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Abstract Despite the extensive use of poultry vaccines to
control the spread of H5N1 influenza in poultry, H5N1
outbreaks continue to occur in domestic birds. Our objec-
tive was to determine the duration of the neutralizing
antibody response under field conditions after vaccination
with a laboratory-tested inactivated reverse genetics-
derived H5N3 vaccine. HSN3 hemagglutination inhibition
(HI) and virus neutralization (VN) antibodies were
observed 40 weeks after vaccination of chickens with two
doses and vaccination of ducks with one dose. Cross-clade
antibodies to an H5N1 virus (A/chicken/Laos/A0464/07)
antigenically distinct from the vaccine strain were detected
in ducks after a single vaccination and were sustained for
28 weeks (for 40 weeks when a boost vaccination was
given). Our results indicate that this inactivated HS5N3
vaccine can produce long-lasting antibodies to homologous
and heterologous viruses under field conditions.
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Introduction

For more than a decade, highly pathogenic H5N1 avian
influenza viruses have persisted and reemerged in Asian
countries, in many of which H5N1 has now become
endemic. The continuing re-emergence of highly patho-
genic H5N1 influenza in Asia highlights the need for HSN1
poultry vaccines that not only control disease signs but also
prevent viral shedding. Highly pathogenic HSN1 viruses
isolated in Asia are consistently pathogenic to chickens;
however, ducks may have asymptomatic infection and shed
virus, posing a silent threat to poultry and humans [9, 24].
Limited studies have examined the extent and duration of
antibody responses induced by influenza vaccines in ducks.
Several laboratory studies have examined whether HS
vaccines given to poultry can prevent H5SN1 disease and
reduce the shedding and spread of H5N1 viruses [4, 8, 11,
14, 16, 19, 22, 23, 27-31, 33]. Although antibody response
and protection were correlated in these studies, they were
assessed 1-3 weeks after vaccination, a time frame that is
not relevant to field conditions. The duration of the anti-
body response induced by H5 vaccines under field condi-
tions is not known.

Vaccination of poultry against avian influenza is a
response to repeated outbreaks in recent years. Vaccination
campaigns have been successful in the short term, but
outbreaks have inevitably recurred. In Mexico, for exam-
ple, vaccination programs against HSN2 epizootics have
been under way since 1995 [32]. In the end, however,
extensive vaccination caused antigenic drift from the vac-
cine strain, contributing to vaccination failure. In Southeast
Asia, H5N1 vaccination programs have been instituted in
Indonesia, Hong Kong, China, and Vietnam [5, 6, 21]. The
concern in this region is inadequate vaccine coverage.
In China, only 20-50% of all flocks were vaccinated, and
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in Vietnam, only 40-60%. Although no outbreaks have
been reported in vaccinated flocks, any H5N1 virus intro-
duced into these flocks, e.g. virus shed by asymptomati-
cally infected ducks, may be further disseminated by
vaccinated poultry that are protected only against severe
illness [7].

In Lao PDR, H5NI vaccines are currently prohibited
due to concern that vaccinated birds may shed virus
without signs of infection. Control measures have included
surveillance, culling or stamping out of infected flocks,
disinfection, and restriction of movement within and across
borders. Because of the continuing reemergence of HSN1,
government authorities are re-evaluating the use of H5N1
poultry vaccines. In collaboration with the National Animal
Health Centre in Lao PDR, we conducted local field-testing
of a reverse genetics-derived, inactivated HSN3 vaccine
shown under laboratory conditions to protect chickens and
ducks from homologous and heterologous challenge and to
eliminate virus shedding [33]. This study was designed to
evaluate the vaccine’s immunogenicity in local ducks and
chickens and the duration of immunity to an H5N1 strain
isolated in Lao PDR.

Materials and methods
Vaccine and viruses

The Poulvac® FluFend I AI H5N3 RG (Fort Dodge
Animal Health, Fort Dodge, Iowa) inactivated vaccine
was a previously reported reverse genetics-derived
H5N3 (rgAHSN3) strain containing the modified HS from
A/chicken/Vietnam/C58/04 (clade 1.0), the N3 from A/
duck/Germany/1215/73, and the internal genes of A/Puerto
Rico/8/34 in an oil-water emulsion [15]. The content of the
hemagglutinin protein in allantoic fluid was standardized
by the single radial immunodiffusion technique as descri-
bed previously [34]. The clade-2.3.4 H5N1 virus used in
serological analysis, A/chicken/Laos/A0464/076 (Laos/
H5N1), was obtained from collaborators in Lao People’s
Democratic Republic, where it had recently been isolated.
Stock viruses were grown in 10-day-old embryonated
chicken eggs for 3648 h at 35°C. The allantoic fluid was
then harvested, and aliquots were stored at —80°C until
use.

