant PWT/06 challenge virus, two exper-
imental inactivated vaccines were made from this virus: the parent
HPAI virus strain and a strain generated by rg and developed using
the H5 HA gene (altered to contain an LP proteolytic cleavage
site), the N1 NA gene from the parent PWT/06 virus, and six
internal gene segments of the PR8 influenza A virus strain that
allow the rescued virus to grow to high levels when grown in em-
bryonating chicken eggs. The rgPWT/06 vaccine strain did not
produce plaques in MDCK cells in the absence of exogenous
TPCK-treated trypsin, which is consistent with a low-pathogenic
virus. However, supplementation of agar medium with TPCK-
treated trypsin resulted in the formation of distinct plaques in
MDCK cells. In pathotyping experiments, the chickens inoculated

with the rgPWT/06 strain did not show morbidity or mortality,
resulting in an intravenous pathogenicity index of 0. In addition, a
third group was added. The vaccination scheme used for that
group has been implemented in the field and consists of a priming
vaccination with a live commercial recombinant fowl poxvirus
vaccine containing an insert of the H5 avian influenza virus (A/
turkey/Ireland/1378/1983 [H5N9]) HA gene, followed by a
booster vaccination with the available commercial inactivated Le-
gok/03 vaccine. In this study, the Legok/03 vaccine provided the
best protection among the licensed H5 poultry vaccines. Previ-
ously, the synergistic effect of a prime-boost vaccination on pro-
tection in poultry was demonstrated for H5N1 Eurasian HPAI
viruses in ducks (51). The PWT/06, rgPWT/06, and rFPV-AI-H5–
Legok/06 vaccines provided �80% survival against lethal chal-

FIG 5 Survival of 3-week-old chickens vaccinated with each vaccine seed strain and challenged 3 weeks later with H5N1 HPAI viruses SMI-HAMD/06 (A),
Papua/06 (B), and PWT/06 (C).
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lenge by the SMI-HAMD/06, Papua/06, and PWT/06 HPAI vi-
ruses (Fig. 7). In addition, all three vaccination groups had
significant reductions in the number of chickens shedding chal-
lenge virus from the oropharynx, and the titers of virus shed were
significantly reduced (Table 7).

PPV of HI titers. In predicting vaccine protection in poultry

flocks, a quick assay is needed because challenge studies are expen-
sive, cumbersome, and not time responsive. Comparison of the
HI titers obtained using the vaccine or challenge virus antigen and
protection parameters, such as survival or prevention of oropha-
ryngeal shedding of challenge virus, could be a feasible approach
for assessing protection in the field. The ideal serological predictor

TABLE 5 Detection of H5N1 HPAI virus shedding from oropharyngeal cavity at 2 DPC in chickens vaccinated with six different vaccine seed strains
and challenged with one of three H5N1 HPAI viruses from Indonesia

Vaccine seed
strain Vaccine code

SMI-HAMD/06 Papua/06 PWT/06

MDTa

Oral shedding at 2
DPCb MDT

Oral Shedding at
2 DPC MDT

Oral shedding at
2 DPC

Legok/03 K 2c 0/10A (�3.9A) 0/10A (�4.7A) 6.6AB 1/10A (5.68A)
VN/04 O 1/10A (4.0A) 6.0d 0/10A (�4.7A) 5ABC 2/10A (4.5B)
rgGD/96 N 0/10A (�3.9A) 4.0d 0/10A (�4.7A) 3.1C NDe

