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Abstract: Thirty-two epizootics of high pathogenicity avian influenza (HPAI) have been reported in poultry

and other birds since 1959. The ongoing H5N1 HPAI epizootic that began in 1996 has also spilled over to infect

wild birds. Traditional stamping-out programs in poultry have resulted in eradication of most HPAI epizootics.

However, vaccination of poultry was added as a control tool in 1995 and has been used during five epizootics.

Over 113 billion doses of AI vaccine have been used in poultry from 2002 to 2010 as oil-emulsified, inactivated

whole AIV vaccines (95.5%) and live vectored vaccines (4.5%). Over 99% of the vaccine has been used in the

four H5N1 HPAI enzootic countries: China including Hong Kong (91%), Egypt (4.7%), Indonesia (2.3%), and

Vietnam (1.4%) where vaccination programs have been nationwide and routine to all poultry. Ten other

countries used vaccine in poultry in a focused, risk-based manner but this accounted for less than 1% of the

vaccine used. Most vaccine ‘‘failures’’ have resulted from problems in the vaccination process; i.e., failure to

adequately administer the vaccine to at-risk poultry resulting in lack of population immunity, while fewer

failures have resulted from antigenic drift of field viruses away from the vaccine viruses. It is currently not

feasible to vaccinate wild birds against H5N1 HPAI, but naturally occurring infections with H5 low patho-

genicity avian influenza viruses may generate cross-protective immunity against H5N1 HPAI. The most feasible

method to prevent and control H5N1 HPAI in wild birds is through control of the disease in poultry with use

of vaccine to reduce environmental burden of H5N1 HPAIV, and eventual eradication of the virus in domestic

poultry, especially in domestic ducks which are raised in enzootic countries on range or in other outdoor

systems having contact with wild aquatic and periurban terrestrial birds.
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INTRODUCTION

Since 1959, high pathogenicity avian influenza (HPAI) has

caused 32 epizootics in avian species, mostly domestic

poultry, including the H5N1 HPAI panzootic that began in

Guangdong China in 1996 and has spread to affect 63

countries in Asia, Africa, and Europe in the past 17 years

(OIE 2012a; Swayne et al. 2013). HPAI has affected wild

birds in three epizootics: H5N3 of common terns (Sterna

hirundo) in South Africa during 1961; H5N1 in a variety of

wild bird species in Asia, Africa, and Europe since 2002;

and H7N3 in a few passerine and columbiforme birds in

Mexico during 2012 (Becker 1967; Ellis et al. 2004; OIE
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2012c). Historically, the reservoir of all avian influenza

virus (AIV) genes, including all 16 hemagglutinin and 9

neuraminidase subtypes, are found in low pathogenicity

avian influenza (LPAI) viruses (LPAIV) circulating in the

wild waterfowl reservoir, mainly in birds of the orders

Anseriformes and Charadriiformes, although rare infec-

tions with LPAIV have been documented in other aquatic

birds. On sporadic occasions, these wild bird LPAIV have

been transferred to poultry within agricultural systems and,

through a process of exposure and successive adaptation

especially involving village, backyard, and semi-commercial

poultry, have resulted in the LPAIV adapting to domestic

poultry with sustained transmission within agricultural

systems (Swayne 2008b). In contrast, infections by HPAI

virus (HPAIV) are less common in domestic poultry than

LPAIV and arise following circulation of H5 or H7 LPAIV

in poultry resulting in mutation from low to high virulence

(Rohm et al. 1995). These HPAIV have not been main-

tained in wild birds as has LPAIV (i.e., wild birds are not

the reservoir for HPAIV), although HPAIV have occa-

sionally been transferred back to wild birds, especially with

the H5N1 HPAIV of Guangdong lineage, causing sporadic

to epizootic deaths in some wild bird species (Feare 2010).

The finding of rare infections of H5N1 HPAIV in wild birds

during extensive surveys in Asia, but common infections in

live poultry markets in the same geographic region, sug-

gests that the true reservoirs of H5N1 HPAIV in Asia are

domestic poultry, especially asymptomatic domestic ducks.

H5N1 HPAIV is lethal to chickens; however, in domestic

ducks these viruses can produce a range of clinical disease

from mild infections to severe disease with mortality. The

way domestic ducks are raised in many Asian countries

allows them to serve as bridging species in the transmission

of H5N1 HPAIV between wild waterfowl and gallinaceous

poultry. Occasionally, spill-over of H5N1 HPAI has oc-

curred into wild birds. For example, intermediate-distance

migrants may have transmitted the virus from Mainland

Asia to Japan and Korea (Feare 2010; Guan et al. 2009;

Hulse-Post et al. 2005; Pepin et al. 2012; Sturm-Ramirez

et al. 2005). Asymptomatic infected migratory ducks are

also suspected of contributing to the spread of H5N1

HPAIV from Asia to other parts of the world (Cattoli et al.

