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EXECUTIVE SUMMARY

The Animal Influenza Viruse€ountermeasures Working Groupl CWG) metin Athens, Georgia,
March 2527, 2013 to assessghe scientific information andountermeasureavailableto effectively
control and mitigate the impact of an outbreflan animal influenza viruhat is highly pathogenic
and/or with zoonotic or pandempotential Although all animainfluenza viruses were considdrehe
focus of the workshop wam animal agriculturgvith emphasis given tewine and poultrproductioni
see workshop agenda in AppendixThis reporfprovidesthe state of our knowledge and gaps therein
defines the thregtprovidesan indepth analysis of availab®untermeasusdo contain and mitigate
the threat; identifies needs for improved countermeasuaesl identifies@search priorities to fithe
gaps in our scientific knowledgand advance theesearch and development of new technologies

GAPS IN SCIENTIFIC |NFORMATION

In reviewing the state of our scientific knowledge of animal influenza viruses, the AICWG noted that
our fundamental understanding of drivers of virulence,-rergge and adaptation process to new host
species, and transmission between animals of samieergent species, and importantly between
animals and humans, remains rudimentary.

Virology
There are important gaps in our understanding of influenza virology and studies addressing these gaps at
especially critical to support the developmenth&rapeutic and vaccine interventiorgpecific gaps in
virology include the need to identify tineolecular determinants of host specificitigsue tropism,
transmission, and virulence.

Pathogenesis
Gaps exist in our knowledge of many areas of inthaevirus pathogenesis:or instance, lthough the
role of the hemagglutinin (HA) protein in the pathogenesis of highly pathogenic avian influenza (HPAI)
virusesis well characterizedthe role of othedeterminant(sgontributing to virulencés not fully
understood Many of the gaps in pathogenearg critical to fully understand virdsost interactios,
which are essential before mitigation strategies can be develdpedyreatest need is fbasic studies
investigating the molecular pathogenesishef virus in different animal specjascluding differences in
binding motifs of hemagglutinin genes and optimization of polymerase complex for adaptation to
individual species or families of animals, and the changes needed to move across different animal
species or families. These studies should also identify molecular determinates of tissue tropism and
relate these to infectivity and pathophysiologic changesthermore, determinates of virulence in
addition to the hemagglutinin proteolytic cleavade seed to be determined for waterfowl species and
other birds.

The presence of multiple basic cleavage site or long insertion at the cleavage site imparts the biologic
trait of high pathogenicity to H5 and Hiian influenza viruse\(V ) for terrestribpoultry. However,

it is unclear why such a change has not occurred naturally-#h HB and H8L6 AlV and a better
understanding is needed to predict the inability or possible occurrence of HPAI viruses among these HA
subtypes.

Animal Influenza Viruses Gap Analysis 8



Immunology
Gaps existn our knowledge of many areasinfluenza wus immunology.Although the role of
hemagglutinatin@gntibody induced protection from disease is fairly well understood, the role of other
contributing factors to immunological protection is less ¢lsachas noshemagglutinating antibodies,
cell mediated immunity, enhancements of innate immunity (cytokines and interferon) to induce
resistance to infection and disease, and induction of antibodies to conserved proteins that may
complement protection from hemgglutinating antibodiesimportantly, t is not clear why some birds
and mammalsre resistant thighly pathogenic avian influenzand others are highly susceptibl@ther
specific immunology gaps include:
1. Determine the role ofinregulated cytokine @xessionn production of enhanced influenza
disease
2. The need to @velop adjuvants that result in increased immune responses that are long lived,
broadly crosgprotective and reduce the number of vaccine boosters, and especially enhance the
mucosal immuneesponse for inactivated vaccines
3. Determine the contribution of host immunogenetics on innate protectemirolsby
developing transgenic animals to study hosis interactions
4. Develop and validate tests that are improved immune correlates oftjmotec
5. Identify B- or T-cell epitopes that provide best protection for inactivated traditional and vectored
vaccines, and develop systems to predict emerging escape mutants to allow more rapid
development of vaccine seed strains
6. Improve vaccine responsgsovoor in young animals, particularly when maternal antibody
suppresses the vaccine immune response.

Epidemiology
Significant gaps existn our understanding of the mand routs of transmission within and between
animal speciesThere are alsmajorgaps in our understanding of how the virus suwvinalifferent
environments. There is a critical need for research programs that take a systems approach, integrating
molecular epidemiology with basic research in predictive biology.

Critical deficiencis in epidemiologic information are dependent on expanding the knowledge base of:
1. Pathogenesis (within different species)
2. Transmission (within and between species) and epidemiology (within the flock/herd). In all cases,
strains appropriate to the spectiiansmission vector, including in some cases to hgpmeed to
be examined.
3. Mathematical modeling and molecular epidemiology

GAPS IN AVAILABLE COUNTERMEASURES

In its assessment of the threake AICWG determined thate following countermeasuregere
important but several weaknessegre identified

Vaccines
The group determined that commercially available animal influenza virus vaccines need significant
improvements. The pork and poultry industries need highly effective vaccines that can prevent
transmission and, in the case of poultry, that can be-deds®red in waterin ovg sprayedor feed A

Animal Influenza Viruses Gap Analysis 9



strategy based on nAdifferentiating infected fro
of an outbreak with a zoonotic animal influenazaus that has the same hemagglutinin subtype as

endemic influenza virused here is a need for more coordination between veterinary and human health

in vaccine seed strain selection to minimize generation of drift mutants and to maximize vaccine

efficagy.

An importantgoal for improvednfluenza A Virus [AV) vaccinedn pigsis to achievenore effective
control of influenzanfection and spread @amajor respiratory pathogen andmponent of the porcine
respiratory disease complex and, in turn, tehieir minimize the risk of emergencezafonoticinfluenza
with pandemic potential

Regardless ahe species or the technologsed, currently available vaccines all have the same general
weaknesses; they have limited crpsstection against antigenicNnants within a subtype, even less
protection between subtypes, and they cannot be produced quickly enough to keep pace with the ever
changing AV . Solutions include:

1. Evaluation of novel technologies that reduce the time required to produce a vaccine.

2. Dewelopment of novel vaccine technologies to produce a broader or universal clinical protection.

3. Development of vaccine platforms that can be used in multiple species.

4. Improvement in the regulatory process for vaccine selection and production

Diagnodics
The early detection of an animal influenza virus with zoonotic and/or pandemic potential is critical to
minimize the spread of disease and reduce the economic impact. New technologies promise more rapid
detectionandcharacterization of avian influenzauses either in the laboratory or pexide. One of the
major gaps is the lack of companion DIVA diagnostic tests that are validated for routine use.

Influenza is a highly variable virug/hich complicates diagnostic tests. Tests for type A influgnzses

are generally reliable, but serological sasiquire improvement. The key animal influenza diagnostic gap
is in subtype identification and in the identification of the subtype specificity of Better serologic

tests are needed, both to deterrime subtype specificity of antibody (j.@hat subtypes has an animal
been infected with) and to characterize the antigenic differences among animal influenza isolates.
Characterization of the antibody response and antigenic differences among aflireat@isolates are
critical for updating vaccines and evaluating vaccinal protection. Hemagglutination inhfbif)aassay

is the current standard for identifying the subtype specificity of sera and to characterize antigenic
differenceshowever, lhisis a cumbersome tesitatlacks precision.

Other areas where improvement would be beneficial are: 1) a rapid moleculbatisshot easily

affected by genetic mutations; 2) a transport m#sisstabilizes tle virus without refrigeration; arg) a

the very least, efforts to characterize new isolates should be continued to assure that current tests will hay
optimal sensitivity and specificity.

Surveillance
Gaps inthe availability of comprehensivairveillancesystems foanimal influenza virussare significant.
There is a need for efficient sampling methods, rapid detection of emerging new strains, and identifying
influenza viruses with human infection and/or pandemic potential.

Animal Influenza Viruses Gap Analysis 1C



Specific @ps in surveillance for animal influenza viruses ifalb three broadategoriesl) Using limited
resources to provide efficient sampling of animals to confidently characterize circulating endemic
influenza viruses, 2) Rapidly detecting emerging new strains, subtypes or incursions between host specie
to prevent spread and establishment of new lineages, and 3) identifying influenza viruses with human
infection or pandemic potential. Specific gaps in surveillance include:
1. Inadequate resources to investigate seropositive flocks identified in the Nationa} Poult
Improvement Plan influenza program for virus identification.
2. Lack of permanent sustainable resources to continue development of the USDA SIV Surveillance
System as necessary.
3. Lack of understanding of the movement of influenza viruses within the U.&camsks its borders
and where to target surveillance to maximize limited resources.
4. Lack of basic studies into the determinants of cepcies transmission and adaptation are critical
to enable the identification of genetic signatures that indicateothreosic potential of a virus.
5. Need toimprove diagnostic tests that target viral properties important for immunity, virulence, and
interspecies transmission potential

Drugs/Biotherapeutics
There are no influenza antiviral drugs approved for use in anireaislence of drug resistance makes the
broad use of these drugs in animals questionable even if less costly generics were available.

Depopulation and Disposal
Depopulation is considered the first line of defense against a foreign animal diseasé& olittitemaevent
of a widespread animaifluenza virus outbreak with epizootic and/or pandemic potential ibtited
Statesthousands gbigs and/omillions of poultrycouldbe affected Current national and international
policy requireghataffected animals be quarantined, their movement stopped, and the animals humanely
euthanized. However, this approach can have devastating effects on the livestock industry, the economy
and the environmentin addition, thee aresignificant risks to public hdth, animal health, and the
environment ithese processes aret conducted carefullyAdditional work is needed in defining which
populations may need to be depopulated, reducing the size of culling zone based on implementation of
more rapid diagnostienodeling of spread and containment and more rapid humane depopulation
methods. Consideration for control of influenza viruses that are zoonotic for humans but do not cause
disease in animals have to be addressed as part of a One Health approach.ofTineblisehealth
resources to control and eradicate animal diseases is critical.

Disinfectants
Animal influenzaviruses ardabile in the environmenand inactivated by several inexpensive commercial
disinfectants.Additional work is needed to developethods to collect and dispose of disinfectants after
use to minimize negative environmental impact and development of new generation of disinfectants that
degrade rapidly in the environment to innocuous materials.

Personal Protective Equipment (PPE)
Negatve air pressure respirators are expendmag, tight,and uncomfortable for the userShe positive
air pressureespiratorsRPAPRS are less uncomfortable and cooler because of the blowing air, but the
tubes and battery pack are cumbersome in the fiElekre is aneed to improve these products for working
under field conditions in hot contaminated environments: 1) lighter weight, 2) cooler, and 3) more

Animal Influenza Viruses Gap Analysis 11



ergonomic in designln addition, the availability of FDAapproved human drugs and vaccines togmtot
workers when facing an outbreak witz@onotic animal influenzainus that can infect people is critical.

COUNTERMEASURES PRIORITIES

The AICWG assessed both commerci al p r oThewaluesof a n d
vaccines and dgnostics in the differernimal agricultural productioeegments were assessed, leading to

a prioritized list of segments where vaccines and diagnostics would have the most impact. For the
analysis, the working group used a decision model specificadigded for vaccineenddiagnostics. The
decision model criteria and their respective weight were selected by the workindsgeukppendix IL)

An informal review of other countermeasures was conductedhéutecision model was not used to assess
methods of euthanasia amthercommon tools used in an epizoasiech as disinfectants and personal
protective equipmenas it was felt that am-depth analysisf these tool®iad already been done by other
working groups.Based on the results of the @ssment conducted by the AICWG, the followprrities

were identified

Vaccines

1 There is a need to develop and licenseligetored vaccines to include the H7 hemagglutinin subtype
and antigenic important variants for H5 subtype avian influenza

1 To develop next generation modified live vectorefluenza virus vaccines that can be cost effectively
used on poultry after they have been placed into the field

1 To explore theuseof reverse genetics technolptp develop a range of vaccine seed strains with
hemagglutinin genes matching likely H5 and H7 threats from around the world with an egg adapted
high growth reassortant.

1 To explore the usef reverse genetics technology tevelopa live-attenuated IAV vaccine for use
against new variant SIV strains wipandemic potential.

Diagnostics

1 There is a need tonproverapididentificationmolecular diagnosticsf hemagglutinin and
neuraminidase subtype

1 There is a neetb developinternal controls to validate the performance of diagnostic test procedures
across laboratories.

1 More sensitive peside tests or commercial test kits that can be used in the field are needed. Even
with simultaneous identification of the most important HA and NA subtypes.

1 If vaccines are to be used in an eradication campeaaiitlsted companion diagnostic tests will be
needed to implement a DIVA (differentiating infected from vaccinated animals) strategy.

1 There is a need taedelop a reliable test for the HA and NA subtype specificiguidn influenza
virus antibody in avian sem.

1 There is a need taedelop a reliable test for the HA and NA subtype specificitgvahe influenza
virus antibody in swine serum

1 There is a need tcedelop a rapidnd cost effectivéull genome sequencing method (ewgith next
generation methods).

1 There is a need taedlelop a viral transport media that can stabilize live influenza virus without
refrigeration or maintenance of the cold chain.