Eng/73 B 3.4A 1/10A (4.0A) 5.8A 3/10A (5.1A) 4BC 8/10BC (6.13AC)
Mex/94 E 1/10A (4.0A) 2/10A (4.8A) 6.7AC 0/10A (�4.50B)
WI/68 F 0/10A (�3.9A) 5.0AB 1/10A (4.9A) 3.7C 4/10AC (5.40B)
Sham U 2.0cA 10/10B (7.1B) 1.6cB 10/10B (7.1B) 1.7cD 10/10B (6.3C)
a MDT, mean time to death (in days). Within each column there were statistically significantly differences (analysis of variance, P � 0.05), and different uppercase letters indicate
significant differences between individual seeds for each challenge virus (Student’s t test, P � 0.05).
b Data represent the number of virus-positive chickens/total number of chickens (log10 mean virus titer). For number of virus-positive chickens/total number of chickens, different
uppercase letters indicate significant differences (Fisher’s exact test, P � 0.05). For oral shedding, there were statistically significant differences in virus titers within each column
(analysis of variance, P � 0.05), and for log10 mean virus titers, different uppercase letters indicate statistically significant differences between each vaccine seed strain (Student’s t
test, P � 0.05). For statistical testing, samples without virus detection were given a titer of the lowest detection limit minus 0.1 log10.
c The chickens lacked HI antibody.
d Less than 3 chickens died; thus, the numbers were inadequate for statistical analysis.
e ND, not done.

FIG 6 Survival of 3-week-old chickens immunized with vaccines containing seed strains Eng/73, rgLegok/03 or Legok/03, rgGD/96, and Mex/94 and challenged
3 weeks later with antigenic variant H5N1 HPAI virus PWT/06.
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of protection would have a high sensitivity and a high specificity
and would have a high positive predictive value (PPV) and a high
negative predictive value (NPV); i.e., the values of all four param-
eters would be �95%. Overall in our study, the presence of HI
antibodies using homologous vaccine virus as the HI antigen
(GMT, �8) was a poor predictor of survival after a virulent chal-
lenge with the three antigenically diverse challenge viruses (a low
PPV of 43%) (Fig. 3), but a lack of HI antibodies was good at
predicting death (NPV � 96%) (Table 8). In contrast, when using
the challenge virus as the HI antigen, HI-positive serology was
good for predicting survival from a virulent challenge (PPV �
98%) and for preventing oropharyngeal virus shedding (PPV �
94%), but the lack of antibodies did not predict death or the shed-
ding of high titers of virus (NPV � 66% and 42%, respectively).
Furthermore, all chickens with HI titers of �32 (challenge virus
antigen) survived, and those with titers of �64 did not shed the
challenge virus on day 2 postinfection.

More specifically, there was extensive variation in the sensitiv-
ity, specificity, PPV, and NPV between the three challenge viruses
(Table 8). The data that were closest to optimal for the prediction
of survival following SMI-HAMD/06 challenge were obtained
from the HI test using vaccine antigen; i.e., of the three challenge
viruses, SMI-HAMD/06 was genetically and antigenically the
most closely related to all vaccine seed strains (Table 2; Fig. 2 and
3). The presence of an HI titer had a high PPV for survival and

reduced virus shedding after challenge with SMI-HAMD/06 irre-
spective of whether the HI antigen was the vaccine strain or the
challenge virus. In comparison, the presence of HI titers had low
PPVs for survival after challenge with the genetically and antigeni-
cally more distant Papua/06 and PWT/06 challenge viruses when
the HI titers obtained using vaccine antigen were evaluated but
high PPVs when the HI titers obtained using the respective chal-
lenge virus as the HI test antigen were examined.

DISCUSSION

Most H5 and H7 HPAI viruses emerge from H5 and H7 LPAI
viruses transmitted from the wild aquatic bird reservoir to terres-
trial gallinaceous poultry which are allowed to circulate unim-
peded (52). The progenitor LPAI viruses are antigenically similar
to the emergent HPAI virus, making them ideal candidates for
vaccine seed strains (Fig. 3). Because of prior efforts to vaccinate
against low-pathogenic avian influenza virus, several H5 LPAI vi-
ruses were previously commercially produced and licensed and
were available for use in the initial vaccine campaigns. At first,
these LPAI vaccine seed strains were antigenically matched closely
enough with field HPAI viruses that experimental studies demon-
strated broad protection against homologous subtypes, especially
protection from mortality (14, 15, 53–56). However, even with
protection from mortality, the reduction of challenge virus repli-
cation and shedding from the oropharynx was more difficult to

TABLE 6 Detection of H5N1 HPAI virus shedding from oropharyngeal cavity at 2 DPC by chickens vaccinated with four different vaccine seed
strains in 2 to 4 different vaccine formulations and challenged with antigenic variant PWT/06 H5N1 HPAI virus from Indonesia