2009; Keawcharoen et al. 2008; Kim et al. 2009). In addi-

tion, periurban terrestrial birds such as sparrows, pigeons,

and starlings that enter agricultural housing and access feed

for domestic poultry, have been infected with H5N1

HPAIV and can be either mechanical vectors or biological

vectors of H5N1 HPAIV between farms or farming systems

(Brown et al. 2009; Kou et al. 2005). Therefore, control of

H5N1 HPAIV infection in agricultural systems will have a

profound effect on reducing and eliminating HPAIV

exposure and infections of diverse aquatic and terrestrial

wild birds.

Since 2003, the H5N1 HPAIV has become enzootic in

poultry within several countries which has necessitated two

main changes for HPAI control and eradication strategies;

(1) development and implementation of rapid diagnostic

tests to accelerate diagnosis before the virus spreads, which

permits a quicker stamping-out action leading to eradica-

tion, and (2) addition of vaccines and vaccination as a

control tool to manage clinical disease, prevent human

infections, and maintain food security, especially in eco-

nomically disadvantaged countries.

HIGH PATHOGENICITY AVIAN INFLUENZA

ERADICATION PROGRAMS

Historical Strategies

The primary goal for HPAI epizootics in agricultural sys-

tems had been rapid eradication. For 26 HPAI epizootics,

this has been achieved through comprehensive, integrated

control programs that utilized education, diagnostics and

surveillance, enhanced biosecurity, and elimination of in-

fected poultry (Swayne et al. 2013). This successful strategy,

often termed ‘‘stamping-out’’ relies upon: (1) educating

farmers, service personnel, and governmental officials in

disease control methods including changes in high-risk

behaviors that can spread the virus; (2) using rapid diag-

nostics and surveillance methods to identify infected flocks;

(3) implementing better biosecurity through quarantining

infected flocks, imposing movement controls within the

outbreak zone, and employing programs that clean and

disinfect premises and equipment to limit virus spread, and

(4) eliminating the source of infection by culling poultry on

infected farms (Swayne et al. 2013). The success of stamp-

ing-out programs to eradicate HPAI has been associated

with effective and efficient governmental veterinary services,

sufficient economic resources for rapid mobilization and

implementation, transparency of government in reporting

outbreaks and good governance (Pavade et al. 2011).

Vaccines and Vaccination as a New Control Tool

The paradigm of HPAI eradication changed in 1994–95

when epizootics of H5N2 HPAI in central Mexico and
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H7N3 HPAI in Pakistan overpowered the resources of the

respective governments and commercial poultry industries

in stamping-out programs, requiring the addition of a fifth

control tool (i.e., vaccination) to permit interim manage-

ment of the clinical disease and allow continued food

security until eradication was achievable in the long-term

(Swayne et al. 2011). Since this initial vaccine use, vacci-

nation has been used in HPAI control programs for poultry

and captive birds in thirteen Asian, European, and African

countries for H5N1 HPAI (2002–present); North Korea for

H7N7 HPAI (2005); and Mexico for H7N3 HPAI (2012–

present) (OIE 2012b; Swayne et al. 2011). The use of vac-

cination in poultry has become a valuable tool for tem-

porary management of HPAI, supporting national food

security and promoting the livelihood of rural poor, espe-

cially in underdeveloped countries (Swayne 2012a; Swayne

et al. 2011). Ninety-nine percent of the vaccine used in

birds against HPAI has been in the four countries where

H5N1 HPAI is enzootic; i.e., China (including Hong

Kong), Egypt, Indonesia, and Vietnam (Swayne et al. 2011).

H5N1 HPAI was already enzootic in these four countries

before vaccination was implemented, indicating that vac-

cination did not create enzootic infections (Swayne et al.

2011). However, routine use of vaccines and improper

vaccination has delayed eradication, by contributing to

complacency, and has complicated surveillance (Swayne

and Spackman 2013).

VACCINES AND VACCINATION FOR HIGH

PATHOGENICITY AVIAN INFLUENZA

Role of Vaccines and Vaccination

The role vaccines and vaccination can play in control of

avian influenza has been assessed in multiple experimental

studies in poultry. In the field, vaccines and vaccination

have been shown to increase resistance of poultry to virus

infection thereby preventing infection in a large percentage

of poultry within the housing operation, and among any

infected birds, prevent illness and death, and reduce the

amount of virus replicating in respiratory and gastroin-

testinal tracts [reviewed by (Swayne 2012a)]. These data

translate to reduced quantity of virus contaminating the

environment (Gilbert et al. 2008; OIE 2007), which will

reduce virus exposure and infections to birds (Bouma et al.