Chickens and ducks

This study was performed at the National Animal Health
Center’s vaccine production center in Lao PDR. Khaki
Campbell layer ducks (Anas platyrhychos) and Vietnamese
yellow chickens (Gallus gallus domesticus) 2—4 months of
age were purchased from local commercial breeders and
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maintained in housing with free access to outdoor wire
pens. Animal husbandry and experimental protocols were
approved by the Department of Livestock and Fisheries,
Lao PDR. Chickens (10 per group) and ducks (40 per
group) were randomly assigned to receive no vaccine
(controls), one vaccine dose (1.2 pg of HA antigen intra-
muscularly), or two vaccine doses 8 weeks apart. Blood
was collected from the wing vein 2 weeks before and
2 weeks after primary vaccination and then approximately
every 2 weeks for 40 weeks. Before vaccination, serologic
testing of all birds showed HI antibody titers <10 for the
HS5 influenza A viruses.

Serological analyses

Hemagglutination inhibition (HI) assays were performed in
microtiter plates with sera pretreated with a receptor-
destroying enzyme, as described previously [18]. The
antigen—antibody mixtures were tested for HA activity by
addition of 0.5% chicken red blood cells (CRBCs). Virus
neutralization (VN) assays were performed using Madin—
Darby canine kidney (MDCK) cells in 96-well tissue cul-
ture plates, as described previously [10]. After incubation
at 37°C for 72 h, supernatant from each well was tested for
HA activity by adding 0.5% CRBCs. Geometric mean
titers (GMT) were calculated for each group of serum
samples. Neuraminidase inhibition (NI) tests were done by
standard methods as described previously [1].

Results

Immunogenicity of standardized rgAH5N3 vaccine
in ducks and chickens

Serum HI antibody titers to the rgAH5N3 (clade 1) vaccine
virus and the Laos/H5N1 (clade 2.3.4) influenza virus were
measured (Table 1). Only 20% of chickens administered a
single vaccine dose had HI titers (mean titer 23) to the
rgAHS5N3 virus; however, 1 month after a boost dose, 75%
were seropositive (mean titer 66). These HI titers declined
throughout the study but remained detectable at 40 weeks.
A single vaccination was sufficient to induce HI titers
against the rgAH5N3 in 71% of ducks (mean titer 61).
After the boost dose, the mean titer in ducks rose to 352,
then declined but remained detectable in 88% of ducks at
40 weeks. In HI tests against the heterologous Laos/H5N1
influenza virus, only a single chicken had a positive titer,
1 month after boost vaccination. Ducks had low but
detectable HI titers to Laos/HSN1 1 month after primary
vaccination and 1 month after boost vaccination (mean
titers 43 and 30, respectively). Although these cross-reac-
tive HI titers were low, they remained detectable for up to
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3 months after a single vaccination and for the entire