Vaccine seed strain Vaccine code MDTa Oral shedding at 2 DPCb

HI serology (GMT) with the following
antigenc:

Vaccine seed straind PWT/06

Eng/73 A 4.8A 3/10A (4.83A) 362A 0
Eng/73 B 4A 8/10B (6.13B) 169B 0
Sham R 1.4B 10/10B (7.6C) 0C 0

rgLegok/03 C 6.2A 3/10A (4.80A) 64A 0A

Legok/03 K 6.6A 2/10A (5.7B) 52A 0.3AB

Legok/03 L 4.0A NDe 64A 1B

Sham R 1.4B 10/10B (7.6C) 0B 0A

rgGD/96 D 4.0AB 5/10A (5.36A) 52AB 0
rgGD/96 G 3.1B 5/10A (6.32B) 34B 0
rgGD/96 H 5.1A 2/10A (5.63A) 97A 0
rgGD/96 N 3.1B ND 73A 0
Sham R 1.4C 10/10B (7.6C) 0C 0

Mex/94 E 6.7A 0/10A (�4.5A) 630A 0
Mex/94 I 1.7B 10/10B (7.3B) 955A 0
Mex/94 J 3.7C 2/10A (5.9C) 832A 0
Mex/94 M 3.0C ND 294B 0.1
Sham R 1.4B 10/10B (7.5B) 0C 0
a MDT, mean time to death (in days). Within each vaccine seed strain group, MDTs were different (analysis of variance, P � 0.05), and different uppercase letters indicate
statistically significant differences between individual vaccines within each vaccine seed strain group (Student’s t test, P � 0.05).
b Data represent the number of virus-positive chickens/total number of chickens (log10 mean virus titer). Oral shedding data were statistically significantly different within each
column (analysis of variance, P � 0.05); different uppercase letters indicate statistically significant differences within the data for each virus strain for number of virus-positive
chickens/total number of chickens (Fisher’s exact test) and virus titer (Student’s t test, P � 0.05). For testing of statistical significance, samples in which virus was not detected were
given a titer of the lowest detection limit minus 0.1 log10.
c Data were obtained at 3 weeks postvaccination. HI titers were statistically significantly different within each column (analysis of variance, P � 0.05); different uppercase letters
indicate statistically significant differences in each vaccine seed strain group for HI titer (Student’s t test, P � 0.05).
d Correlation of hemagglutinin antigen content of vaccine assayed by an indirect potency test (i.e., HI serology using vaccine seed strain antigen) against survivability (R2 � 0.042,
P � 0.87), percent shedding from the oropharynx (R2 � �0.646, P � 0.013), and the titer of challenge virus shed (R2 � �0.296, P � 0.001).
e ND, not done.
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achieve, requiring a close genetic relationship between vaccine
and challenge viruses for the antigenic match to be adequate for
protection (15). As the H5N1 HPAI virus became endemic in the
poultry of some countries, genetic and antigenic drift increased,
and with the long-term usage of H5 avian influenza vaccines in
poultry and, especially, with the improper usage of vaccines (45),
H5 field viruses that were resistant to licensed vaccines appeared
in Egypt (45, 57), Hong Kong (58), Mexico (42), and Vietnam
(59). In contrast, long-term usage of H7 vaccines against H7N3
HPAI virus in Pakistan did not result in the identification of resis-
tant field viruses (28). In China, the appearance of resistant field

viruses has been met with changes in the national vaccine seed
strains used in inactivated vaccines, which began with the LPAI
virus field strain Eng/73 (H5N2) (2004 to 2006) and progressive
replacements with strains generated by rg on the basis of the hem-
agglutinin and neuraminidase genes of Chinese H5N1 HPAI vi-
ruses, i.e., rgGD/96 (clade 0) (2004 to 2008), rg-generated A/duck/
Anhui/1/2006 (clade 2.3.4) (2008 to 2012), and rg-generated
A/duck/Guangdong/S1322/2010 (clade 2.3.2) (2012 to present)
(35, 60). Furthermore, a vaccine seed strain generated by rg,
A/chicken/Shanxi/2/2006 (clade 7), began to be used regionally
during 2006 in layer chickens, and its limited use continues today.