2008; Goot et al. 2003) and humans (OIE 2007; Swayne

et al. 2011), and, therefore, maintaining livelihoods and

food security of rural poor (OIE 2007). However, vaccines

and vaccination alone will not eradicate HPAI because

eradication can only be achieved through a comprehensive

strategy coordinating vaccines and vaccination with the

other four control components of stamping-out programs.

Assessing the Protection from Vaccines

and Vaccination

The assessment of protection induced by AI vaccines is best

accomplished using an in vivo challenge model and mea-

suring quantifiable criteria that mimics protective effects in

the field (Swayne 2008a) which includes prevention of

clinical signs and death following HPAIV challenge (Stone

1987), prevention of egg production drops following

LPAIV and HPAIV challenge (Brugh et al. 1979; Stone

1987; Swayne et al. 2012), reduction in quantity of LPAIV

or HPAIV challenge virus shed from respiratory and gas-

trointestinal tracts (Swayne et al. 1999; Swayne et al. 1997),

and prevention of contact transmission (LP and HPAIV

challenge) (Swayne et al. 1997).

Experimentally, efficacious AI vaccines have been

shown to have the following ideal traits: (1) protect against

high environmental virus exposure or challenge dose

(Swayne et al. 1997); (2) provide protection for long

periods of time, usually a minimum of 6–12 months

(Swayne and Spackman 2013); (3) provide reproducible

protection through a defined vaccination method such as

subcutaneous injection, wing web administration, coarse or

fine spray, eye drop, in ovo, etc. (Swayne and Spackman

2013); (4) protect with a minimum number of vaccina-

tions, ideally two but some species (e.g., turkeys) and long-

lived birds (e.g., layers), may require three or more vacci-

nations (Eggert and Swayne 2010); and (5) broadly usable

in multiple bird species (Swayne and Spackman 2013).

Protection in Chickens and Ducks

Antigenic matching between the vaccine and field virus is

another critical factor in achieving optimal vaccine efficacy.

Within the H5 and H7 subtypes, there can be enough

variation that vaccines will not provide adequate protection

against all challenge viruses because of poor match between

vaccine and field strains (Abbas et al. 2011; Eggert et al.

2010; Grund et al. 2011; Pfeiffer et al. 2010). Therefore,

selecting an initial vaccine that is a good antigenic match to

the challenge virus is crucial. Antigenic drift with loss of

protection has been observed in numerous cases where AIV

has persisted in a population for a long time and vaccine
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has been used long-term (Chen 2009; Escorcia et al. 2008;

Grund et al. 2011; Lee et al. 2004). In order to maintain the

most effective vaccination program, the field virus should

be monitored for antigenic changes and the vaccine should

be tested against new variants or at a minimum vaccines

should be re-evaluated every 2–3 years for protection

against current circulating field viruses.

Experimental studies in chickens and ducks evaluating

several of the factors cited above have been conducted;

however, very few studies have been reported for turkeys

for protection from HPAI (Bublot et al. 2010; Cagle et al.

2011; Eggert and Swayne 2010; Kilany et al. 2011; Mid-

dleton et al. 2007; Pantin-Jackwood et al. 2012; Pfeiffer

et al. 2010; Qiu et al. 2007; Steensels et al. 2007; Tian et al.

2005; Toffan et al. 2007; Webster et al. 2006; Yamamoto

et al. 2010; Zhang et al. 2005). Few vaccines have achieved

all the factors cited above, but still have been used suc-

cessfully in the field. Importantly, it should be noted that

vaccine studies in the laboratory cannot completely simu-

late field conditions and protection in the field is reported

to be less effective, necessitating booster vaccinations

(Eggert and Swayne 2010).

Due to the practical difficulty in evaluating the dura-

tion of immunity experimentally, a few studies have looked

at the course of antibody levels in chickens in the field after

vaccination with inactivated vaccines; however, general

trends are difficult to establish because of numerous vari-

ables, including differences in genetic lines of chickens,

number of times the vaccine was administered, vaccine

dose, and different adjuvants (Boltz et al. 2009; Hwang

et al. 2011; Sasaki et al. 2009). In situations where vacci-

nation is used as an adjunct to other control methods,

duration of immunity may be less critical if virus spread is

controlled promptly. Although it can provide important

detailed information on the performance characteristics of

a vaccine, direct assessment of vaccine efficacy by in vivo

testing is time consuming and expensive. A practical

alternative for determining a minimal protection level is by

indirect assessment using virus neutralization or, more

commonly in poultry, hemagglutination inhibition tests to

evaluate the antibody titers in vaccinated populations. If an

adequate proportion of the flock has a minimum titer of

antibody to the current field virus, they are expected to be

protected. This is also why it is important to maintain

adequate surveillance of vaccinated populations for expo-

sure to the virus. This ensures that new field variants are

promptly detected and can be characterized for changes

which affect their antigenic traits.