2 _—
=) ISURN S . .
E ® 5 N 10-month study period after a boost dose. No HI titers were
g & 9= i/ observed in control birds.
gl = H H H NI testing of serum samples from ducks was performed
= | 8 ~ - o confirm tha antibody titers to viruses indicated a
S8 v8Evvay t firm that HI antibody titers to H5 dicated
response to vaccination rather than H5N1 infection. The
S~ _ anti-neuraminidase antibodies in these samples inhibited
= e ut not the N1 reference antigens (data not shown),
2l g8 g the N3 but not the N1 ref tigens (data not shown)
gl & = & © . . . .
~ | 2 3z = confirming that the antibodies were generated in response
2 j ; " : to vaccination.
=)
w|ZVvaEvVvvayv o o )
Neutralizing antibodies in ducks and chickens
'é. g 5 & We next determined the vaccine’s ability to induce virus-
- % < 8 _ neutralizing antibodies (Fig. 1). VN titers to the reAH5N3
2 ; j ; j ) vaccine were more robust in ducks (GMT, 285) than in
El e o < " o chickens (GMT, 25). Neutralizing titers waned after a
~| = V&caVvV Ve s . . . . .
- single vaccination; titers were detectable in ducks
Q . .
E throughout the study but were undetectable in chickens
2|8 P S = 28 weeks after vaccination. VN titers against rgAH5N3
ElE = § S g peaked in ducks (GMT, 753) and chickens (GMT, 71)
? N T - INERSS g 1 month after boost vaccination and remained detectable
g Hoond H g E throughout the study. Chickens showed no VN titers
wl e Ve = VoV = E against the Laos/H5N1 virus after either primary or boost
2 < % vaccination. In ducks, the GMT to the HSN1 virus was 133
S s : 5 . o one month after primary vaccination, then declined rapidly
< o= .
; %: s S S s g g § kY, but remained detectable for 28 weeks. One month after
ZlzslE|lx & % S R g boost vaccination, this cross-reactive VN titer was 358.
> | — ~ N ~ - R=1 . .
5 =N N N : = AR5 8 g = It then declined but remained detectable 40 weeks after
so | & = - |l 35 2 . ..
SlEEIH S o Ho|8 23 ¢ primary vaccination.
S S o v O o o|lE T o g
o ||| @ == & V Vo = ?ﬂ g = E
E [a) % I § vV
Rz s 2 2 .
-§ M R Sz =58 Discussion
5 SRS 25 2§
s |8 - 3 0 A D % g g
2= ccyed =< E B . . . . .
5 = D S g 2 g § There has previously been little information about influ-
B= A AN — = =) . . ..
31 ¢ é. H 4P s -5 ? Z enza vaccination of poultry under field conditions. In lab-
S 2 . S . . .
z § 183224888 vyvy E 6 é _.? oratory studies, vaccination against HSN1 influenza viruses
% e % g % has protected ducks [8, 11, 16, 22, 23, 29, 30] and chickens
=T .
% . - - - - 2 8 E “ [4, 13, 14, 19, 25-27, 31] against lethal challenge, but the
=1 ham oy > = < = p—1 . . . . .
3 S 2 o E uration of the antibody response, which is a crucial factor
S| 2 %%%%%%%%”3:= durat f the antibody resp hich 1 fact
g > TEETTEET g g gof in the field [3, 28], has not fully been addressed. Our results
Z 2 z 5 3 show that the vaccine responses in chickens and ducks can
Q =2 8 e . .. . .
e 2 8 2 % 23§ § differ markedly under field conditions. Antibodies were
S 5 T8 > T 5 ¢ observed in both species; however, the response was more
= = = < g 3 . . .
i 2 g 2 g g s Z 3 robust in ducks, as were the cross-reactive HI and VN titers
4 =1 B = . . . . . :
g & = ? = R g 4 to an antigenically distinct, locally isolated HSN1 virus.
u"é g = - Because ducks appear to perpetuate and spread H5N1
: = a % § é E. influenza viruses in Eurasia, vaccination of domestic ducks
T gb g) S g 2 % will help to control outbreaks.
g 5 5 g % Tz Poultry raised for meat consumption, market, egg pro-
= o= . . .
- by g by " 22§ duction, or breeding stock must be protected from infec-
o 2 N 2 — Z £ © g . .
= S 2 e = tious disease. In Lao PDR, poultry are ready for sale as
= a & o & s o o § meat at 2-3 months of age, but poultry for egg production

@ Springer



942

D. A. Boltz et al.

Fig. 1 Duration of neutralizing 120 - .
> a A @ Single dose
antibody response to two clades 7 ’- A Two doses
of HS5 influenza virus induced ‘+_| 100 -
by inactivated rgAHSN3 2 = = H5N3 (clade 1)
vaccine in chickens (a) and '; 80 = H5N1 (clade 2.3.4)
ducks (b). Lines indicate mean o l A
antibpdy tite.rs to the HSN3 ﬁ 60 - P h ~
vaccine strain (dashed) and the 5 e 1 N ~
H5N1 virus (solid). Bars = 40 4 - ~
indicate the standard deviation. é’ Y, - -
Arrows indicate time of boost @ - - -~ = - o ,i
M 5 209 7/, -~ < S U
vaccination £ / ~
s 2 -
-~ —
otf—4& - -
1 2 3 4 5 6 7 8 9 10
1200
B @ Single dose
A Two doses
1000 A
== == H5N3 (clade 1)
800 = H5N1 (clade 2.3.4)
] 4
4 N
600 ~ ~

Virus Neutralization Titer +SD

and breeding stock are kept for up to 3 years. We did not
monitor the antibody response for more than 40 weeks.
However, the robust neutralizing antibody response to the
rgAH5N3 vaccine 1 month after a single vaccination sug-
gests that ducks raised for meat would be adequately pro-
tected for life. The maintenance of antibodies for the
duration of the study suggests that with the use of a boost
dose, this vaccine would also protect egg production and
breeding stock.