FIG 7 Survival of 3-week-old chickens immunized with experimental vaccines containing inactivated wild-type PWT/06 or rgPWT/06 or a combination of
rFPV-AI-H5 (1 day of age) and Legok/03 at 3 weeks of age and challenged 3 weeks later with antigenic variant H5N1 HPAI virus PWT/06.
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In the current study, we identified two Indonesian H5N1 HPAI
viruses that were partially to completely resistant to classic H5
poultry vaccines made from naturally occurring H5 LPAI virus, an
early H5N1 LPAI virus generated by rg, or early H5N1 HPAI virus
seed strains.

Multiple issues can contribute to vaccine failures, and reports
of failures are not proof that all aspects of vaccines and vaccination

are a failure. However, when such failures take place, the challenge
is to identify the specific factor or factors and make appropriate
corrections. In the current study, we conducted a detailed exam-
ination into the Indonesian H5 vaccines, including the seed strains
used, their serological potency, and the level of protection that
they provided to vaccinated chickens following virulent challenge
with genetically and antigenically diverse Indonesian field viruses.

TABLE 7 Detection of H5N1 HPAI virus shedding from oropharyngeal cavity at 2 DPC in chickens vaccinated with four different vaccine seed
strains and challenged with one of three H5N1 HPAI viruses from Indonesia

Vaccine seed strain
Vaccine
code

SMI-HAMD/06 Papua/06 PWT/06

MDTa

Oral shedding at
2 DPCb MDT

Oral Shedding at
2 DPC MDT

Oral shedding at
2 DPC

PWT/06 P 1/10A (4.0A) 5.0c 2/10 (4.7) NDd ND
rgPWT/06 Q ND ND ND ND 2.0e 3/10A (3.5)A

rFPV-AI-H5–Legok/03 V 0/10A (�3.9A) 0/10 (�4.7) 9.5c 1/10A (4.2)B

Sham U 2.0 10/10B (7.1B) 1.6 10/10 (7.1) 1.7 10/10B (6.3)C

a MDT, mean time to death (in days).
b Data represent the number of virus-positive chickens/total number of chickens (log10 mean virus titer). For number of virus-positive chickens/total number of chickens, different
uppercase letters indicate statistically significant differences (Fisher’s exact test, P � 0.05). For oral shedding, there were statistically significant differences in virus titers within each
column (analysis of variance, P � 0.05), and different uppercase letters indicate statistically significant differences for log10 mean virus titers between each vaccine seed strain
(Student’s t test, P � 0.05). For testing of statistical significance, samples in which virus was not detected were given a titer of the lowest detection limit minus 0.1 log10.
c Two birds died, so the numbers were inadequate for statistical analysis.
d ND, not done.
e One bird died, so the numbers were inadequate for statistical analysis.

TABLE 8 HI serological results compared to survival outcomes with sensitivities, specificities, PPVs, and NPVsa

Test and HI antigen

No. of chickens with the following
resultb:

Sensitivity (%) Specificity (%) PPV (%) NPV (%)
True
positive

False
negative

False
positive

True
negative

Survival
Challenge virus

PWT/06 36 27 1 155 0.57 0.99 0.97 0.85
SMI-HAMD/06 45 29 0 16 0.61 1.00 1.00 0.36
Papua/06 28 43 1 18 0.39 0.95 0.97 0.30
All viruses 109 99 2 189 0.52 0.99 0.98 0.66

Vaccine virus
PWT/06 challenge 62 1 113 42 0.98 0.27 0.35 0.98
SMI-HAMD/06 challenge 73 1 3 13 0.99 0.81 0.96 0.93
Papua/06 challenge 8 1 70 11 0.89 0.14 0.10 0.92
All viruses 143 3 186 66 0.98 0.26 0.43 0.96