Given the widespread infection of domestic ducks with

H5N1 HPAIV in certain parts of the world, reducing the

risk of virus infection in ducks is considered crucial for

controlling the spread of H5N1 HPAI. In much of the

developing world, domestic ducks are usually farmed in

open fields, flooded rice paddies, or on ponds or other

bodies of water, allowing direct exposure to wild waterfowl,

and domestic ducks are frequently moved between fields

and to live poultry markets, aiding to maintenance and

spread of the virus in agricultural production systems.

Since in most cases biosecurity measures are impractical or

impossible to implement and enforce, vaccination is one of

the few control tools available to protect domestic ducks

against H5N1 HPAI. In laboratory studies with moderate

to high challenge doses, vaccination has proven effective in

protecting domestic ducks against clinical signs of disease;

however, different species of domestic ducks respond dif-

ferently to vaccination, and shedding of the virus may still

occur in clinically healthy vaccinated ducks, but the titer of

virus shed is reduced (Cagle et al. 2011; Steensels et al.

2007, 2009). The difficulty of adequately vaccinating suf-

ficient number of ducks to maintain ‘‘herd immunity’’ is a

big obstacle in the control of H5N1 HPAIV. In situations in

which ducks are reared in open fields, vaccination coverage

is poor, i.e., low vaccination rate in the population, and,

therefore, high numbers of domestic ducks remain sus-

ceptible and serve as reservoirs and disseminators of H5N1

HPAIV.

Current vaccines and vaccination practices for the

control of H5N1 HPAIV infection in domestic waterfowl

should take into account different variables including sus-

ceptibility of the ducks to different circulating viruses, ef-

fect of species, and husbandry practices. Not many studies

have been conducted evaluating vaccination of domestic

ducks in the field. In a study examining virus transmission

within infected flocks before and after vaccination, it was

found that apart from issues related to the quality of pro-

tection provided by the vaccine, the overall effectiveness of

the vaccination campaigns was undermined by factors that

deter farmers from vaccinating their flocks and operational

issues for vaccine delivery (Magalhaes et al. 2010). The

authors suggested that if vaccination continues to be in-

cluded as part of a sustainable disease control program,

efforts should be focused on training farmers in disease

prevention in addition to disease recognition, as the latter

is likely to be compromised in a vaccinated population.

Results from field and laboratory evaluation of vaccines

against H5N1 HPAI in domestic ducks indicates that
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factors such as duck species and/or breed, vaccination

protocols (number of doses, age), and proper use of vac-

cines may significantly influence the success or failure of

the H5N1 vaccination program. Other factors, including

the role of maternally derived antibodies, co-infection with

other pathogens, and use of adjuvants not optimized for

ducks, remains to be determined. Continuous new out-

breaks of H5N1 HPAI emphasize the need for a compre-

hensive domestic waterfowl vaccination strategy and the

development of domestic waterfowl-specific efficacious

vaccines.

Immunity and Protection of Wild Bird Populations

There are two viable and interrelated questions concerning

protection of wild bird populations from HPAI: (1) can

wild bird populations be actively vaccinated to protect

from HPAIV infection and disease, and (2) will natural

exposure to H5 or H7 LPAIV induce immunity and pro-

tection from HPAIV infection and disease? There is no data

on capture of wild birds, individual vaccination against

AIV, and release back to natural habitats. However, zoo,

hunting, companion, conservation, and endangered species

of birds of diverse species, including aquatic birds of the

orders Anseriformes, Charadriiformes, Ciconiiformes, Pe-

licaniformes, and Phoenicopteriformes, on over 292 pre-

mises in 20 countries have been vaccinated with inactivated

poultry vaccines against H5 and/or H7 subtypes (Bertelsen

et al. 2007; Furger et al. 2008; Philippa et al. 2005, 2007).

These poultry vaccines produced variable levels of H5 and/

or H7 hemagglutinating antibodies with 50 and 82% of the

birds seroconverting (HI titer of �1:16) following a single

and booster vaccination, respectively (EFSA 2007). The

presence of such HI antibodies levels has been associated

with protection in chickens and turkeys, but the specific HI

antibody levels needed for protection in most non-poultry

species, i.e., captive ‘‘wild’’ bird species, are unknown

(Koch et al. 2009). Capture of wild species from their native

habitat for administration of a killed vaccine would be

logistically unrealistic and likely to cause unacceptable

mortality in the birds from the capture and handling

process. In addition, recapture of individual birds for a

second immunization would be even more unrealistic. The

only practicality of vaccination of non-poultry species

would be those birds already held in captivity.