1 Continue to monitor current molecular diagnostic tests for sensitivity and specificity with novel
influenzaisolates.

Animal Influenza Viruses Gap Analysis 12
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Continue to evaluate genome sequence from novel influenza viruses for diagnostic needs.

A rapidand robustmolecular testhatis not easily affected by genetic mutations.

Most state and regional diagnostic laboratories already pargaiptie NAHLN for animal influenza
This program should be maintained to assure that all laboratories meet the minimum diagnostic
requirements, pass proficiency testing and are notified of test updates.

Drugs
None- the use ofntiviral drugs to contranimalinfluenza viruses in swine aabultry are not
recommended

Disinfectants

Commerciallyavailable disinfectants are effectilat there is a need to develop methods to collect and
dispose of disinfectants after use to minimize negative environmentaltimpac

There is a need to develop new generation disinfectants that degrade rapidly in the environment to
innocuous materials.

PPE

There is a need to improvespiratorgor working under field conditions in hot contaminated
environments.

There is a need taeure availability oFDA-approved drugs and vaccines to protect workers.

RESEARCH PRIORITIES

Research priorities were identified that were determined to be critical to address the gaps in our
scientific knowledge and importantly, advance the developofesduntermeasures to effectively
control and mitigate an animal influenza virus outbreak with epizootic and/or pandemic potential.
Overall,researctstudies applied to 1) the understanding of viral evolution in animal populations, 2)
viral pathogenesis}) understanding transmission and epidemiology, and 4) developmiemroied
countermeasuresich as vaccines and diagnostos likely to yield significant improvements in our
ability to control influenza virus outbreaks in animals, domestically aednationally.

Animal Influenza Viruses Gap Analysis 13



| NTRODUCTION

The threat of new and emergiagimal influenza virusswith epizootic antbr pandemigotentialis

significant. In the last 100 years, the world has experienced four influenza pandemics: 191896857

and 2009.Thesepandemics resulted the death of millions of peoplgorldwide Since the miell990s,
therecognitionof new or expandingnimal influenza viral strainsasgeneratdconcerns within the

public health community that a new pandefnicn a domestic animabsircewasimpending. Since

November 2003, more than 500 cases of human infection with highly pathogenic avian influenza (HPAI)
H5N1 viruses and more than 300 deaths have been reported by more than a dozen countries in Asia,
Africa, the Pacific, and Europé\lthough public health concerns are justifietRAl is primarily a poultry
disease resulting up to 90 percent mortality in infectéidcks. HPAI virusesalsoimpact international

trade by inhibiting exports from an infected countAn outbreak ofavian influenza (Al) virus in the

United States would devastate our poultry industry and curtail the availability of poultry meat. With more
evidence that Al strains continue to breach the species barriegste an HPAI strain with pandemic
potentid could be in the billions of dollarsSurprisingly, h 2013,anewflow pathogenic avian influenza
(LPAI)OH7N9 Influenza Avirus has emerged as a zoonotic threat in China, causing fatal respiratory
disease in humans.

Not surprisingly avian species aret the only source of animal influenza virusegc8 2005,
approximately 37Gumancases ofariantinfluenzainfectionsof swine originhave beemletected in the
United Stateslone not including the 2009 pandemic H1IKHM1N1pdmO09) Thenovel HIN1 irfluenza
virus identified in2009 inhumans caweithe first influenza pandemic of the new millenniuithough
the HIN1pdmO%iruswas highly transmissible humans, in generélexhibitedmild clinical symptoms.
TheH1N1pdmO9 virugurrentlycirculatesworldwide in humans as a seasonal strain causing isolated
infection. The HIN1pdmOQ9 appeared with a gene segment combinatipremimtuslyknown to circulate
in humans or animals prior its emergence. Six of the gene segments, including the hemaguylitin)
gene were closest in sequee to those of thigiple reassortant internal ge(iERIG) influenza viruses that
have been isolated from North American pigs since 1988. The remaining two segmerna§the
H1N1pdmOirus, marix (M) and neuraminidse (NA)bear the closesimilarity with those of Eurasian
avianlike swine viruss not previously known to circulate in North Ameri¢de HIN1pdmO9virus has
sincereassortedrequentlywith other endemic swine IAWorldwideto yield H3N2 viruses witlthe M
segment derived from tt#009pandemic virusmong many other gene combinatioReassortant H3N2
viruseswith the HIN1pdmO09 M genfeom swinehaveresuledin more than 300 peoplefected with
variantH3N2 (H3N2v) in the United Statesince 2011

The most effective way of controllirgponotic diseases is at the source (the so catiedalhost
reservoir). In the case of Al, migrating wild birds harbor the vextsbitinglittle to no detectable
diseasgthusthe virusis not eradicabl&rom thispopulation for this and many other reasoiwever,
the source ohew genetic variants of IAVhfection for people is most likely to be domestwine and
poultry. Therefore, expending resources to control and eradicate ostioréadéseanimalpopuldionsis
the best strategy for safeguarding public health and preventing a potential pandemic.

The Animal Influenza Countermeasures Working Group (AICWG) was charged with the task of
conducting an irdepth analysis ahe availablescientific informatiorandcountermeasures effectively
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control, and where feasible, eradicate an emerging animal influenza virus with epizootic and/or pandemic
potential. The AICWG assessed both commercial productseaperimentaproducts known to be in the

i pi p e The valee obvaccines and diagnostics in diffemarital agricultural productiosegments

were assessed, leading to a prioritized list of segments were vaccines and diagnostics would have the mc
impact. The group also assessed other countermeasuresdegopulation, disposaldjsinfectantsand
personal protective equipment (PPE), but did not subject them tedapih decision analysis as it was

felt that this work had already been done by other working groapgsortantly,to address the gaps iaro
scientific knowledge and advance the availability of countermeagshesgorking group conducted an
assessment of research priorities that are likely to have the most impact in preparing for a new emerging
animal influenzavirus with epizootic and/orgndemic potential.
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BACKGROUND INFORMATION

ORGANIZATION OF THE ANIMAL INFLUENZA VIRUSES
COUNTERMEASURES WORKING GROUP (AICWG)

An international team adnimal and human influenzarus experts fronpublic and privat@éesearch
institutions,includingindugry, acadena, and governmentvasinvited by the Chair of the organizing
committeeto participate in a animal influenza virusegap analysis workshop asédrve orthe Animal
Influenza Viruse€ountermeasures Working Groupl CWG). The AICWG was chargeavith making
an assessment specific materials, commercially available and inrdgsearchpipeline, which will
ensure that the United States has an arsenal of highly efficacious countermeasures to control and
mitigate the impact of an outbreakansi aninal influenza virus with zoonotic and/or pandemic potential.
A total of 56 expertg(seeAppendix XV, page 133, for tHest of workshop participanjsaccepted to
serve on th&ICWG. The AICWG was hosted by the University of Georgia andWbA-ARS
Southast Poultry Research LaboratanyAthens, Georgia, March 25%7, 2013 Sponsors of the
workshop includd the Global Strategic Alliances for the Coordination of Research on the Major
Infectious Diseases of Animals and Zoond$SEAR-IDAZ, http://www.staridaz.ne} and theUK
Biotechnology and Biological Sciences Research Council (BBSRS)ructions (see AppendiX) and
severakeference materialsere provided by th&lCWG Chair prior to the meeting. TR¢CWG
menbers were taskeay the Chaiwith assessg the best available countermeasures to rapidly and
effectively control and eradicatenew or variant animal influenza virslsould an outbreak occur in the
United StatesWhengaps in the informationecessaryo complete the analysisane identified,

AICWG members contactediditionalexpertsdirectly (see listof ad hoc contributors on pagé4).

EXPERT REPORTS

The AICWG used thdollowing reportsas background informatian evaluating theisks ofan animal
influenza virugntroductionoccurringin the United States:

The 2A.2 North American Plan for Avian and Pandemic Influgnz
http://www.spppsp.qgc.ca/eic/site/spmsp.nsf/vwapj/pandemic
influenza.pdf/$FILE/pandemicinfluenza.pdf

The OIH FAO Network of Expertise on Animal Influenza (OFFLU)
http://www.offlu.net/fileadmin/home/en/publications/pdf/OFFLU_Research_Priorities _photo.pdf

TheFAO Global Animal Disease Information System (EMPRIESenetic Module
http://www.fao.org/docre®17/i2910e/i2910e.pdf

WHO Pandemic Influenza Preparedness Framework 2013 biennial report
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The USDA National Animal Health Emergency Management System (NAHEMS) Guidelines:
Vaccination for Contagious Diseases

Strategic research targets to protect Ameriozestock and poultry from biological threat agents. Report
from the WMD Counter Measures Working Grodmimal Pathogen Research and Development
Subgrouphttp:/Avww.ars.usda.gov/research/programs/programs.htm?np_code=103&docid=5815

The Office of Science and Technology Policy (OSTP) Blue Ribbon Panel on the Threat of Biological
Terrorism Directed Against Livestock. Conference Proceedings, Washington DC, De&n2603.
http://www.ostp.gov/html/STPI.pdf

SITUATION WORLDWIDE

The threat of a new and emerging animal influenaas with epizootic and/or pandemic potentiial
domestic animals significant. The fllowing section summarizes the animal influenza situation
worldwide, the status of our understanding of virology, viral pathogenesis, immunology, epidemiology,
and the available tools to effectively control and eradicate new and emerging animal infingses and
current obstacles for controlling an outbreak in the United States.

Avian Influenza

Since 1959, there have been 35 HPAI epizodtiatarereportable to the World Orgaiton for

Animal Health (OIE).H5N1 HPAI is enzootic in six countrie$) seltdeclared enzootic (Egypt and
Indonesia)2) continue to report occurrences of outbreaks over multiple years (Vietham and
Bangladesh), or 3) have published data in the literature of continuous reports of infection and molecular
evidence of virusantinual presence in country (China and east IndithN1 HPAI is reported from

five geographic epicenters: 1) Egypt; 2) Ganges Delta (India, Bhutan, Nepal and Bang&desh)

Mekong Delta (south Vietnam and Cambogi)Indonesiaand 5) east to south&aAsia (China, Hong

Kong, North Korea, northern to central Vietnam and Myanmavjost recently (July 20:September

2013), 17 cantries have reported outbreakdHi?Al in domestic poultry: 12 with HSN1 (Bangladesh,
Bhutan, Cambodia, China, Egypt, Hong Kong, India, Indonesia, North Korea, Myanmar, Nepal and
Vietnam), two with HSN2 (South Africa and Chinese Taipei), one with H7NXi@ddg and two with

H7N7 (Australia and Italy) Six subclades of HSN1 HPAI virus have been reported in poultry and wild
birds: 1) subclade 2.3.2.1, most frequently reported with wide geographic dispersion including northern
and central Vietham, India, Bgladesh, China, Hong Kong, India, Nepal, and Bhutan); 2) subclade

2.2.1 viruses in Egypt; 3) subclade 7.2 in northern China and Vietnam; 4) subclade 2.1.3.2 and 2.3.2.1 in
Indonesia; and 5) subclade 1.1 in southern Vietnam and Cambodia. Human infect®nspoged

with clades 2.3.4.2 (China), 2.2.1 (Egypt), 2.1.3.2 (Indonesia) and 1.1 (Vietnam and Cambodia).

Five HPAI outbreaks have involved subtypes other than H5Nloutbreak of HSN2 HPAI began in
2011 in South Africa, affecting only ostrichesdarontinued until resolution in mi#013. In total, 50
outbreaks have occurred, affecting 57,569 ostriches resulting in 16,402 cases with 4930 birds being
destroyed and 47,677 handled gantrolled slaughteredThe outbreak was resolved 3 July 2013.
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An unrelated outbreak of HSN2 HPAI occurred in Chinese Taipei, being the second such outbreak in
Chinese Taipei with first report on 27 February 2012 and resolved 7 August 2012. Thisdmative
chickens on Penchu Islands with 200 deaths and 631 culled chickens. Chinese Taipei has ongoing
outbreaks of North American lineage of HSN2 low pathogenicity avian influenza LPAI) virus with first
report on 21 October 2008 and most recent 9 SeteBi3. The HSN2 HPAI virus was derived from
the H5N2 LPATY.

The H7N3 HPAI epizootic in central Mexico hasemerged.Initial cases were reported in Jao 21

June 2012 with last cases on 12 September 2012, and declaration of freedom 12 Decemfére2012.
epizootic reemerged in Aguascalientes 3 January 2013, with 64 total outbreaks in the states of Jalisco,
Aguascalientes, Guanajuato and Puelitatheresurgence, layers, broiler breeders, backyard poultry

and broiler farms were affected with 550,322 deaths, 6,230,022 culled and 284,015 slaughtered birds.
The most recent case was 19 August 2048 unrelated H7N7 HPAI epizootics have occurred in Italy
and Australia. The Australian outbreak began 11 November 2012 infrge egg layer farm in New
South Wales.The farm experienced 5000 deaths and the remaining 45,000 chickens wereTdudled.
source of the virus was unknown, but farm had a pondwiithducks. The Italian outbreak occurred

in Emilia-Romagna province of Northern Italy, a geographic location of previous HPAI and LPAI
outbreaks.The outbreak began on 15 August with the last cases on 4 Septembe2@ial, six

outbreaks occurredour in commercial layers, one in turkey flock and one in a backyaradrege

layer flock. Deaths numbered 5676 and 946,982 poultry were cllledutbreak of H7N2 HPAI was
reported in Australia on October 26, 20The outbreak occurred in New Shiwales and involved a
single premise of 435,000 free range and cage layer hens aged between 22 and 78heemktbreak

was eradicated by stamping out strafegy

For 2014, an outbreak of HSN8 HPAI began in breeder dudkeiRepublic of Koreavith mostly
breeder and meat duck farms affectéutotal 18 cases have been diagnosed with 47,000 poultry culled
and 70,000 more in process of cujlias of January 28, 201Zhe outbreak is ongoing at this time.