Oropharyngeal shedding of challenge virus at 2 DPC
Challenge virus

PWT/06 16 74 4 75 0.18 0.95 0.80 0.50
SMI-HAMD/06 42 32 2 13 0.57 0.87 0.95 0.29
Papua/06 29 43 0 18 0.40 1.00 1.00 0.30
All viruses 87 149 6 106 0.37 0.95 0.94 0.42

Vaccine virus
PWT/06 challenge 88 1 47 32 0.99 0.41 0.65 0.97
SMI-HAMD/06 challenge 71 4 5 10 0.95 0.67 0.93 0.71
Papua/06 challenge 67 1 7 11 0.99 0.61 0.91 0.92
All viruses 226 6 59 53 0.97 0.47 0.79 0.90

a The results were obtained at 3 weeks postvaccination. Sensitivity � TP/(TP � FN), specificity � TN/(FP � TN), PPV � TP/(TP � FP), and NPV � TN/(TN � FN), where TP is
the number of chickens with a true-positive result, FN is the number of chickens with a false-negative result, TN is the number of chickens with a true-negative result, and FN the
number of chickens with a false-negative result.
b For survival, a true-positive result was seropositivity and survival, a false-negative result was seronegativity and survival, a false-positive result was seropositivity and death, and a
true-negative result was seronegativity and death. For oropharyngeal shedding of challenge virus at 2 DPC, a true-positive result was seropositivity and no virus shedding, a false-
negative result was seronegativity and no virus shedding, a false-positive result was seropositivity and virus shedding, and a true-negative result was seronegativity and virus
shedding.
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Of the 15 commercial H5 vaccines tested, RNA extraction and
sequencing determined the vaccine seed strains for 14 vaccines.
However, the RNA extracted from one purported Mex/94 vaccine
was low quality, which prohibited determination of the vaccine
seed strain by sequencing (Table 1). When this vaccine was used to
immunize chickens, it produced high mean titers of HI antibody
against Mex/94 (Table 6) and protected chickens from SMI-
HAMD/06 challenge, indicating that H5 antigen was present. The
inability to extract usable RNA could be related to the methods
used to break the oil emulsion to extract the RNA, or the RNA
could have been degraded through the viral inactivation process
because chemical inactivating agents like formalin are known to
degrade nucleic acid. The 14 vaccines for which the seed strain was
determined (Table 1) contained seven licensed seed strains
(WI/68 [H5N9], Mex/94 [H5N2], Eng/73 [H5N2], Legok/03
[H5N1], rgGD/96 [H5N1], rgLegok/03 [H5N1], and rgVN/04
[H5N3]). Eleven of the vaccines contained the seed strain listed by
the manufacturer. However, three vaccines were labeled to con-
tain Eng/73, which was a seed strain licensed for use in Indonesia
beginning in 2006, but on the basis of sequence data, it contained
rgGD/96. At the time of the purchase of these three vaccines,
rgGD/96 was not licensed in Indonesia, but it did receive licensure
for import and use by the end of 2007. A similar issue was reported
in Central America, where 7 of 10 H5 poultry vaccines contained
the purported and licensed seed strain, but the other 3 vaccines
contained H5N2 LPAI virus seed strains other than the licensed
Mex/94 seed strain that was reported on the label (26). Interest-
ingly, these three vaccines provided the best protection in chicken
studies using a 2003 Guatemalan H5N2 LPAI challenge virus.
Such a disparity in licensed versus manufactured seed strains has
several positive and negative ramifications. On the negative side,
the manufacturer’s decision of what strains to include in a vaccine
without the authorization of the national veterinary authority
could be dangerous because replacing a seed strain without regu-
latory oversight and scientific support could result in the inclusion
of a less efficacious strain, thus reducing protection, and such
substitutions are illegal under the laws of national veterinary vac-
cine authorities. On the positive side, the early replacement of seed
strains could provide a more efficacious vaccine, but the regula-
tory process may be slow, resulting in unreasonable delays in the
licensing of more efficacious vaccines that are needed in the field.
In the current study, the three vaccines that were labeled to con-
tain Eng/73 but that contained the rgGD/96 seed strain were su-
perior to the licensed Eng/73 vaccines according to protection
metrics. In both the current Indonesian study and previous Cen-
tral American studies, the substituted seed strains improved the
efficacy of the vaccine product used in the field, thus emphasizing
the need for regulatory reform to achieve a more rapid updating of
seed strains using a cassette concept within a streamlined or fast-
track regulatory process as field viruses undergo antigenic drift, as
is usually the case with human seasonal influenza virus vaccines.