The second issue would be the immunity provided by

natural exposure to LPAIV and resulting protection against

HPAIV. In a recent study in Alaska, 44% of 11 species of

Anseriformes birds and 80–95% of Emperor geese and

three eider species tested had anti-AIV antibodies, based on

anti-nucleoprotein ELISA test (Wilson et al. 2013). How-

ever, the anti-AIV antibody positive rates varied with spe-

cies, age, year, and season (Ely et al. 2013). Protection is not

based on the broadly reactive anti-nucleoprotein antibodies

but on the more specific anti-hemagglutinin or anti-neur-

aminidase antibodies. The prevalence of H5 antibodies is

rarely reported but in one study in wild ducks in the USA, a

27% prevalence of anti-H5 antibodies was found (Nettles

et al. 1985) while a study in Europe showed 49–69% anti-

H5 antibody prevalence in mute swans, 64% in sacred ibis,

28% in mallards, and 27% in common pochards (Niqueux

et al. 2010). These studies were spatially and geographically

associated with outbreaks of H5 HPAI and may not reflect

the general seroprevalence of anti-H5 antibodies of all

aquatic species in all geographic regions, and seropreva-

lence of anti-H7 antibodies is unknown.

In one experimental study, Costa et al. (2010) using

wood ducks (Aix sponsa) determined that exposure to

LPAIV could provide protection from H5N1 HPAIV

challenge, but the protection required the exposure to a H5

LPAIV and that virus must be adequately adapted to the

bird species to replicate to sufficient titer to stimulate a

detectible immune response based on H5 HI antibodies.

They suggested that in naturally occurring outbreaks of

H5N1 HPAI, birds with pre-existing immunity to homol-

ogous hemagglutinin or neuraminidase subtypes of AI

virus may either survive H5N1 HPAIV infection or live

longer than naive birds and, consequently, could pose a

greater risk for contributing to viral transmission and dis-

semination, if titers of H5 and N1 antibodies are low and

provide protection only from death but do not completely

prevent virus replication. In addition, the ability to capture

and induce protection to all susceptible wild waterfowl

through timed exposure of wild birds to live LPAIV would

not be acceptable because of the need for multiple indi-

vidual strains adapted to individual wild bird species,

which would be prohibitive and could produce unintended

and unknown adverse effects. Furthermore, the presence of

antibodies to H5 and H7 due to natural LPAIV infections

cannot be relied upon to protect wild birds from infection

and disease following HPAIV exposure, if the field virus

were variants, antigenically distant from the LPAIV. For

wild birds, the only realistic means to protect from HPAIV

would be to prevent exposure to agricultural reservoirs, and

the adjunct of controlling and eradicating the HPAIV from

the agricultural system.
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Vaccines in the Field for Poultry

For 2002–2010, over 113 billion doses of AIV vaccine were

used in poultry within 15 different countries/special

administrative regions (Swayne et al. 2011). The majority of

the vaccine was used in poultry within four H5N1 HPAI

enzootic countries, utilizing nationwide vaccination pro-

grams with the goal of reaching all poultry within the

country (Swayne et al. 2011). China used >103 billion

doses (90.99%), Egypt 5 billion doses (4.65%), Indonesia

2.6 billion doses (2.32%), and Vietnam 1.6 billion doses

(1.43%). With these four countries, the vaccine use was

proportional to the country’s poultry production with

China being the number one poultry producer and con-

sumer in the world with a production of 14.9–16.4 billion

birds per year (2004–2010). The remaining 10 countries/

regions (Mongolia, Kazakhstan, France, The Netherlands,

Cote d’Ivoire, Sudan, North Korea, Israel, Russia, and

Pakistan) used 698 million doses of vaccines (0.6%) in

poultry for targeted preventative or emergency vaccination

programs; focusing to either specific geographic areas,

around outbreak zones or to specific types of poultry or

farming systems. In mid-2012, Mexico began a AIV vaccine

program in laying chickens within the defined control zone

of the state of Jalisco in response to the H7N3 HPAI epi-

zootic (OIE 2012b). By contrast, AIV vaccine has had

minimal use in non-poultry birds, with 271,690 doses being

used during 2002 and 2010 in zoo, hunting, companion,

conservation, or endangered birds to protect from H5 and/

or H7 HPAI, which represents 0.00024% of the total AIV

vaccine used in birds (Swayne et al. 2011).

The vast majority of the 113 billion doses of vaccine

used have been inactivated oil-emulsified whole AIV vac-

cines (95.5%) which require handling and injection of

individual birds, while live recombinant virus vaccines

(4.5%) have had a more restricted, focused use within some

poultry populations (Swayne et al. 2011). The live re-

combinant vaccines have included Newcastle disease virus

(rNDV)-vectored vaccine with H5 influenza gene insert

(rNDV-H5-AIV) which can be administered by spray

respiratory application, and two fowlpox virus (rFPV)-

vectored vaccines with either an H5 AIV gene insert (rFPV-

H5-AIV) or an H5 and N1 AIV gene inserts which are

administered only to chickens at 1 day-of-age by injection.