In addition to HPAI, low pathogenicity avian influenza (LPAI) is reported around the globe. However,
the LPAI reporting to OIE is only required for H5 and H7 viruses, and such virusedyarepmorted
consistently by developed countries with adequate surveillance programs. Developing and transition
countries have inconsistent surveillance and reportifmyever, the outbreaks of H7N9 LPAI in China
have garnered global attention. This virsief avian origin and is responsible for infections in human in
large urban areas of China in spring 2013 (first wavEhe original source of the virus fromyay

farms is unknown but the live poultry market (LPM) system has served as an amplifier of the virus,
especially in wholesale markets in the large cities, with 77% of human cases having known contact with
live poultry at a retail live poultry markétsThere has been no new human infection in large urban
areas where LPM system has been clo&idce late fall 2013, the H7N9 has resurged in China (second
wave), stil associated in humans with contact to LPM system, but the cases are more geographically
distributed suggesting wider infections on poultry farms supplying the LPM.

Swine Influenza
Endemic Seasonal SIV

Swine influenza was first described coincident wit@ 1918 Spanish flu pandemic, and has been
recognized in LS. swine ever since. Historically, swine influenza was recognized as a seasonal disease
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occurring in the fall and winter. With thecreased efforts on surveillan@vine influenzairus can be
detectedhroughout the yeaalthough influenzaiseasecontinues to primarily have bimodal seasonal

peaks It is the second most diagnosed swine viral respiratory disease behind porcine reproductive and
respiratory syndrom@RRS) Among the cecirculating IAV in the U.S. swine population are at least

ten antigenically distinct hemagglutinin (HA) I
two |ineages derived from human seasonal-IVH1 vir
viruses!® The primary implication of these antigenic differences is that controlling infection and
transmissiorvia vaccinations less thamptimal. Current swine IAV vaccines use multivalent

formulations ofinactivatedfield-sourced virus, each component representing one of the hemagglutinin
lineages’ These vaccines elicit antibodies with a refelty narrow range of protection that target the
hemagglutinin protein, and efficacy is equivocal for drifted strains.

Emerging Variant SIV
The predominant TRIG viruses circulating in North Amegaoa Asiaevolved by reassortment with
Eurasian swine viges then emerged ithe human populatioto causehe 2009 H1IN1 pandemic.
Multiple reversezoonotic transmission everdé§ HIN1pdmO3nto naive swine populations occurred
around the world.The H1IN1pdmO9 virusontinues to reassort with endemic virusegield novel
genotypes with unknown potentials for swine or human health. InrihedJStatesvariant H3N2
viruses (H3N2v)with M segmentind/or additional segmenderived from the @ndemic viruses and the
others derived from swine H3N2 were detedtelumans from 20%£13. Based on history following
theH1N1pdmO9virus outbreak in humans in the United States, a new or véuaman oranimal
influenza virus with sustained transmissinriJ.S. swine herds/ould likely become endemic very
rapidly.

ECONOMIC LOss

Avian Influenza

Economic losses from Al have varied depending on the strain of virus, species of bird infected, number of
farms involved, control methods used, and the speed of implementation of control or eradication strategie
Many of the economic losses associated with outbreaks of HPAI are due to consumer avoidance of poultr
products and the measures implemented, especially if wide area culling around infected premises is used
In most developed countries, WPand LPAI have not beeandemic diseases in the commercial poultry
industries. Most outbreaks and economic losses have occurred from epidemic&bbHEPAI in

commercially raised poultry, predominately chickens and turkeysome developing countries LPAI is
endemic in comnercially raised poultry especially viruses of the HIN2 subtype and, in some developed
countries, HON2, H5N2 and HE6N1 LPAI has been endemic in backyard and live poultry market (LPM)
systems that mainly serve ethnic populations of large metropolitan @eae 2003, H5N1 HPAI has

become endemic in village poultry, especially domestic duckséwa@duntries in Asia and Africd

Generally, the most accurate reports on losses have come from HPAI eradication pr&gract losses

in HPAI outbreaks have included high morbiditydanortality losses, depopulation and disposal costs,
cleaning and disinfection, quarantine and surveillance costs, and indemnities paid for thedivesger,
indirect costs such as uncompensated losses to the poultry industry including temporaraoepeioss

in poultry exports, income lost by farmers and communities during the production down time, increased
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consumer costs from reduced supply of poultry products and losses from decreases in consumer purchas
can easily escalate losses by®folds. The economic costs for eradication of HPAI have varied greatly,

but eradication costs have been very high and appear to be proportional to the number of birds that died
and were culledHowever, in thel98384 U.S. H5N2 HPAI epidemithe projected caf not

implementing an eradication program was $500 million for losses ($1.3 billion in 2012 funds) to poultry
farmers and $5.5 billion ($12.2 billion in 2012 funds) in increased customer dbs&PAI (H7N1)

outbreak in the Italy (19992000) resultedh 18 million destroyed birds with $100 million in monetary
compensation to affected farmers and $500 million in indirect lo§3®s.economic impact of the 2012

Al H7N3 outbreak in Mexico affected a region where approximately 55 percent of the tableregg

produced. More than $22 million in losses were reported by the industry.

Low pathogenicity Al outbreaks haa¢socaused significant economic losses for producers of chickens,
turkeys and ducks, especially when accompanied by secondary baxtenial pathogens, but accurate
documentation of such costs are generally not avaitabie general, losses have been less than with

HPAI outbreaks because infected flocks have typically been elimirdataagh a controlled marketing
program, the mortality rates have been lower, no federal eradication costs were incurred, and national an
international trade usually have not been disrupted, although bans are placed on imports by some countri
whennotifiable LPNAI occurs. Losses from LPAI epidemics include mortality losses, increased
condemnations at slaughter, medication against secondary bacterial infections, cleaning and disinfection,
delayed placements of new birds, and, for LP H5 and H7 outbreaks;trens in trade of poultry and

poultry products has become increasingly comm@oorly documented but more costly have been the
endemic HON2 LPAI poultry infections in much of Asia and the Middle East, and H5N2 LPAI poultry
infections in Mexico, Cenél America, and the Caribbean with vaccination programs adding to the cost of
production. Since LPAI is usually not dealt with by traditional stampmg programs, the costs of LPAI

are usually unknownHowever, when a stampingut program was undertaken the Virginia 2002 H7N2

LPAI outbreak, the eradication program had similar costs as previous HPAI outbiredkeseloped

countries, stampingut programs have emerged to be principle control method for H5 and H7{.PAI,
although methods used to achieve this vary and include vaccination followed by controlled matketing.

The scale of investment into control of aviafiuanza following the emergence of H5SN1 HPAI in Asia

was largely due to concerns that the virus might become readily transmissible between humans and the
very high cost of a human pandemic caused by an influenza virus that produced high level mortality in
humans.

Theeconomic impact o newavian influenza outbreak the United States would lsggnificant Most

poultry premises in the United States are concentrated geographically with allied industries strategically
located nearby. Onexampleis Frankin County in the State deorgia where anutbreakcouldinvolve

as many a89 farmsand over 7 million birdsvithin a5-mile radius(Figure 1) Within these areas, truck

traffic among farms is commeomvolving trucks that deliver goodsd removetens that could easily

facilitate the spread of avian influenza without proper biosecurity measures. HPAI viruses cause the mos
concern, resulting in up to 90 percent mortality in infected flotk8AI virusesalsoimpact international

trade by inhibitingexports from an infected country.

Swine Influenza
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Economic losses associated with influenza viruses inrpgdt from two factorsl) directproduction
losses associated with influenza disease in pigs; apot@jtialloss of marketslue to decreased
domestic consumption and/or exportatamsociated with public health concerns over pork saféete

hog production ampany based in the U.S. estimated the direct cost of swine influenza to be $10.31 per
market hod:* and another estimated their cost to b&$%er hog® Although he direct costs may vary
between production systemsid ranked as one of the top three respiratory health challenges causing
production losses in the U8The U.S. is the world's largest exporter of pork. In 2012, approximately
25% of U.S. pork production was exported to over 100 countries. In 2@08,%. exported 20% of

U.S pork production valued at $4.9 billion dollars worth of pdfkllowing the emergence and

detection of thé41N1pdmO9pandemic virus, 2¢ountries banned or threatened to ban U.S. pork and
pork products and cost the U.S. porustry over $5.0nillion per day due to theerceiveduncertainty

of the safety of U.S. pork

PuBLIC HEALTH

Zoonotic Influenza

Public health remains a strong driver for continued study of influenza viruaagnals, especially in
poultry and swine Ideally, viruses capable of zoonotic transmission with pandemic potential and/or
enhanced virulence in humans should be identified while circulatiagimals before thepill over and
causenuman influenza outbreak€urrently, the state of knowledd@er determining if an animal
influenza viruscan infect and cause disease in humamngdimentary.lt is therefore dificult to predict

the potential for aw and emerging animahfluenza viruseso become pandemic and inféetmans.
Nevertheless, it reains imperative that viruses circulatinganimalsbe monitored to allow analyses that
identify new threats and support control or eradication interventions.

Dual Use Research Concerns

The 2011 H5N1 studiesnfai*’ and Fouchiéf) co-funded by the NIH and considered Dual Use Research
of Concern (DURC), provided valuable insights into the mechanisms that may allow H5N1, a disease
primarily of animals, to adapb become transmissible between people. In January 2011, 39 influenza
researchers around the world declared a volumtesymonthmoratoriumon research into transmission of
H5N1 highly pathogenic avian influenZehis moratorium has extended past theinagmandate and in

the summer of 2012 the Ugdvernment proposed an indefinite continuation of the moratoriufigain
of-function studiedwith H5N1 viruses. NIH sponsored an international meeting of scientists to discuss
the type of research involveddthe moratoriunon December 1718, 2012. A number of meeting
participants expressed concern that very important research was being stalled by the moratorium
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GAPS IN THE SCIENTIFIC |INFORMATION

VIROLOGY

Influenza A virus is a member of tixthomyxoiwridae family. Influenza A viruses are segmented,
singlestranded, negativeense viruses with RNA genomesvdsurface glycoproteinghe

hemagglutinin (HA) and neuraminidase (NAje important to the pathogenesis, transmission and life
cycle of influena viruses, are highly variable and targeted by the host immune sy$terdA and NA
genes may vary due to two types of processes known as antigenic drift and antigenic shift. Antigenic
drift results from minor changes in tkieus genome due to polymeraseors during replication.

Antigenic shift occus when two or more viruses infect the same cell and exchange the HA or NA gene
segments resulting in a reassortant virus, although any of the eight gene segments are subject to
reassortmentHuman influenzgandemics have been attributed to both types of antigenic changes.

The physical and biologic@ropertiesof a pathogerareone of three fundamental elements of the
epidemiologic triadwhich also includes the host atiek environment. As suctspecificknowledge

aboutlAV contributes to the understanding of disease pathogenesis in the individual host and virus
transmission in the populatiotynderstanding these processes is critical for the design of diagnostic and
intervention tools aimed at infecti@ontrol and eradication. Many questions remain across a broad
range of aspects of influenza virolog@rucial are issues of pathogenesgsuetropism and

transmission botamonghosts of a particular species and between hosts of different species.

Influenza Viruses
The InfluenzavirusA virus of the familyOrthomyxoviridagnfectsmanyavianspecies, swine, humans,
dogs, horses, arah array obther terrestrial and aquatic mammalkhe virion is enveloped and
contains8 segments of lineasingle standed RNA ohegativesense.

In common with other RNA viruses, the relatively small numbers of proteins expressed are
multifunctional. Their functional domains often overlap and interact with other viral and host proteins,
making it difficult to obtairholistic views of their function by typical approaches of mutagenesis,
heterologous expression and interaction analifsisexampleNS1 is a particularly complex protein, with
multiple functions that differ between virus strains and different hostsfy@igrthe complexity of its

function will be essential to understanding the range of phenotypes found in influenza viruses in such a
broad range of possible hosts.