In previous and current studies, data have shown a progressive
genetic drift of the clade 2.1 viruses away from the clade 0 progen-
itor, A/goose/Guangdong/1/1996 (H5N1), and the root of the H5
clade 2.1 virus (Fig. 2 and Table 2) (38, 39, 61, 62). Similarly, the
current study demonstrated antigenic drift among the clade 2.1
H5N1 HPAI viruses in Indonesia, with HI test results indicating
that strain SMI-HAMD/06 was closely related to the 2003 Indo-
nesian vaccine strain Legok/2003 but progressively less antigeni-
cally related to the other vaccine seed strains (Table 4 and Fig. 3).

This decline in antigenic relatedness to vaccine seed strains was
more evident with Papua/06 and was extreme with PWT/06. The
latter had no measurable HI response against the non-Indonesian
vaccine seed strains and produced minimal titers against Indone-
sian Legok/03 (Table 4). Furthermore, the results of the challenge
protection study corroborate the moderate and extreme antigenic
drift evident in the antigenic map, with partial and poor protec-
tion being provided against Papua/06 and PWT/06 challenge, re-
spectively (Fig. 3).

Consistent with the antigenic drift, numerous amino acids that
were previously reported to be important for antigenic structure
(amino acid residues 41 to 46) and that were distinctive for the
Indonesian challenge viruses or commercial vaccine viruses were
identified (amino acid residues 124, 189, and 212). Additional
amino acids (amino acid residues 94, 140, 141, and 162) were
nonsynonymous between PWT/06, Papua/06, and the vaccine vi-
ruses, and one amino acid (amino acid residue 74) was unique to
PWT/06 compared to the sequences of commercial vaccine vi-
ruses Legok/03 and SMI-HAMD/06. PWT/06 and Papua/06 were
the most distant antigenically from the classical H5 group, and the
vaccines prepared with classical group H5 antigens, rgGD/96 or
VN/04, were the most poorly protective. PWT/06 also had some
unique amino acid changes near the receptor binding site which
have been identified to be antigenically definitive sites in H5 clade
2.1: 183 and 189. Although amino acid 185 was also a unique
amino acid change, the change at amino acid 133, which was pre-
viously shown to be synergistic in producing antigenic change,
was not present; however, the original study did not evaluate
amino acid residues 183, 185, and 189 together (48).

Although further investigation would be needed to confirm the
role of each of these amino acid changes in the antigenic structure
of the virus and the protection that the vaccine provides chickens,
it is reasonable to assume that these changes would contribute to
the antigenic distance of PWT/06 and Papua/06 as well as the
diminished effectiveness of the commercial vaccines prepared
with classical H5 group strains and HA strains from older H5N1
clades.