Two new recombinant vaccines have been developed and

licensed whose potential will improve application and

protection; herpesvirus turkey (rHVT)-vectored vaccine

with H5 AI virus gene insert for use in chickens and tur-

keys, and a duck virus enteritis (rDVE)-vectored vaccine

with an H5 gene insert for use in domestic ducks (Liu et al.

2011; Rauw et al. 2011). Between 1998 and 2005, over two

billion doses of an rFPV-H5-AIV were used in chickens in

Central America to protect against H5N2 LPAIV, (Bublot

et al. 2006), and its use has continued through 2013.

Since 2002, large quantities of AI vaccines have been

used against H5N1 HPAI, but this tool alone has not re-

sulted in eradication within the four enzootic countries, but

has positively contributed to the eradication or prevention

of HPAI in the other 11 countries/regions. Within the four

enzootic countries, reports of AIV vaccine ‘‘failures’’ have

been made, specifically reporting of clinical disease con-

sistent with HPAI or isolation of H5N1 HPAIV in vacci-

nated flocks or in regions that vaccinate (Swayne 2012a).

These vaccine ‘‘failures’’ have resulted from two categories

of problems: (1) failure of the vaccine and (2) failure of

vaccination. Vaccine ‘‘failures’’ have resulted from poor-

quality vaccines with inadequate quantity of H5 antigen, or

vaccine containing a seed strain that does not protect

against a field virus because of antigenic drift. Vaccination

‘‘failures’’ have resulted from the lack of proper adminis-

tration of vaccine or inability to vaccinate and produce a

protective immune response in the at-risk poultry popu-

lation; i.e., a failure to achieve population immunity be-

cause of inability to vaccinate poultry properly (Bouma

et al. 2007; Swayne 2012b). Delivery of vaccine to billions of

poultry owned by millions of people is a huge logistic

problem.

Vaccine Technologies

Five different categories of vaccine technologies have been

used to develop AIV vaccines in the laboratory and study

their ability to protect birds: (1) inactivated whole AIV, (2)

live AIV, (3) live vectors, (4) in vitro produced hemag-

glutinin, and (5) DNA vaccines (Table 1) (Swayne and

Spackman 2013). However, application in the field through

licensing and use has only been accomplished with a few

technologies and products: i.e., inactivated whole AIV

vaccines and live vectored vaccines (rNDV, rFPV, rHVT,

and rDVE). The inactivated vaccine requires catching,

handling, and injecting each individual bird as also when

using rFPV, but the rNDV can be mass applied by spray

administration and rHVT can be applied at 1 day-of-age to

chickens in the hatchery or in ovo, saving time and labor

cost. Adoption of new technologies for commercial vac-

cines requires satisfying multiple ideal traits for AIV
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vaccines including practical field application to solve

poultry health problems (Table 2). In addition, the reader

must understand that an ideal vaccine for humans may not

be ideal for poultry.

Any new vaccine technologies will only be adopted for

licensing and field use if the new vaccine will provide

protection in experimental trials that is equivalent to or

better than the ‘‘gold standard,’’ i.e., oil-emulsified whole

AIV vaccine (Swayne and Spackman 2013). Vaccine

development and field implementation in commercial

poultry is driven by economics with adoption of new

technologies occurring only if a financial advantage is

provided such as the cost of the new vaccine is less than the

loss from disease with no vaccination, or the cost differ-

ential of new vaccine over the existing vaccine is less than

the savings from additional protection from disease. His-

torically, most AIV vaccines have been based on inactivated

whole AIV with the seed virus being produced in embry-

onating chicken eggs. This mature, standard technology has

been used successfully for over 40 years to produce trillions

of doses of killed or live-attenuated vaccines to other

poultry viral diseases such as Marek’s disease, reoviral

arthritis, Newcastle disease, infectious bronchitis, and

infectious bursal disease. This low-cost technology has

produced efficacious, potent vaccines without the addi-

tional cost of royalties for patents or the purchase of new

manufacturing equipment which will be needed for

implementation of newer vaccine technologies. However,

newer technologies will be and have been utilized at the

higher cost when they have addressed one or more critical

traits which have made the new technologies produce a

product closer to the ideal vaccine (Table 2). As an

example, 66.6 of 73 billion doses (91%) of inactivated H5

AIV vaccines used from 2007 to 2009 were based on vaccine

seed strains produced through reverse genetic technology

(Swayne 2012b). These vaccines are closer antigenically to

H5N1 viruses encountered in the field, and provide better

protection than historic inactivated vaccine seed strains

based on LPAIV.