Avian Influenza Virus
Avian influenza Al) viruses are classified into 16 hemagglutinidAjrsubtypes (H116) and 9
neuraminidase (NA) subtypes (M) based on surface glycoproteffisAvian influenza viruses are
further classified as low pathogenicity (LP) or high pathogenicity (HP) Al viruses based on ability to
cause severe stemic disease in gallinaceous birds (chickens, turkeys). Any of the 16 HA subtypes
can cause LPAI; however, only the H5 and H7 subtypes have been associated with HPAI, with the vast
majority of H5 and H7 viruses being LPAHPAI outbreaks in chieen and turkey flocks can result in
up to 100% mortality. HPAI is highly contagious among susceptible species. Routes of transmission
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include direct and indirect contact with infected birds. Recent outbreaks include the United States,
Canada, Europe, Atralia, Mexico, the Middle East, Africa, and Asraxw.OIE.int). The

classification of HP and LB a designatiobased on thatravenous pathogenicity index (IVR8st

used by regulatory authoritiedt couldbe impragerly applied ifusedon other aviarspeciesas the IVPI
was designed for usmly in gallinaceous species of birtfs

LPAI viruses do not cause disease in natural waterfowl host species angyhlthild birds do not carry
HPAI virus, they ma become indcted from poultry® However, diseasaiwaterfow! is normally mild

or absent. A rare excepti®some specific isolates of the Asian HSN1 HPAI virus lineage. Isolates
thatcan cause disease and even mortality in Pekin dusieblean cliected since about 2003 Age,

among other host factgrseems to affect disse presentation and sevefityThe viral factorghatare
responsible for virulence in ducks have been investigated, but have yet to be completely elucidated as
data are inconsistefit?® The interaction appears to be highly complex and possihlg strain

specific.

Although numerous domestic poultry species can be infected witirisles the natural host reservoir is
wild dabbling ducksparticulrly Mallards Anas platyrhincos shore birds and gulfé?® Most Al virus
subtypes can be found in dabbling ducks, however two subtyd&sand H16 seem to be specific to

gulls. This is likely due to the fact that dabbling ducks and gulls do not share habitats, therefore virus
exchange does not occur. Limited studies have shown that Mallard ducks and domestic turkeys can be
infected wth H13 LPAIV, but chickens were not irfied under the conditions us&dThis highlights the

fact that among avian speciéd virusesmust adapt to a particular host and more importantly that
chickens and turkeys are not natural host species feirddes Studies investigating varying dir

infectious doses among species and isolates provide additional evidence that not all avian species are
equally susceptible to Aliruses® Determinants for virulence in some mammals have been identified,
although it is not clear why these viruses are not pathogenic for swine.

Updated unified nomenclateisystem for the highly pathogenic HSN1 avian influenza

viruses
In October 2011t he WHOUOI E UFAO H5N1 Evol utupdatedunfiedr ki ng
nomenclature system for highly pathogenic avian influenza A(H5N1) virsesified system facitates
the interpretation of sequence/surveillance data from difféabotatories. Since the previous update in
2009, H5N1 viruses have continued to evolve @dindrsify as they spread and infect animals and humans.
The 2011 recommendations wé&sed orletailed analyses and comparisons for nearly 3000 H5N1 virus
gene sequencéseehttp://www.who.int/influenza/qgisrs_laboratory/h5nl_nomenclature/en/indey.html

Swine Influenza Virus
Influenza A viruses cause one of the most important respiratory diseases in pigs as well as humans.
Repeated outbreaks and rapid sprdagkoetically and antigenicallyistinct IAVs represent a
considerable challenge fewineproducton and public healthAlthough only subtypes of H1IN1,
H1N2, and H3N2 are endemic in swine around the world, considerable diversity can be found not only
in the hemagglutinin (HA) and neuraminidase (NA) genes, but in the other 6 genes ahigell.
diversity is the result of periodic interspecies transmission from avramumaradapted 1AV into
swine, followed by reassortment and adaptation in the swine Regfional and intercontinental
movement of pigs and/or pig viruses through other intermediatealso resulted in increased global
diversity>! Human and swine IAV have demonstrated a particular propensity for interspecies
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transmission in the past century, leading to regular and sometimes sustaimsihns from man to pig

and vice versa. The diversity of IAV in swine remains oniefcritical challenges in diagnosis and
control of this important pathogen to swine health, and in turn contributes to a significant public health
risk.

Swine play an important role in the ecology of influenza, and the interplay between human arait swine
swine and domestic turkewre specifianfluenzaniches that exist largely without the interference of

IAV from wild waterfowl. Zoonotic transmission of swine adapted IAV to humans has been
documented throughout the years since 1918 and generallisriesaih influenzdike illness similar to
human seasonal IAV with little evidence of hurtarhuman onward transmission. The most dramatic
exception to this rule was the HIN1pdm09, a virus with gene segments from two distinct swine 1AV
lineages, the Eustan H1N1 and the North American triple reassortgfl viruses. However, a direct

link to an endemic swine IAV has yet to be established, even after more than 4 years of intensified
surveillance in swine on a global level. Although the HIN1pdmO9 virus likely arose in people in
Mexico and spread in panaé-proportions around the globe, the geographic location and host species
in which the prepandemic ancestor virus evolved remains a mystery.

The determinants that allow human adapted viruses to cross into swine or swine adapted viruses to Cross
into humans are unknown. Mammalian adapted viruses tend to have simdgegirensfor sialic acid
moieties in glycan arraysonfusing theconcept of differential receptor preferenbetween these
species Certain subtypes hawan apparerntigherlikelihood for becoming endemic imammaian
hosts(H1N1, H1IN2, and H3N2 in pigs and people), this is not so for horses N7 and H3N8) and
dogs (H3N8)Virulence markers detected in avian influenza viruses have not translated to the same
effect in mammaliandsts. Population immunity likely has an impact, but also cannot be the sole
explanation for interspecies barriers between mammalian hosts of38We genome constellations of
H3N2v (those acquiring the M gene from H1IN1pdmO09) have been detected in huorarfsequently
than others, hinting at some selective advantagtethis observation has not been shown to have a
definitive effect in humans or pigs.

Standardization of terminology for the variant A(H3N#Us recently infecting humans
Since July 201, increasing numbers of human cases of infection nathseasonaifluenza Aviruses
have been detected in the United States of America (JUS#ely represented by H3N2 of swileeage
No reports haveeen receively WHO from other Member State§ heseviruseshave different
virological characteristickom current circulating seasonal influenza viruses in humbmerder to
improvecommunications and avoid confusion, the Food and Agriculture Organization of the United
Nations (FAO), the World @anisation for Animal Health (OIE) and WHO establisheeaking group
of experts to standardize the terminologydamalinfluenza virusesvhen they are detected in humans
Thejoint recommendationwash e t erm Avariant o beA(aHi3dN2d) vt,o w hheer
stands for fAvarianto.

Canine Influenza Virus
Traditionally, dgshavenotbeen considered a natural host with dimyited reports of seroconversion
to human H3N2 virusesinh e e ar | yno re@ris®ftnatyral ibfections wittinical disease.
However, the canine influenzarldscap changed dramatically when in January 2004 racing greyhounds
with an influenza like iliness and fatal pneumonia emergédanda The virussubsequently spread
and affectedhousands of greyhousdt 20 different tracks in 8 states from June 2004 to June.Z306
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Molecular analysesf the virus isolasindicateda genetic relatedness to equine influenza HBN8
particular, the typical contemporary equine influenZhere appears to Begnatureamino acid
mutations inhe canine H3 isolates. There are over 70 million dogs in United &tbeéesconsidered
susceptible if exposed, potentially affectalgbreeds and agesSeveroutbreaksvere detecteth the
United States in 2009 with influenza virus bewigespread and endemic in many communitieegs
housed in communal facilitiesereat greatestrisk of exposure and diseafi®oarding kennels,
veterinaryclinics, shelters, racing kennels, show dodSgientists concluded thatrare interspecies
transmission everdccurredprior to 2004 where the visiadapted to the canine host and niow i
sustained in the canine populatioimterspecies transfer of human pH1N1 to dogs been reported but
did not sustain in the dog population. Today there arestustypes circulating in dogs in the world:
H3N8 inthe United States and &8N2 in SouthKorea Canine respiratory épelia contains both
Ur 2,3 and U1 2, 6isnilartoipigs aci d receptors

Equine Influenza Virus
Equine influenza virus is considered ajor disease of horségarticularly for naive populations
Horses ararguablythe most mobile liestock spees on the planet. Equine influenza does
typically kill horses buit does considerable economic harnetuestrian eventround the world.
Currently there are only two stable lineages in hors&8\7 andH3N8. H3N8 is almost worldwide
after beindfirst isolated in 1963 with equine epidemics in 1979 and 1989. There was accelerated
antigenic drift during the 19806s and 199006s wh
threeAmerican sublineage¥.accination in endemic countries is na@toryand sibclinical horsegan
shed the virus OIE reference laboratoriesonitorequine influenzantigenicshift and drift (UK, USA,
Germany & Ireland)reviewing data annually and publishingcommendationfor vaccinesas needed
in anOIE bulletin Recommendations have been infrequent with bmbtyrecommendations iaver the
past severafears arecommendation for inclusiasf 1995American & Eurasiastrains, and an update
of the Eurasian strain in 2004. Of note is thltire influenza transission to dogs has been recorded
for centuriesthe recent H3N8 equine influenza virus becomgndemic in dogbeing the best
documented.

Gaps in our Knowledge ofinfluenza Virology
There are important gaps in our understanding of influenza virologgtadies addressing these gaps are
especially critical to support the development of therapeutic and vaccine interventions.

1.

2.

Therapeutics and antirals. The use of therapeutics and antivirals is often ceinttecated in

livestock and poultry because sbues of cost, residues in food products, and importantly,
development of resistant strains that could eventually infect people. However, continued research
on viral/host protein interactions leading to potential-ainél drugs will continue to be crdal for

public health, especially if new pandemic strains emerge that are also resistant to avaitable anti
viral drugs. In addition, antiirals could play a role in controlling disease outbreaks in animal
agriculture in particular situations, e.g.,oetla k cont r ol (under fAvaccir
slaughtero disease eradication plans) or pro
resistance and cost would not be an issue. The possible application of existing therapeutics/anti
virals (including products rejected for human use) should be evaluated; it would be wise to
undertake discovery of new therapeutics/fairals relevant to target species.

Vaccination.There is an ongoing need for virus studies to support vaccine development. These
should explore approaches to improved and sustainable vaccination. Conserved, protective epitope
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need to be identified to support the development of vectored vaccine approaches in particular. In
addition, candidate live attenuated influenza viruses (LANSutd be developed and their safety

and stability as vaccines evaluatédopismrestricting mutations might be incorporated into the
LAIV, or viruses cemodified in the genomic terminal loops and corresponding-boging

regions of the polymerase mighe developed to prevent reassortment with field strains.

Characterization of antigenic structuedevolution is still rudimentary in livestocnd poultry
(although antigenic cartography is being used experimentally in the analysis of swine isolates to
assess matatg with vaccines). In poultry, there is a need for antigenic analysis of H5 and H7
viruses to ensure good (neutralizing) maigtwith potential vaccinesin swine, there is a need

for evaluating the risk associated with letegm drift awg from human H3N2 strains that could
provide a potential source for emergence of new variant viruses for huitaagossibility of
developing an approach to vaccine selection that is coordinated with selection of human vaccines
to minimize divergence afwine and human vaccines should be considered.

3. Identify the molecular determinants of host specificiythough mutations at the receptor
binding site in the HA gene are known to influence the ability of influenza viruses to infect avian
versus mammaliahosts, the determinants that promote the transmission and adaptation of
influenza A viruses between vertebrate hosts are essentially unknown. To prevent incursions of
influenza A virus between man and animals, this void will have to be addressedavillThegjuire
basic studies investigating the molecular pathogenesis of the vilifeerent animakpecies.
Rapid detection of viruses naturally infecting a new host is also critical to begin to identify the
virus and host determinants in the naturalcpss of adaptation. This can only happen with
partnerships between all influenza sectors conducting surveillance, diagnostics, and research.

4. I|dentify the molecular determinants of tissue tropidihere the virus replicates in a host
directly affects uiusshed, our ability to detect virus, and determine kows isspreadcand how
much is released into the environment. Beyond the characterization of receptor specificity for
different moieties of sialic acid, which is not completely definitive, theliéles known about the
determinant®f tissue specificity within a host.

5. Identify molecular determinants of virulence in avian spediée hemagglutinin proteolytic
cleavage site is known to be the major determinant of virulence of influenza for gediusa
birds, however there is variation among HRAUsesin the severity of disease (e.mean death
time) and clinical presentation (g.gthether there is neurological involvement). The viral
mechanisms for these differences are unknown and shoulgddstigated because of their
potential impact on virus spread. Additionally, very little is known about the viral factors that are
responsible for virulence in other avian species, most critically domestic breeds of ducks, such as
Pekins and MuscovysAlthough data with other waterfowl species, such as geese and swans
(wild and domesticarelimited, the pathogenesis of Airusesin these species can directly affect
virus spread. The viral mechanisms that cause death and disease(eajogical diease) in
waterfowl need to be elucidated.