Previous studies have shown that minimum specific HI sero-
logical titers were associated with protection in challenge studies
when the vaccine and field viruses were genetically and antigeni-
cally similar, such that HI serology GMTs of �8 (25) or �10 (63)
were associated with survival, GMTs of �40 (63) were associated
with the prevention of challenge virus shedding from the orophar-
ynx in the majority of vaccinated chickens, and GMTs of �128
(55) were associated with the prevention of challenge virus shed-
ding from the oropharynx in all vaccinated chickens. The OIE
terrestrial manual suggests that a serological potency consisting of
a GMT of �32 offers protection from mortality and that a sero-
logical potency consisting of a GMT of �128 offers protection
from virus shedding (24). Such international serological potency
standards provide assurances that commercial vaccines will con-
tain sufficient antigen to elicit a protective immune response in
the field when there is a close antigenic match of the vaccine to the
challenge strain. The 15 inactivated Indonesian vaccines were ex-
amined in the context of serological potency, and all met the in-
ternational standard of a minimum potency with a GMT of �32,
while only vaccines using WI/68, Mex/94, and Eng/73 exceeded
the international standard consisting of a GMT of �128 for re-
ducing challenge virus replication, as has been demonstrated in
previous experimental studies that use WL chickens (55). In the
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current study, all the vaccine strains evaluated were genetically
and antigenically the closest to the SMI-HAMD/06 challenge vi-
rus, and all the vaccines provided 100% protection from mortality
in groups with a GMT of �60, while a GMT of between 20 and 30
was associated with 50 to 90% protection when using the vaccine
seed strain as the antigen in the HI test (data not shown). In con-
trast, when the more distantly related challenge viruses Papua/06
and PWT/06 were evaluated, a serological response against the
vaccine seed strain did not allow consistent prediction of protec-
tion from challenge. In view of these data and previously pub-
lished data, a minimum protective GMT of �1:128 was associated
with protection in WL chickens if the field viruses were antigeni-
cally closely related to the vaccines, but data on the minimum HI
titers associated with protection in other poultry species or breeds
within a single poultry species are not available. Generally, WL
chickens generate the strongest immune responses among all
poultry species following a single immunization with a licensed
vaccine, including higher titers than meat-type chickens, turkeys,
and domestic ducks, but there is also significant variation in anti-
body responses by breed (64–67). Some poultry species may re-
quire additional booster vaccinations to achieve sufficient levels of
protection for their specific type of production system and the
length of their production lives. High HI serological titers are as-
sociated with protection when the challenge and vaccine viruses
are genetically and antigenically closely related. However, in the
current study, the high serological titers induced by Mex/94, Eng/
73, and WI/68 did not produce protection from the PWT/06 virus,
indicating that high HI titers alone do not predict protection
against antigenic variant field viruses. However, when using the
antigenic variant challenge viruses as the HI test antigen, the pres-
ence of HI titers had a high PPV for protection, suggesting that HI
antibodies have a strong role in immune protection. However, the
presence of survivors among vaccinated chickens which lacked HI
antibodies, measured as a low NPV, suggests that non-HI anti-
bodies or nonantibody immunity can provide some heterologous
protection. Such protection against influenza A virus which re-
sulted from cell-mediated immunity or IgA mucosal immunity to
uncharacterized influenza viral proteins (68–70) or humoral im-
munity from non-HI antibodies, such as antibodies to conserved
regions in the hemagglutinin stalk (71), has been demonstrated in
laboratory studies in poultry or mammals.

Unlike human influenza vaccines, where seed strains are
changed periodically as field viruses drift (72), frequent changing
of seed strains for avian vaccines was historically seen to be unnec-
essary due to the shorter life span of poultry, less vaccination se-
lection pressure, and strong adjuvant usage (15, 25, 37, 55, 73).
However, the recent development of the long-term utilization of
vaccines for the control of H5 avian influenza has been associated
with the emergence of vaccine-resistant field viruses in Egypt (45,
57), Hong Kong (58), Mexico (42), Vietnam (59), China (35, 60),
and, in the current study, Indonesia. This situation indicates the
need for ongoing virological surveillance to evaluate field viruses
for antigenic drift and update vaccine seed strains to maintain
protection in the field. Although naturally occurring LPAI virus
seed strains have been efficacious in vaccines used during the ini-
tial HPAI outbreaks, as field viruses drift antigenically, new vac-
cine seed strains will need to be developed by utilizing either HPAI
viruses from the field or reverse genetics technologies to produce
LPAI viruses as replacement seed strains (35, 53, 74). The rg-
PWT/06 vaccine strain developed in this study showed exogenous

trypsin dependence for the formation of plaques in MDCK cells
and was proven safe for SPF chickens. It thus passed the OIE
criteria for low-pathogenicity avian influenza viruses (22, 24). In
addition, because of manufacturing safety concerns, it is recom-
mended that reverse genetics technologies be used to produce
LPAI virus seed strains because of the safety concerns over the use
of HPAI viruses because of their zoonotic risk potential (24). As-
sessment of the protection provided by vaccines can be accom-
plished by using predominant circulating field viruses as antigens
in HI tests and the presence of HI antibodies as a positive predic-
tive value for protection in the field.
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