Cross-reactive neutralizing antibodies were detected
only in ducks. The failure of chicken rgAHSN3 antibodies
to cross-react with Laos/H5N1 may be attributed to dif-
ferences in homology between the HA1 glycoproteins of
the rgAH5N3 and Laos/H5N1 viruses (93% homologous).
Previous studies in chickens have shown a correlation
between hemagglutinin sequence similarity and the ability
of vaccine to reduce tracheal titers of challenge virus
[13, 26]. While vaccination provided complete protection
and eliminated shedding of homologous virus in chickens
[12, 14, 33], it provided only partial protection [19] or did
not eliminate shedding [13] of a heterologous challenge
virus that shared 93.2-94.2% similarity. In ducks, antigenic
disparity does not appear to affect vaccine cross-reactive
efficacy even when cross-reactive HI or VN titers are low
or undetectable [2, 11, 16, 30]. Understanding how species
differ in their response to vaccination is crucial for future
vaccine development.
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Months post-vaccination

Appropriate vaccination can help to control the spread
of highly pathogenic H5N1 viruses in poultry. It is spec-
ulated that 90% of a flock must be vaccinated to ensure
flock immunity [20]. It also requires a high-quality vaccine
that elicits a lasting antibody response. In our study,
chickens produced HI antibodies homologous to the inac-
tivated vaccine strain for 28 weeks but were not challenged
with homologous virus to confirm protection [8]. Tian et al.
[28] reported protection from lethal challenge and reduced
shedding in ducks 52 weeks after high-dose primary vac-
cination (4.6 and 9.2 pg of HA vs. 1.2 pg in our study).
Despite the absence of challenge experiments, our results
show that one vaccination stimulates a 40-week neutraliz-
ing antibody response to homologous rgAH5N3 virus in
ducks. More importantly, cross-clade-reactive neutraliz-
ing antibodies were observed in ducks for 20 weeks after
a single vaccination and for 40 weeks after a boost
vaccination.

In the current study, a clade 1 virus (rgAH5N3) induced
cross-reactive antibodies in ducks that neutralized a clade
2.3.4 virus (Laos/H5N1) in vitro. Induction of immunity to
antigenically distinct clades is crucial in Eurasian countries
where H5N1 has become endemic. Lao PDR and Vietnam
experienced the introduction of H5N1 viruses from anti-
genically different clades due to the movement of poultry.
In Vietnam, the dominant clade 1 viruses were replaced by
clade 2.3.4 viruses in the north, while clade 1 remained
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dominant in the south [17]. H5N1 viruses have been
introduced into Lao PDR multiple times since 2003. These
viruses belonged to clade 1 in 2003-2004; clade 2.3.4
viruses were then isolated in 2006—2007, and in 2008 clade
2.3.2 viruses were introduced. Vaccines are most effective
against viruses that are homologous or antigenically similar
to the vaccine strain; however, H5SN1 vaccines that can
elicit broad cross-protective immunity would be ideal. Our
findings are promising for countries that experience the
introduction of antigenically distinct viruses.

Our results provide information about the duration of
immunity in local strains of chickens and ducks that will
assist the Lao PDR authorities in evaluating the use of
poultry vaccines. The availability of an HSN1 vaccine that
can elicit antibodies that cross-react with antigenically dif-
ferent HSN1 viruses will be crucial for early control of
outbreaks, in conjunction with culling and stamping out of
infected flocks. Vaccination strategies implemented in
China and Vietnam were initially successful at eliminating
the transmission of HSN1 from poultry to humans; however,
in time, outbreaks in poultry recurred. The practical diffi-
culties of vaccination, as well as the rapid antigenic drift of
HS5NI1 viruses, are likely to be responsible. The continued
circulation of H5N1 viruses in Southeast Asia has resulted in
the emergence of new strains, requiring that vaccine strains
be updated each year or created for use in specific countries
or regions. Short-term use of vaccination of chickens in
Hong Kong in 2003 was a successful control strategy that
halted transmission of HSN1 virus [6]; therefore, emergency
vaccination in response to H5SN1 outbreaks should be con-
sidered as an alternative to prophylactic vaccination.
Although H5N1 is not yet endemic in Lao PDR, the country
is subject to frequent reintroduction of HS5NI1 viruses
from neighboring countries in which H5N1 is endemic. As
outbreaks of highly pathogenic H5N1 strains continue to
occur in poultry in Lao PDR, it may become necessary to
re-evaluate the use of vaccines as part of the control strategy.
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