PATHOGENESIS
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Avian Influenza Pathogenesis
Avian influenza (Al) viruses infect a wide variety of domestic poultry, captive birds, andaingeng
wild bird species under natural and experimental conditivviéd aquatic birds are the main reservoirs
of Al viruses and such Al viruses are highly hadaptedreplicating in epithelial cells of the
gastrointestinal tract, producing asymptomatic infectidPariodically, these Al viruses transmit from
wild aquatt to domestic birds producing subclinical infections, or occasionally respiratory disease and
drops in egg production. This phenotype of virus is typically termed low pathogenicity or low
pathogenic (LP) Al viruses and can be any combination of the 16ggimiain and 9 neuraminidase
subtypes.However, a few H5 and H7 LPAI viruses after circulating in domestic poultry have mutated
to produce high pathogenicity or highly pathogenic (HP) Al virugdsese HPAI viruses cause severe
systemic disease and higiortality in gallinaceous poultryHistorically, with some exceptions, HPAI
viruses have not infected wild birdslowever, since 2002, the Eurasiafrican H5SN1 HPAI viruses
have caused infections, illness and death in a variety of captive, zoo aruirdsl&everal factors
affect the complex biology of Al viruses including infectivity, host adaptation, virulence and tissue
tropism, and these pathobiological features vary with host species and viru&*&fr&in.

Pathotypes
Based on pathogenicity (the ability to produce disease), Al viruses from poultry are classified into two
pathotypes: HP and LP. Tosher international control of specific Al viruses, the OIE Terrestrial Code
l'ists fAnoti fi abl e o, HANAI) virusestasdalsH5 arsl HAUPAI (i.e1 BPAIAI) (1 . e .
viruses®® H5 and H7 LPAI viruses became LPNAI in 2006 because these subtypes can mutate to the HP
form whenallowed to @rculate in poultry populationsT he Ol E Terrestrial Code
(HPNAI and LPNAI) as follow:

1. HPNAI viruses have an intravenous pathogenicity index (IVPIyweékold chickens greater
than 1.2 or, as an alternativause at least 75% mortality4rio 8weekold chickens infected
intravenously.H5 and H7 viruses which do not have an IVPI of greater than 1.2 or cause less than
75% mortality in an intravenous lethality test should be sequenced to determine whether multiple
basic amino acids are pesg at the cleavage site of the hemagglutinin molecule (HAO); if the
amino acid motif is similar to that observed for other HPNAI isolates, the isolate being tested
should be considered as HPNAI viruses;

2. LPNAI viruses are all influenza A viruses of H5 and subtype that are not HPNAI viruses.

In addition, the OIE code creates by default a third category of Al vifuses-H5 and norH7 LPAI

viruses for which there is no formal requirement to report to OIE, unless they are causing a severe diseas
but these viruses may be reportable to national and state/provincial authdiibsver, based on
pathobiological criteria (disease, lesions and signalment), LPAI viruses are indistinguishable irrespective
of the H and N subtype. Although the pathogenidiggsification is specific for chickens, similarvivo

test results have been obtained for related birds in the Gadiformes®® However, most Al viruses that

are HP for chickens have been LP for domestic duckpekmesome strains of HSN1 HPAI virus, which

are also highly lethal for young domestic ducks, but notysviaghly lethal in older duck¥°

Pathogenicity test results are specific for the host used in the test, and being an H5 or H7 subtypes are nc
predictors of HP; i.eonly a small percentage of H5 and H7 Al viruses have mutated to the HRyg@®no

By contrast, all naturally occurring H4, H6, and H8L6 Al viruses have been of low virulence (LP) for
chickens experimentally when given by the natural route of challenge.
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Pathogenicity
Although only two pathotypes of Al viruses can be dematestkin the laboratory (HP and LP), natural
infection by Al viruses results in a wide range of clinical outcomes which are dependent on virus strain,
host species, host age, host inmityy and environmental facto?$ From mortality patterns, clinical signs,
and lesions in the field, Al can be categorized into four clinical groups: 1) highly virulent, 2) moderately
virulent, 3) mildly virulent, and 4) avirulerif First, the highly virulent clinical group results from
infection by HP H5 or H7 Al viruses usually in chickens or closely related gallinaceous birds and is
expressed as a severe, highly fatal systetisiease that affects most organ systems. Morbidity and
mortality approach 100%Experimentally, the HPAI viruses alone reproduce the lesions and high
mortality rates seen in the fiefd Second, the moderately virulent clinical group results from infection by
LPAI viruses, of any HA or NA subtype, usually with-tdection by secodary pathogens or
accompaired by other stress factots™ The mortality rates vary but range fron®3% with thehighest
mortality occurring in young birds, reproductively active hens, or severely stressetfbirtlesions
usually have been in the respiratory tract, reproductive organs, kidney, or pAhtregsird, the mildy
virulent clinical group results from infection by LPAI virus producing low mortality and mild respiratory
disease or drops in egg productidvortality is usually less than 5%, and is typically in older birds.
Fourth, the avirulent clinical group ressiftom infections by LPAI viruses without any increased
mortality or clinical signs.This has been most frequent with infections by LPAI viruses in wild birds of
ordersAnseriformesndCharadriiformes® In poultry, this has been seen follioy the introduction of a
poorly hostadapted LPAI virus from wild birdsSuch an example would be the first cases of Al in range
turkeys following exposure to wild waterfowl Al viruséet resulted in seroconversidatected at
slaughter without angreviously noted clinical sign®

Avian influenza viral pathogenesis
The HA gene is the primary but not the only determinant of high pathogenicity in chickens; a proper
constellation of all eight gene segments is required for the maximagssion of virulence potentiéf To
initiate the infection pr oc egalactose hinkagd celldeseptorsthb e H A
initiate receptommediated endocytosidn addition, fusion of the viral envelop with endoswall
requires a cleaved HAThis cleavage of the HA protein into the HA1 and HA2 proteins is essential for the
virus to be infectious and produce multiple replication cycWw#h LPAI viruses, they are released from
the host cell with an uncleaved HAotein and are not infectious. The protein can be cleaved by trypsin
like proteases found in restricted anatomical sites, such as respiratory and intestinal epithelial cells, which
accounts for the restricted replication and lower viruleridee diffelence between the cleavage site of
LPAI and HPAI viruses is the number of basic amino acids in the HA1 near the cleavage site or an
insertion of amino acids near the cleavage site that determines whetherlikgopnoteases or furiike
proteases canaave the proteinThe LPAI viruses generally have only two roonsecutive basic amino
acids at the carboxterminus of the HAL that is only cleavable by trypléke proteases. In contrast, H5
and H7 HPAI viruses have either multiple basic amino acids aénsertion of amino acids at the carboxy
terminal of the HAL protein that allows proteolytic cleavage by ubiquitous furin proteases that are present
in many cells throughout the bo8}.This increases the cell tropism of the virus leading to virus
replication in numerous visceral organs, the nervous system, and the cardiovascular system leading to
systemic disease with high mortality.

An additional f&tor, the presence or absence of a glycosylation site at the amino terminal end of the HA1

protein, has been shown to influence HA cleavageanges in a glycosylation site of the neuraminidase
(NA) also play a role in the pathogeitjcof HPAI viruses inchickens™® Additionally, changes in the
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polymerase PB2 and PBA2, the nucleoprotein (NP), and the rsiructural protein (NS) can
experimentally alter the patgenicity of HPAI viruses in chickeri$>® In addition to mutations in these
genes, the cobination of RNP components (Nfad polymerases PB1, PB2 and P&fich function as a
unit, can effectively attenuate or increase virus virulence in chickets:>>%%

Pathogenicity of the HSN1 HPAI viruses in ducks appears to be multigenic as increase in virdence ha
been associated with changes in the HA, NS, NP, PA, PB1 and PB2Z &%

Mechanisms of cellular pathobiology
For LPAI viruses, the nasal cavity is the predominant initial site of virus replication with spread to other
parts of respiratory tract and the intestinal tFact. However, secondary bacterial, fungal or viral
infections are usually necessary to produce sufficiently severe respitatoage to result in illness or
death. Rarely, LPAI viruses have spread systemically, causing infection and damage in epithelial
containing tissues of visceral organs such as kidney, pancreas, and oviduct.

With HPAI viruses, infection in chickens is iited in the nasal epithelium within 16 hours after direct
intranasal exposure and, by 24 hours, the nasal epithelium is necrotic with accompanying submucosal
inflammation and virus in capillary endothelial céfid’ Inflammatory cells play important roles in the

initial replication and dissemination of HPAI virusas dovirus replication within endbelial cells and

spread through the vascular or lymphatic systeggh viremiaallows dissemination of HPAI virus, and
initiates replication in a variety of parenchymal cell types within visceral organs, brain and skin. With the
most virulent HPAI virges, following intranasal exposure, replication may be seen within 24 hours in
visceral organs. By 48 hours, the virus titers may be maximal and the lesions séweewer, some

HPAI viruses require a longer period of time to produce illness and deagése HPAI viruses produce
viremia with lack of or minimal vascular endothelial cell replication but tend to have extensive replication
in parenchymal cells of visceral organs. Watime HPAI viruses, increased vascular permeability is
responsible for edeay hemorrhage and multiple organ failure with associated damaged vascular
endothelial cells and accompanying microthromboBithe HPAI virus infected chicken survives the
peracute phase (days2lafter exposure), the virus may disseminate and replicateltiple critical

organs causing single or mudtigan failure and death with involvement of the brain and autonomic
nervous system, cardiac myocytes, endocrine tissueddrgnal gland) and/or pancreas.

Clinical Signs
The pathotype of Al virus (R or HP) has a major impact on the clihizenifestation of the disease.
However, clinical signs of disease are extremely variable and depend on other factors including host
species, age, sex, concurrent infections, acquired immunity, and environraetute'f

Most infections by LPAI viruses in wild birds produce no clinical sigdewever, in experimental studies
in mallard ducks, LPAI virus infections suppressecell function and produced a depression in egg
production®

In domestic poultry (chickens and turkeys), clinical signs reflect abnormalities in the respiratory, digestive,
urinary, and reproductive organ§he most frequent signs represent infection of the raspyr&ract and

include mild to severe respiratory signs such as coughing, sneezing, rales, rattles, and excessive
lacrimation. In layers and breeders, hens may exhibit increased broodiness and decreased egg productiot
In addition, domestic poultry wikxhibit generalized clinical signs including huddling, ruffled feathers,
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listlessness, decreased activity, lethargy, decreased feed and water camswan@dtoccasionally diarrhea.
Emaciation has been reported but is infrequent because Al is an at@ehnonic diseasdn ratites,
LPAI viruses produced similar respiratory signs to those in gallinaceous poultry and in some cases green

di arrhea od®green fAurine

In wild and domestic waterfowl, most HPAI viruses replicate to a limited degree and produce few clinical
signs because of poor adaptation to-gatinaceous specieS.he major exception to this rule are many
H5N1 HPAI virusedhatcan infectand cause clinical disease including neurological signs, depression,
anorexia and sudden dedfhOccasional sporadic, isolated cases of mortality have been reported in wild
birds with other HPAI viruse¥ In domestic chickens, turkeys, and related galliformiésical signs

reflect virus replication and damage to multiple visceral organs, andeasdular and nervous systems.
However, clinical manifestations vary depending on the extent of daimagecific organs and tissu&s

In most cases in chickens and turkeys, the disease is fulminating wittbsdsbeing found dead prior to
observation of any clinical signgf the disease is less fulminating and birds survive férdays,

individual birds may exhibit nervous disorders such as tremors of head and neck, inability to stand,
torticollis, opisth@onus, and other unusual positions of head and appendBigegoultry houses may be
unusually quiet because of decreasett/dy and reduction in normalocalizations of the birds.

Listlessness is common as are significant declines in feed and wasengation. Precipitous drops in

egg production occur in breeders and layers with typical declines including total cessation of egg
production within six daysRespiratory signs are less prominent than with LPAI viruses but can include
rales, sneezing, drcoughing.Other poultry have similar clinical signs but may live longer and have
evidence of neurologic disorders such as paresis, paralysis, torticollis, and general behavior aB&rrations.
In ostriches, reduced activity and appetite, listlessness, ruffled feathers, sneezing, hemorrhagic diarrhea
and open mouth breathing have been repdftédin addition, some birds can be uncoordinated, exhibited
torticollis, and have paralysis of the wings and tremors of the head and neck.

Morbidity and Mortality
In chickensturkeys, and related gallinaceous birds, morbidity and mortality rates are as variable as the
signs and are dependent on virus pathogenicity and the host as well as age, environmental conditions, ar
concurrent infection& For the LPAI viruses, high morbidity and low mortality ratestgpécal.
Mortality rates are usually less than 5% unless accompanied by secondary pathogens or if the disease is
young birds.With the HPAI viruses, morbidity and mortality rates are very high8®%) and can reach
100% in some flocksTypically, the virus spreads rapidly among poultry housed on the floor with peak
mortality (73100%) occurring in & days of first clinical signs, but in poultry housed in cages, the virus
spreads slower through the house with peak mortality takiripkfays.

H5N1 HPAI virus lineage has caused illness and death a variety of wild aquatic and terrestrial birds.
Many H5N1 HPAI viruses have been shown to replicate systemically and produce mortality if"dticks.