In developed countries, inactivated whole AIV vaccines

have been limited to use in valuable, long-lived, or specialty

poultry because of the high cost of individual bird

administration and long withdrawal period for oil adjuvant

in any meat poultry. By contrast, in less developed and

developing/transitional countries with low labor cost for

vaccination and shorter withdrawal periods for oil adju-

vants, inactivated vaccines have been administered to the

much larger populations of meat chickens and ducks.

Experimental studies have demonstrated the possibility for

low-cost mechanized in ovo injection for oil-emulsified,

inactivated whole AIV vaccines (Stone et al. 1997), ade-

novirus-vectored vaccines (Breedlove et al. 2011),

Table 2. Properties of Ideal AIV Vaccines and Vaccination Methods for Poultry [Modified from (Swayne and Spackman 2013)].

Desired property Current situation

Inexpensive Current cost for inactivated AIV vaccine: $0.05–0.10/dose plus cost of administration ($0.05–0.07 per dose

for individual handling and injection) (Swayne and Kapczynski 2008)

Use in multiple

avian species

Most used in meat, layer, and breeder chickens, but large quantity also used in ducks; minor amounts in

turkeys, geese, quail, etc. (Swayne et al. 2011)

Single dose protection Most situations require minimum of two doses; prime-boost scenario is optimal with additional boost in

long-lived birds at 6–12 month intervals (Steensels et al. 2009; Swayne 2006)

Easy, mass application 95.5% is inactivated vaccine administered by handling and injecting individual birds, with 4.5% as

vectored vaccine given by mass spray vaccination (rNDV vector) (Swayne et al. 2011)

Identify infected birds in

vaccinated population

Serological differentiation tests are available, but only minor use. Most vaccine applied without using a

DIVA strategy (Swayne 2006)

Overcome maternal anti

body block

Maternal antibody to AIV hemagglutinin or virus vector inhibits primary immune response. Initial

vaccination must be timed for declining maternal antibody titers to allow optimal primary immune

response (Maas et al. 2011), as decline in active immunity before giving booster vaccinations is also

needed (Swayne et al. 2000)

Given at 1 day-of-age in

hatchery or in ovo

Inactivated vaccines provide poor protection if given at 1 day-of-age. Vectored vaccines can be given at

1 day-of-age, but generally require a field boost with inactivated vaccine 10 days or more later

Antigenically close to field

virus

The majority of inactivated whole AIV vaccine uses reverse genetic generated vaccine seed strains to

antigenically match field viruses (Swayne 2012b; Swayne et al. 2011)
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VEE-vectored vaccine (Schultz-Cherry et al. 2000), atten-

uated AIV vaccine (Song et al. 2007), and rNDV-vectored

vaccines (Steel et al. 2008) that could be commercially

viable and allow for more use of AIV vaccines in developed

countries. In addition, a superior approach would be new

delivery technologies for easier, mass application such as

administration by spray (respiratory delivery of fine

droplets) or per os (oropharyngeal and upper digestive

tract delivery in feed or water).

Even with new breakthroughs in technologies, impor-

tant fundamental questions must be first answered; i.e., that

is whether vaccination is needed as a control tool, or if

other control tools such as prevention through manage-

ment biosecurity or, if immediate stamping-out is the

better approach. In a recent survey (Swayne et al. 2011),

most countries preferred rapid eradication of HPAI by

using a stamping-out program without vaccination and

indicated that they would only use vaccination if the HPAI

epizootic was large and stamping-out was not effective in

producing immediate eradication. Alternatively, if the

threat of an epizootic was high, vaccination might be used

as a preventative measure for valuable poultry, and

endangered or valuable captive bird species within zoos or

other collections (Swayne et al. 2011). Historically, the

decision point for implementing vaccination for HPAI was

reached earlier with the least developed and developing/

transition countries (13 of 15 countries that vaccinated),

than in developed countries where only two countries

(France and The Netherlands) vaccinated and they used a

small, time-limited targeted vaccination program (Pavade

et al. 2011; Swayne et al. 2011).