" The age and species of the ducks also influences the outcome of the infection, with younger ducks anc
some duck species being more likely to show clirs@gns after infectioi®’"®° In ostriches, LP and

HPAI viruses usually produce moderate motyidind low mortality rates but this depends on the strain of
virus.

Gross and microscopic lesions

Macroscopicallyjn LPAI, rhinitis and sinusitis are frequently present, and if accompanied by secondary
bacterial infections, swollen infraorbital sinusesl nasal discharge may be present, especially in turkeys.

Animal Influenza Viruses Gap Analysis 3C



The tracheal mucosa may be reddened from congestion, with edema and, occasionally hemorrhages and
luminal exudated” Occasionally, tracheal exudates form plugs that occlude aimigtysesulting
asphyxiation.When secondary bacterial pathogens are present, fibrinopurulent bronchopneumonia, air
sacculitis and coel omi tlnhBens(tiiepwares may regrdss andomaturmaevg b
rupture producing free yolk iftné coelomic cavity or egg yolk peritoniti3he last few eggs produced

may lack pigment, be thin shelled and be misshapamely, laying hens may have swollen kidneys with
accompanying renal failureMild enteritis may be present, particularly in tuyke Microscopically, most
frequently, LPAI viruse®iave produced lymphocytic rhinitis, sinusitis, tracheitis and bronchitis with
common demonstration of Al viral antigen in epithelial cells of the upper respiratory@actre

occasions, nephrosis andphritis were present in henls experimental studies and natural cases in

turkeys during the 1999 Italian H7N1 LPAI outbreakgrosis in the pancreas was repoffed.

For HPAI, the frequency of gross lesions varies with species of bird and virus strain, and all lesions are nc
consistently presenniall birds. Generally, HPAI virus infections affect multiple visceral organs, the
cardiovascular and nervous systems and the integument, producing necrosis, edema and hemorrhage.
peracute disease, no gross lesions may be $e@cute disease, bsdnay have ruffled feathers, and

swelling (edema) of the comb, wattles, periorbital and intermandibular areas, upper neck, leg shanks and
feet with accompanying subcutaneous hemorrhages, especially of tfeattwered skinSome virus

strains produce ed® and hyperemia of the conjunctiva, eyelids, and trachea. The wattles, combs and
snoods may contain necrotic foci and hemorrhages, and be cyadntimally, hemorrhages may be

present on serosal or mucosal surfaces, and necrotic foci within muisipégal organsUnique to the

recent Eurasiaffrican H5SN1 HPAI virus lineage and classic fowl plague viruses is the production of
necrosis and hemorrhage in Peyerods patches of t
lungs, and occasionglledema of the brain. White foci of necrosis may be present in the heart, and
occasionally, liver and kidneydJrate deposits may accompany the necrosis in kidney. The lungs may be
firm from edema and interstitial pneumonia and have congestion andrheges.In young birds, the

primary lymphoid organs (cloacal bursa and thymus) may be atrophic, with or without hemoirhage.
spleen may be enlarged with pale necrotic foci or be normal in size.

Microscopic lesions are more frequent than gross lesomost HPAI casesHistopathological lesions in
birds from experimental studies vary with virus strain and passage history; inoculum dose and route of
inoculation; and species, strain and breed of bird fostost frequently, histologidahanges consist of
necrosis and/or inflammation in multiple organs, most often and severe within the skin (including feather
follicles), brain, heart, pancreas, lungs, adrenal glands, and primary and secondary lymphoidrorgans.
peracute disease, mis@opic lesions are lacking in most organs, but occasionally, mild or multifocal
necrotic and inflammatory lesion are seen with virus demonstration principally in vascular endothelial
cells and cardiac myocyte$n acute disease, visceral organs may hawkipte foci of necrosis, and
associated inflammation, hemorrhage, and edd#tavever, necrosis is less prominent and inflammation
more prominent in birds that survive longeAil. viral antigen is associated with areas of necrosis and
inflammation, but ot in apoptotic lymphocyted.esions are similar in other gallinaceous species, but
since such birds survive longer than chickens or turkeys, inflammation is more common and prominent
than necrosis in parenchymal organs.

Swine Influenza Pathogenesis
Pigs infected with IAV show a spectrum of clinical disease, from remaining clinically unaffected to high
fevers and severe respiratory signs. The clinical range may be due to prior immunity, properties of the
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virus, and many other contributing health andiemmental factors. Clinical signs of influenza in pigs

are similar to those observed in humans and are manifested as acute respiratory disease characterized b
fever, inactivity, decreased food intake, respiratory distress, coughing, sneezing, catigiantl nasal
dischargé*®* The disease incubation period is between 1 and 3 days with rapid recovery beginning 4 to 7
days after onset. Individual pigs tgally begin shedding approximately-28 hours after exposure and
continue shedding for approximately75ays after exposufe.Fevers typically peak 248 hous post

exposure, and can be a good indicator for actively infected pigs. However, not all infected pigs will
consistently demonstrate a febrile response and changes in behavior, such as reduced water or food intal
and absence of flight response from lams, may need to be used in addition or instead of monitoring for
fevers. Swine influenza is characterized by high morbidity (approaching 100%) and generally low
mortality (<1%) rates and may sweep through a naive herd or more slowly roll through dipoputh

partial or mixed immune status. Macroscopically, swine-iAlécted lungs lesions are described as
purplered, multifocal to coalescing consolidation of predominantly the cranioventral lung lobes.
Microscopic changes in the lung consist of neiof bronchiolar epithelial cells and sloughing of these

cells into airway lumen, which often contains cellular debris, proteinaceous fluid and a few leukocytes.
This necrosis is accompanied by peribronchiolar lymphocytic infiltration and interstidahmonia of

variable severity. During recovery, bronchiolar epithelium becomes proliferative and lymphocytic cuffs
become more prominent. Influenza viruses are commonly found in cases of porcine respiratory disease
complex (PRDC), acting in concert witther pathogen®®’

Gaps in our Knowledge of Influenza Virus Pathogenesis
Gaps exist in our knowledge of maareas of influenza virus pathogenesis. Although the role of the-multi
basic cleavage site (MBCS) in poultry is well understood, the role of other determinants in contributing to
virulence in poultry is less clear. It is not clear why HPAI are limited3@ahd H7 subtypes. The basis for
the lack of virulence of HS5N1 in pigs is unclear, as is its virulence in some species of aquatic birds (e.qg.
Pekin ducks). Prioritiemclude

1. There is a needtidentify determinants of virulence, innate immune evasion,
shedding/transmission, across targpecies.

2. To identify virus determinants (other than MBCS) of local replication and potential systemic
spread irtarget species.

3. To identify determinants of virus shedding from the respiratory and intestinal tractsr{suppo
understanding transmission)

4. To identify the determinants of efficient virus infection at mucosal portals of entry (support
transmission studies).

5. To identify virus and host determinants of host range restriction to identify mechanisms by which
virusesadapt to new host species, efghm birds to mammals, and vice versa, (adaptation should
also be studied directly, where necessary or useful, as in ferret transmissior).studies

6. To investigate whether increased virulence of H5N1 in ducks is due toaatheeplication or
systemic spread, or to altered innate responses (whether increased or decreased).

7. To study immunopathology, particularly dysregulation of the innate responses (or the lack of it) in
target species

8. To explore possible influence of viroa host genexpression by novel mechanismesy,
microRNAs

9. To develop appropriate systems iimwvivotracking of model viruses itarget species.

10. To investigate the influence of @nfecting immunosuppressive viruses (CAV, IBDV) and other
respiratory wruses (NDV, PCV2, PRRSV) on influenza transmission and pathogenesis.
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Many of the gaps in pathogenesis identified above serve to highlight gaps in thefgsh&lhost side of

the virushost interaction. There are, for instance, major gaps in oursiai@ing of what constitutes an
optimal acquired immune response for effective suppression of shedding to interrupt transrtission.
alsonot clear what the optimal balanissfor cellular versus humoral, or systemic versus mucosal
responsefor an effetive immune responsé@here is also a gap in the investigation of potential novel anti
viral mechanisms (including microRNAs), some of which may prove to be sygpsesic Concerted

and effective analysis of virus:host interactions requires compidteetiable host genome assemblies and
annotations, particularly where one species serves as the model template for related species (e.g. chickel
for other avian spp.). There is, therefore, a need for critical review of the current status of livestock
genane assemblies and annotations, with appropriate remedial action should it be indicated that this is
required.

There is often a paucity of reagents for working with livestock species. This is unlikely to be overcome
the shorttermbut it could be mitigeed by promoting effective sharing of reagents and resources for
livestock species, such as siRNA and gatetyag innate response gene expression libraries, or
monoclonal antibody panels, commissioning the production of such resources where necessary.

| MMUNOLOGY

Avian Influenza Virus Immunology
Because infection of poultijpamely chickens and turkeys)th HPAI may result in death within a
matter of days, the adaptive immune response contributes little to protection from disease in
unvaccinated bird$n contrast, the innate and adaptive immune response of some wild bird species,
including ducks, is able to protect against disease. However, because wild birds may receive exposure
to either LPAI or HPAI during their lives they may have established gthreéeimmunity to subsequent
infection. Thus, the mechanism of immunological protection against influenza, either through innate
immunogenetics or vaccifieduced, emphasizes the need for gaining a thorough understanding of the
avian immune system in ordeer advance more effective control strategies.

Innate Immunity to Avian Influenza Virus
Previous research has demonstrated that Al viruses are sensitive to the antiviral effects of Type |
interferon (IFN), in particular F N®3".Expression of Type | IFN is strictly regulated by host

transcription factors nuclear factor kagpeta, (NFe b) and i nter f e ¥ Productieng u | at
and detecti on o feneltranscuption ef snterfetestimuiated résposse elegnents
(I SRE), including myx o v-dbligoadenylate synthetasasn2;5c0A8)eande ( Mx

RNA activated protein kinase (PKR), all of which inhibit protein synthesis and/or virus repiitati
The timing and level of expression of these ISRE in birds, in terms of resistance or susceptibility to
Avian Influenza virusnfection, remains unkmen.

Al viruses have developed various antagonistic mechanisms to overcome the host IFN response, which
appears to be thele of the viral NS1 proteinThe NS1 protein has not been detected within individual

viral particles, but rather is only expressgubn entry into the host cellwo functional binding

domains have been described for NS1, including a ®iM@ingdomain and an effector domaiiihe
RNA-binding domain is believed to sequester viral RNA from detection by host NOD proteins,
includingRIGI , which recognize uncapped 56 tr% phospha
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Detection of viral RNA through RIG proteins can result in cytokine and IFN guation. The effector
domain has been shown to interact with various viral and cellular proteins including, the viral
polymerase complex and cellular transcription/ translation fatt8fstHowever, as most of these
studies have been done in mammalian systems, it is impossible to extrapolate these results to avian
models given the differences in immune systems between the two sgeos were recently shown
to have a functional retinoic acidducible gene 1 (RI&), which recognizes foreign nucleotide
domains, found in viral genomes of influerinéected cells® RIG-I is able to mobilize the innate
immune response by upregulating transcription fadt@igproduce cytokine and interferon responses.
That study has reported that RI@ not present in the chicken genome, which suggests a possible
mechanism for why chkens and turkeys are more susceptible to disease as compared to ducks.
Whether other avian species possess a functional Ri&omolog is a critical gap in our knowledge.

A number of recent microarray reports indicate that the early host transcrigspomse of chickens to
LPAI includes activation of proinflammatory cytokines;1Lb  a 6.8 *?Interestingly, a strain
dependent supopression of antibodypmsse was observed in HON2 infected chickens, but not HGN2
infected birds° Thus it appears that some LPAI viruses maintain the ability to modulate the immune
response following infectiot?? The mechanism of immune modulation remains unknown, although as
mentioned above, the NS1 protein appears to interact with interferon regulation. Microarray analysis
following HPAI infection has demotrated a hyperactive/unregulated cytokine resptimesgs believed

to contribute to disease pathology. Why this difference exists and how it may explain the difference
between a susceptible versus protected bird is a gap in our understanding of hostyimmu

Humoral Immunity to Avian Influenza Virus
Vaccineinduced protective immunity against Al viruses is primarily the result of an antibody response
because abrogation of the bi,byddnsvingthe clodcdl ursa, 0 mo u
followed by vaccination with Al virus vaccine, eliminated protection against a HPAI virus chatfénge.
Vaccinaton results in the production of neutralizing IgY (avian IgG equivalent) antibodies against the
hemagglutinin protein (HA) that block viral attachme8uch protection is specific to each of the 16
different HA subtypes (H16); e.g, H5 vaccines protecigainst H5 challenge viruses but not against
H1-4 or H616 Al viruses. Antibodies against the neuraminidase {®Ican be complementary in
protection by reducing the efficiency of virus release, but are also subtype sp&ls@antiNA
antibodies arery partially protective, especially when used as the sole immurt8§&h.In addition
to the viral coat proteins (HA and NA), infection by Al virus progls@an immune response against the
internal influenza proteins, such as nucleoprotein, polymerase or matrix protein, but humoral immunity
against them does not provide significant protection in pothify? Interestingly, the M2 protein is
appealing as an immunogen because the ectodomain or exterior portion of M2 (known as M2e) is highly
conserved among inflaea A viruses and provides an exposed target for immune competent’céfls.
M2e-specific antibodies have the potential to generate bspadtrum immunit across influenza A
viruses andhas been demonstrated to be protective in M¢é®> Attenuated salmonellvectored
vaccines expressing the Al M2e gene have also demonstrated increased protection from disease and
viral shedding following LPAI challenge?®

Humoralimmunity is also affected by rapid mutation of the vir@ne of the major biological results of

this is rapid antigenic changes and the emergence of immunological escape.thiltanBractically

this means that vaccine seed strains must be continually updated to maintain adequate efficacy.
Currently selection of seed strains relies to some extent on protein sequence identity of the HA between
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the vaccinestrain and target field virus, however protein sequence and antigenic matches are not always
correlated. Antigenic mapping using HI assay data by antigenic cartography has been used to map
human seasonal influenza and is used by the World Health Orgjani&HO) to help select the

seasonal influenza vaccine stratiis Application of this tool to poultry AIV vaccines would greatly

improve our ability to seledfficacious vaccine strains and would illuminate species specific

differences in antibody specificity for AIV.