Vaccination of Poultry: Coverage and Population

Immunity

Protection in the field can only be achieved if the at-risk

poultry are able to mount an effective immune response

and if individual birds receive the vaccine in the proper

dose, correct number of vaccinations, and administration

by the correct route. Population immunity of at-risk

poultry is the goal, which is only achieved if greater than

60–80% of the poultry have a protective immune response

(Bouma et al. 2007; Swayne et al. 2011). If we look at an

entire country conducting routine vaccination of all poul-

try, the goal of national population immunity is difficult to

achieve because of limitations in financial and human re-

sources. This conclusion is based on the 113 billion doses of

AIV vaccine used in poultry during 2002–2010 which re-

sulted in only a 41.9% coverage rate among the at-risk

national poultry population of the 15 vaccinating coun-

tries/regions (Swayne et al. 2011). Five of the 15 countries/

regions conducted routine vaccination campaigns of all

poultry with national coverage rates of 47.1% for China,

86.2% for Hong Kong, 69.9% for Egypt, 14% for Indonesia,

and 52.3% for Vietnam (Swayne et al. 2011). This initial

data suggest that only two countries/regions achieved

population immunity (Hong Kong and Egypt), but more

detailed analysis using more accurate estimates of higher

village poultry populations in Egypt suggests that Egypt did

not achieve a national population immunity with revised

vaccination coverage rates between 27.8 and 48.6%

(Swayne et al. 2011). Furthermore, the use of 1 day-of-age

vaccination in broilers in Egypt using inactivated oil-

emulsified vaccines may have also contributed to inade-

quate immune responses, even further decreasing the

effective immunity in the population. Therefore, cases of

H5N1 HPAI in poultry continue to occur in China, Egypt,

Indonesia, and Vietnam because of the lack of population

immunity, but Hong Kong did achieve national population

immunity, with only one farm having H5N1 HPAI in

poultry during 2003–2012 (Swayne 2012a). These findings

suggest that national population immunity in poultry, with

its intensive financial and human resource requirements, is

not realistic in most countries. Alternatively, vaccination

should be targeted to poultry at the greatest risk for

exposure to HPAI and/or to specific geographic regions.

Decisions on which poultry and/or geographic regions to

vaccinate require both ongoing field surveillance and epi-

demiological data and modeling in order to design and

implement effective vaccination programs. The historical

yearly vaccination campaigns, used more commonly in

cattle and pigs for transboundary diseases, are not effective

with commercial poultry because of the shorter replace-

ment period (i.e., chickens and ducks have a 5-month

generation time) which result in production of a large naı̈ve

poultry populations between the vaccination campaigns,

thus providing susceptible host to maintain the virus in the

population. In addition, countries with large populations of

poultry produced in the semi-commercial and village sec-

tors must develop unique programs that will reach the large

number of households with low numbers of birds. Initially,

expectations were high that a spray vaccination of rNDV-

H5-AIV would provide single dose, uniform protection in

all poultry. Although rNDV-H5-AIV by respiratory mass

application in experimental studies with specific pathogen-

free chickens did provide protection from HPAIV
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challenge, when transferred to the field, the presence of

high levels of maternal antibody to NDV and H5 AIV

inhibited rNDV-H5-AIV replication and failed to provide

protection with the single vaccine dose (Swayne and

Spackman 2013). The rNDV-H5-AIV has best been used as

a priming vaccine followed by inactivated whole AIV

booster vaccination. Additional research is needed on

optimizing vaccination protocols for different poultry

species and ages to achieve low-cost immunity.

CONCLUSIONS

Based on the information presented and discussed, the

following conclusions may be drawn:

1. Historically, infection of wild birds by HPAIV has been

rare, but wild bird infections have become more com-

mon with the emergence of H5N1 HPAIV (Guangdong

lineage) in China which has spread across three conti-

nents, causing notable infections and deaths in a variety

of wild bird species. However, the major source and

reservoir of H5N1 HPAIV is domestic poultry, especially

domestic ducks.

2. Vaccines have been used as a tool in HPAIV control and

eradication for poultry in five of 32 epizootics. Most of

the vaccine has been used in poultry to protect against

H5N1 HPAIV (Guangdong lineage) and have been used

in enzootic countries/regions (China, Egypt, Indonesia,

and Vietnam) as part of nationwide vaccination cam-

paigns. Targeted vaccination, based on geography, bird

type, and/or time limitations, has been practiced in

another 10 countries and regions, but accounted for less

than 1% of all AI vaccine used.

3. Most poultry AI vaccines have been the traditional,

inactivated oil-emulsified whole AIV vaccines, with

<5% of AI vaccines being live vectored vaccines. The

inactivated vaccine requires labor-intensive catching and

individual bird vaccination.

4. Vaccines have been used to protect some non-poultry

species, but only in captive birds on 292 premises in 20

countries; i.e., mostly for zoo, hunting, companion,

conservation, or endangered birds held in captivity.

Vaccination of wild birds in natural habitats has not

been attempted and is neither practical nor feasible.

5. LPAIV infection in wild birds can confer protection

against HPAIV if the hemagglutinin and/or neuramin-

idase subtype of the LPAIV matches the HPAIV and if

the LPAIV infects and produces a robust immune re-

sponse. However, in practice, any protection against H5

and/or H7 HPAIV in wild bird populations is dependent

upon the geographic area, bird species, year, and season.

Predictability of any such natural protection is un-

known.

6. Control and eradication of HPAIV from the domestic

poultry reservoirs is the most effective means to protect

wild bird populations from HPAIV.
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