Cell-mediated Immunity to Avian Influenza Virus
Cell-mediated immunity@MIl) is specific immunity mediated by T lymphocytes and has been
suggeted to be an important factor to the development of protection in vaccinated animals against viral
diseases®® The subsets of T lymphocyte€D4+ helper cells and CD8¢ytotoxic cells constitute the
principal cells of he CMI responseA number of studies have demonstrated the importance of CB4+ T
cells against influenz%™% Likewise, CD8+ CTIs play a crucial role in cortfling infectious virus
from the lungs of miceMany studies have provided evidence that CD8+ CTL directed against viral
epitopes conserved among influenza A viruses, including the nucleoprotein (NP), contribute to
protection against influenZa**?°

In mice and humanshe CTL responses specific for influenza A viruses have been best described, and
shown to be broad and multispeciffié}?° Yet the overall contribution of the cellular aspect to

protection remains unknown since it take® 8ays for virusspecific CD8+ cells to migrate and localize

in lungs following a primary infection, whereas secondary responses by memory T cells have been
shown at 3 day5® The benefits of a secondary cellular response againseizi#uA virus have been
shown to decrease duration and amount of viral shedding and decrease severity ofdisease.

There is limited data on CTL responses to influenza virimspsultry, which requires the availability of
inbred chickensln initial testing, different MHGhaplotypes did not confer resistance to HPAI infection
in chickens:*? In addition, little is known about cross reactive cellular immunity following Al infection
in birds. In particular limited data exists directly examining cross reactiveells from birds against
homaoand heterosubtypic Allt has been demairated that cross reactive C3 are produced in
chickens following infectiort®® Thatstudy demonstrateddaptive transfer of the APgpecific CD4+

and CD8+ Tcells from H9NZ2infected birds protected naiérds against lethal HSN1 challenge
(A/Chicken/Hong Kong/97), suggesting that ciEllimmunity alone could protect against HPAI virus
challenge.lt has also been demonstrated that following natural infection with LPAI, CTL produced
against one subtype will react against other subt¥belowever, because more recent HPAI viruses
cause rapid, sudden mortality (amedeath times of 2 days), and mobilization of memacglls to

target organs may take 3 or more days, protection from disease may not be reasonable without
vaccination or a rapid memory response.

Recently, a nonber of T cell epitopes from various proteins of influenza virus have been identified in
mice and humans$® These studies identified over ehandred CD4+ T cell ahthirty-five CD8+ T

cell epitopes within the HA protein alone and some of these epitopes have been shown to induce
immune responses and confer protection in challenge stiidfé%.Functional studies have determined
that epitopes derived from nucleoprotein (NP), polymerase acidic (PA) and M proteins of influenza
virus demonstrated a strong cytotoxic T cell respdfieé™**® Thus the contribution of CMI through T

cell involvemenimay beimportant to disease outcom®/ith regards to birds, a recent repdescribes

the first identification of a CD4+ and CD8+ specific epitope on the HA protein from H5 avian influenza
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in chickens. These epitopes appear to induce cross reactive CTLs against multiple Al*{iBypen

the importance of Eell epitopes to protection, and our lack of knowledge as it pertains to ducks, results
of these studies will lay a foundation to better understand the role of CMI and how it relates to disease
control and transmissiaof Al viruses.

Protective Immunity and Avian Influenza Vaccines
Protective immunity may be described as an achieved level of immlated functiorthatallows a
bird to resist disease following exposure to a particular avian influenza Ve spedically, this
term refers to induction of antibodies (humoral immunity) or CTLs (cellular immunity) or a combination
of both, following vaccination or natural infection, which results in protection of the host from mortality,
and usually morbidity.In the context of Al vaccination, protective immunity should not only protect
from disease, but also decrease the magnitude of any infection and the resulting duration and virus titers
shed into the environmerthus reducing transmission to susceptible cohdntgeneral, inactivated
vaccines primarily provide protection via humoral immunity, while live virusoonerecombinant
vaccines will develop both humoral and cellular immutiigt maybe superior to either type of
immunity produced singularly.

Many different types of experimental Al vaccines have been described and some have been licensed for
commercial usé>*** Categories of vaccines include the following: inactivated, live, subunit,
recombinanvectors expressing Alirus genes, and DNA vaccine§Vhile many of these vaccines have
proven to induce protective immunity in the laboratory under optimaitons, the final proof of

protection and efficacgnust bedemonstrated unddield application. For field use, the overwhelming
majority of Al vaccines produced and sold have beeermililsion inactivated whole Al virus vaccines
delivered via parentereoute (subcutaneous or intramusculaffhough recombinant vectored vaccines
(fowlpox virus or herpes virus of turkeys) are gaining popularity in use. Because these recombinant
vaccines are live, and replicate inside of host cells, they have thg @bihiduce both humoral and

cellular immunity following vaccination of chickens.

Vaccineinduced protective immunity of poultry against Al viruses is primarily the result of an antibody
response directed against the hemagglutinin (HA)Antibodies produced against the HA are virus
neutralizing and thus prevent attachment of the virus to host cells or fusion with the host membrane. A
minor contribution to immunity is provided against the NA protein, of which thexr® different NA
subtypes® Our current knowledge of protective immunity against Al is derived from experimental
HPAI challerge studies®**%”in which the NA in a whole Al virus vaccine provided mostly partial
protection from mortality.However, immunization with NA protein alone produced only partial

protection following 23 vaccinations® Because protection is provided through an immune response to
the HA,lt4k;e more efficacious vaccines target the specific phylogenetic lineages of the virus within a HA

slbtype.

To increase immunogenicity of inactivated Al vaccines, most are blended with oil to form an emulsion.
The emulsions are prepared by mixing a wagsed antigephase with an oil phase, normally

containing surfactant for stabilization (e.g. sorbitan monoleate and Tween 80) to produceia-viter
emulsion. Without other components, dilased adjuvants stimulate mainly antibody responses,

although under somercumstances waten-oil emulsions may be able to activate CF£%*° The

type of oil used in vacoe production can affect the overall immune response to the vasdin@on
metabolizable oils (e.gmineral oil) enhancing antibody responses over biodegradable oils (e.g.
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vegetable}>%'*! Besides having adjuvant properties;@ihulsion vaccines slowly release antigen over
time, resulting in higher immune responses than would be produced by the armtigen al

In terms of Al vaccination to protect poultry, there are four ideal goals: (i) protection from clinical
disease, (ii) increase the threshold of virus dose required for infe@iijoreduce the amount of virus
excretion if the bird is infected, dr{iv) the ability to differentiate infected from vaccinated animals.
The risk of infection of vaccinated birds with and subsequent excretion of, virulent field virus is usually
reduced but not fully preventedhis results in an epidemiological problémendemic areas where
vaccinated birds appear healthy but may well be infected and excrete the field virus without showing
clinical signs of diseaselhus, improved Al vaccines are needed in the event of an outbreak of HPAI
and to better control commontyrculating H5/H7 LPAI strains that kia the ability to mutate to HP.

The effectiveness of reduction of virus excretion is linked to both a reduction in titer of the virus
excreted and the duration of viral shedding.

Gaps in our Knowledge of Avian Influenza Virus Immunology
Gaps exist in our knowledge of many areaé\lofirus immunology. Although the role of antibody
induced protection from disease is fairly well understood, the role of other contributing factors to
immunological protection is less ele It is not clear why some birds are resistant to HPAI and others are
highly susceptible. The likely genetic basis for this resistance migtiEiedand applied where
possible. Priorities include:

1. Tounderstand the innate immune response of éiffiespecies including thdetermiration of
the timing and expression of cytokines and interferons following influeinazainfection that
result in decreased virus shedding from host cellsyesuds in increased resistance of birds to
infection.

2. To deerminethe mechanisms of influenza virus resistance contributed by the duekdeit®
as it relates to enhanced innate immunity and how this can be applied to susceptible avian
species.

3. To determine the source and contribution of unregulated cytokimesspn following HPAVirus
infection which is believed to contribute to disease pathology. Why differences exist between
individual viruses and different hostghich may explain the difference between a susceptible
versus protected bird is a gap i amderstanding of host immunity

4. To determine antibody response profiles against influenrezallBepitopes to identify those
involved with virus neutralization and target receptor binding domains for improved vaccine
selection based on virus amino acidwsences recognized by MHC class Il molecules.

5. To determine the role and importance e¢dll epitopes to protection following infection, and how
cell-mediated immunity contributes to immunity in wild birds versus poultry, in particular how it
contributesa disease control and transmission.

6. To determine the immunological response of poultry to recombinant live vaccines and define the
humoral and cellular protection induced by their application, to include examination of cross
protection.

7. To developcost dfective adjuvantdor inactivatedor subunitvaccinesthat mpr ove t he h
immune responseesulting in longer protection, reduttee number of injections required for
protection, and provide for broad cross protectigainstantigenic variants.

8. To develop adjuvants that work well between species, particularly adjuvants that provide
protection for domestic waterfowl species.

9. To determine the immunological mechanism of how maternal immunity suppresses the host
immune response after both vaccination aatliral infection.
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10.To determine the contribution of host immunogenetics on innate protection of birds by
developing transgenic animadtsstudy hostvirus interactions.

Swinelnfluenza Immunology
Protective immunity against infection with influenmamany speciefas been intensively studied and
involves innate and adaptive immune responses (for a concise yet comprehensive review see (Doherty et
al®®. However, specific studies with swine adapted influenza A viruses in the swine host are limited.
Innate immunityinvolvesType 1 interferonproduced by infected respiratory epithelial cells-pro
inflammatory cytokines and chemokines, neutrophiggural killer cellsand phagocytic cellsThese
early signalglearly play a critical role in the host respoaselrecent advances in the understanding of
cellular pathways have shown that pathogen recognition converges in a number of innate responses
These early innate factors can have a limiting effect on influenza infection, but importantly, they signal
the adaptive arm of the immune system and stimulate the cells necessary to activate lymphocytes.

The adaptive immune response includes both huraadhcellular immunityn thesystemic and
mucosakompartments However, the relationship between protective humoral and cellular immunity is
neithe simple nor readily predicteéd® When swine are infected with a virulent influenza virus,
complete protective immunity typically develops againsthallenge with homologous virus, i.e., there
is little or no detectable virus replication following secondary ehgk and there are noitass

associated with challend®&*>®> Antibodies play a significant role in atteating/preventing this disease
and this provides the basis behind current vaccination effiorgsigs, the argument for humoral
immunity being critical is based on the ability of antibodies to neutralize swfinenza virug°the
protective quality of colostrum in young ptg5and the praction provided by inactivated
vaccines®*®that primarily stimulate humoral immune responsese targes of humoral immunity are
primarily the hemagglutinin, neuraminidase and matrix proteins of swine influgthzmd H3 HA
proteins from human seasonal influenza viruses have been studied to identify the major antibody
epitopes and critical amino acidslocations in the -8@limensional structure of the HA trimer that lead to
antigenicdrift upon mutation Although recognition may be similar in swine, studies to compare or
confirm the human findings in trevine hoshave only recently been reportéd

Clinical protection against challenge vinssorrelated with the hemagglutination inhibition (HI) titer in
the serum of an individual anim&P*®°i.e., a high Hl titer provides better protection against challenge
than a low HlI titer.This information has led to the sugtjen that the presence and magnitude of a HI
titer could be a predictor of protection, however this is likely only true when the priming HA inducing
the HlI titer is closely related antigenically to the HA of the challenge \@tiger studies have
demongtated the protective qualities of antibodies at the mucosal 1&gt immunized with virulent

SIV and then challenged with the same virus 42 days later did not have a detectablestina®rum
antibody respons€* However, an anamnésimucosal immune response (rise in IgA and IgG) was
detected in the nasal cavity, the site of challenge, indicating that this compartment of the immune system
was stimulated. Tésedata supporthe hypothesis that antibody mediated protection at the rauievel

is important for clearing the respiratory tract of SIV and may not be accurately reflected by systemic
antibody levelsFurther complicating the reliance on Hl titers as the gold standard for a correlate of
protection, numerous studies have denrasd significant protection against infection and clinical
disease in the absence of detectable HlI titBrsdies with live attenuated influenza vaccines in pigs
have shown the HI titers to not always be predictive of protection against chafifigeddditionally,

a recent study with a vewred vaccine given intranasallpduced a mucosal IgA resporesed provided
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complete protection from homologous challenge and partial protection from heterologous challenge, in
the absence of detectable serum Hl tités.

When the humoral response fails toyaet infection, cell mediated immunity (CMI) is believed to play
a dominant role in clearance of the SIV infectibawever, evidence for CMI in pigs is primarily
associated with natural infection or the use of experimental live attenuated or vectoneesviatber
than commercially approved inactivated vaccitiés:® T cells mediating CMI against influenza, can
target internal proteins common to heterolagoiral strains (as reviewed Thomas et af*®’). Some
studies have identified a relatively small number of targeted influenza epitopes rectgniztatoxic

T cells in humand® However specific target epitopes of CMI in pigs have yet to be identified.
Moreover, it is not known whether targeting of such epitopes by vaccines would simpbs&cthe rate
of antigenic drift in those regions of the viral genome.

In addition to immunescaping antigenic drift and shift, vaccine associated enhanced respiratory
disease (VAERDf*!"* and maternal antibody interference with vaccine effitdere phenomena that
diminish the efficacy of killed vaccines in swinSows are often immunized with inactivated SIV
vaccine with the intent of providing specific antibodies to their pigs following ingestion of colostrum.
The maternal antibodies are intended to protect the neonatabpigver, if still present at thare of

i mmuni zation, they can also inhibit the pigbds i
SIV at a later dateThis is clinically relevant in herds or systems where the strains present in nursery
and growing phases of production ardgartically distinct from the strains inducing maternal immunity
either by vaccine usage or natural expos@hevious studies with live attenuated influenza vactifes
and a replication defective human Adenovirus 5 vector system indicate these types of experimental
vaccines can immunize pigs in the face of passively acquired antidGthesteover each of these
vaccine platforms aid the development of VAERD.

Gaps in our Knowledge ofSwineInfluenza Virus Immunology
Similar to gapsthatexist n our knowledge of Avirus immunologythere are many gaps in wrdtanding
the SIV immune respons&.he amino acids involved in antigenic drift have not b&eh characterized
for swine H1 and H3 virus lineages aadirect prediction for loss of antibody protecticannot be
reliably maddrom HA gene sequen@one There is a positive relationship between SIV humoral
immunity and clinical protection that is well described, but the underlying mechanisms of this protection
are not well understood. Less is known about the cellular immaspense thgiresumably plhgs a
significant role in clinical protection. Likewise, what promotes or limits epwetection within a subtype
and between subtypes is unknown. Reseatohifees include:
1. Identification of innate mediators that can be used for attenuatingfeiruaccine platforms
and/orutilized for modulating the host response to vaccines.
2. ldentification of antibody epitopes important for antigeghidt in the swine host and development
of models to predict based on HA sequence evolution.
3. Characterize the humdrand cellular immune response to wilge infection, and compare it to
attenuated and inactivated vaccirtesdentify correlates of protection
4. Evaluate effect on mucosal immunity of different adjuvants for inactivated vaccines.
5. ldentify conserved Band T-cell epitopesvithin and betweenrirus subtypedo target in new
vaccine platforms or improvement of existing vaccines
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6. ldentify unique B or T-cell epitopestiat are noroverlappingoetweersubtypes to support
development of virus and subtype specifegihosis of previous infection using blood or mucosal
specimens.

7. Investigate adjuvanthatmayresult in increased immune responses that are long lived, broadly
crossprotective and reduce the numbewratcine boosters

EPIDEMIOLOGY

The overall distbution of influenza viruses ianimalsremains complex, with notable changes since the
2009H1N1 pandemic.H5N1 remains endemic in poultry in several Asian and African countries, causing
ongoing sporadic zoonotic infections in humans, but without onwandanto-humantransmission.

Lately, a low pathogenic avian influenza (LPAI) H7N9 virus has emerged as a zoonotic threat in China,
causing fatal respiratory disease in humans.

In swine, the previously predominant TRIG viruses circulating in North Amemce 199&nd
subsequently spread to As@olved by reassortment with Eurasian swine virusesearat@din the
human populatioto cause¢he 2009 HIN1 pandemic. The 2009 H1péihdemiovirus reassortedith
endemic swine viruses globally, notalyiglding H3N2 viruses withthe M segment derived from
H1N1pdmOShat were transmitted to humans and termed H3NN&Barly 350people have been infected
with H3N2v, with childrerbeingparticularly vulnerable.

Avian Influenza
Al virusesare classified by thepathotype in gallinaceous species as either low pathogenic (LP) or highly
pathogenic (HP) based on the standards of thedMmimal Health Organizatiaf® A HP isolate will kill
75% of intravenously inoculated chickens within 10 days and/or has an acidreequence at the HA
proteolytic cleavage site (PCS) that is the same as an ifoddbas previously beeriassified as highly

pathogenic® An i sol ate with an intravenous pathogenic
HP. Historically only H5 and H7 viruses have been naturally HP. Importattté/OIE definition of LP
and HP viruses only applies to AIV in chickens.

species, such as ducks, ferrets or mice, but is then usually usedrgstidesaf higher virulence.

Wild birds, especially ducks and shorebirds, are reservoirs of LPAI viruses aily sbow no signs of
diseaseAvian influenza is a transboundary animal dise¢hagcan spread rapidly from continent to

continent. The wgy in which the virus may spread includes movements of poultry and poultry

products; contaminated objects including clothing, machinery and feed; and in some cases wild birds are
implicated in its sprea(OFFLU, May 2013)

AlV is a potential zoonoticgent and on rare occasions causes disease in humans. The first report of an
HPAI H5Nlavian influenza virus being transmitted directly from birds to humans occurred in 1997 in
Hong Kong, where 18 people were infected wiithvirus, 6 fatally. Sinc003 over641people in

several countries including Chindietnam, Cambodia, Thailanthdonesia, and Egyphave been

infected with HPAI H5N1 virusesulting in oveB80fatalities!’® The continued reports of H5N1
infections inhumans have the public health community concerned about the potential for a worldwide
pandemic. HoweveHPAI H5N1does not spread efficiently from humans to humans and only a few
reports of human to human spread have been documented.
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As of 7 OctobeP013, 135 human cases of influenz&4YN9) virus infection were reported to WH®.

Of these cases, 45 dieMost human AH7N9) cases have reported contact with poultry or live animal
markets. Knowledge about the main virus reservoirs and the extent and distributio& wfus in animals
remains limited and, because it causes only subclinical infections in poultry, it is possible that the virus
continues to circulate in China and perhaps in neighboring countries. As such, reports of additional humat
cases and infectis in animals would not be unexpected, especially as the Northern Hemisphere autumn
approaches. Although four small family clusters have been reported among previous cases, evidence doe
not support sustained humemhuman transmission of this virus. Conted vigilance is needed within

China and neighboring areas to detect infections in animals and humans. WHO advises countries to
continue surveillance and other preparedness actions, including ensuring appropriate |latapataiy

Current informatiorrelated to avian influenza @47N9) can be found at:
http://www.who.int/influenza/human_animal_interface/influenza_h7n9/en/index.html

Although factors inflencing successful transmission of influenza viruses from one speeiesther

species are not fully understood, influenza viruses adapted to pigs and humans have been transmitted to
birds and vice versaOpportunities exist for transmission of influenaaises between pigs, humans, and
poultry when they are in close contatinder such circumstances opportunities also exist for reassortment
of genes from these viruses, which may result in a mamraadiapted influenza virus of public health
concern. Alhough remotely probable, this highly consequential zoonotic threat has heightened public
health interest in surveillance for influenza viruses in multiple spéOEELU, May 2013)

Hosts, epidemiology and distribution
Although AlV has been isolated frohundreds of bird species worldwide, the natural reservoir hosts of
AlV are considered to be wild aquatic birds, particularly dabbling duchls, and some shorebird
species’® Most other wild avian species are not considered to be important reservoirs. AlV has a
worldwide distribution in wild birdsand nost surveillance for AlV in wild birds has been reported from
North America and Europe, and is fairly limited Africa, Oceania and South AmericAt a molecular
level, much work has been reported on the importance of AlV receptor binding specificity and host
restriction. Briefly, type A influenza viruses have a molecular preference for either the-8lpha2
alpha26 moiety of sialic acid on the host cEi?'#? Therefore the species association of influenza is to
some degree determined by the moiety of sialic agiessed in their upper respiratory tracts (e.g.
humans express alph&2 so human viruses bind alph@detter than alpha2.*®? This also determines
within host tissue tropism since differd@rgsue will express different sialic acid moieties. Clearly this is
not the only viral determinant of host range since influenza can-spesses, but it certainly contributes to
effective transmission within a species.

It is generally accepted thiite migratoryAnatidae(biological family of birds that includes ducks, geese,
and swansarethe principal source of spillover infection of influenza A viruses inkans, turkeys and
other poultry. Theusual pattern is that the viruses circulaiimgvild birds are LPAI, then &PAI virus is
transferred from the wild birds into chickens, and becomes progressively more pathogenic through
successive infection cycles in the spillover h¢B&O, April 2005) Chickens and turkeys are not
considered naturdiosts for AlV, and not all duck viruses will easily transmit to chickens and tufk&ys.
Also, oncean isolate is adapted to gallinaceous hiatsisolate will often not easily infect ducks?® In
addition chickens and turkeys are not equally susceptible to the same isolates. The 50% minimum
infectious dose (MIRy) for some isolates of AIV may vary by2logs between chickens and turkéys
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Also, there is some evidence that turkeys may be generally more susdepiibleinfection than
chickens'83184

Wild birds seeradto play an important role in the dissemination of Al H5N1throughout Asia and

into Africa and Europg®'% Asymptomatically infected wild migratory ducks are suspected of

contributirg to the spread of HPAI H5Ndiruses from Asia to other parts of the wotfd**® however,

domestic ducks are more likely perpetuating H5SN1 HPAI viruses imarat'® Freerangeas well as

backyard domestic ducks have been associated with disseminating H5N VikiBAs'***®* Domestic

ducks are often farmed in open fields, flooded rice paddies, or on ponds or other bodies of water. Duck
flocks may also be movedrig distances through a region as part of the scavenging process which
provides opportunities for further dissemination of HSN1 HPAI vird&tgén important diference

between H5N1 and other avian influenza viruses is that HSN1 probably evolved to become HPAI in
domestic birds and then subsequently was transmitted into wild populations, rather than emerging first in
wild populations. It may well therefore behaydte differently in wild birds from other influenza viruses,
being more virulent, and perhaps occurring at much lower prevalence (thereby making it hard to detect in
wild populations).

In poultry, the incidence of Al varies due to sporadic outbreakisjvare rapidly controlledHowever,

there are a few regions where LPAIV or HPAIV are considered endemic: HSN2 LPAIV in Mexico; HSN1
HPAIV in parts of Asia and Africa; HON2 LPAIV in the Middle East and Asia; and/iFlGesin Korea.

Further complicatingar understanding of the epidemiology of AlV is that some isolates can transmit
between birds and mammals. An example is that turkeys are susceptible to swine influenza virus (SIV),
and SIV can cause substantial production losses in breeder turkeys witthaitke 2009 swine origin

human pandemic H1IN1 (pH1N1) has shown that turkeys are not susceptible to respiratory tract infection,
but can be infected through the reproductive tract tyeartificial insemination}®>**® Also in the field,

pH1N1 appeared to spread within flocks of breeder turkeys beyond what could be attributed to infection
throughartificial insemination, so it is not clear how these isolates spread within the flocks.

The immediate source of infection for domestic poultry can seldom be ascertained, but most outbreaks
probably start with direct or indirect contact of domestic ppuwlith water birds.Many of the strains that
circulate in wild birds are either ngrathogenic or mildly pathogenic for poultrifowever, a virulent

strain may emerge either by genetic mutation or by reassortment of less virulent Sciensific

evidence indicates that the former mechanism occurred in-1983 in the eastern parift ®he United

States of AmericaSwine appear to be important in the epidemiology of infection of turkeys with swine
influenza virus when they are in close proximi@ther mammals do not appear to be involved in the
epidemiology of HPAI.

Once Al is established in domestic poultry, it is a highly contagious disease and wild birds are no longer
an essential ingredient for spread (FA@)fected birds excrete virus ingh concentration in their feces

and also in nasal and ocular dischargésace introduced into a flock, the virus is spread from flock to

flock by the usual methods involving the movement of infected birds, contaminated equipment, egg flats,
feed trucks, ad service crews, to mention a fewhe disease generally spreads rapidly in a flock by direct
contact, but on occasions spread is er(&/0). Airborne transmission may occur if birds are in close
proximity and with appropriate air movemenirds ae readily infected via instillation of virus into the
conjunctival sac, nares, or the trachd2celiminary field and laboratory evidence indicates that virus can

be recovered from the yolk and albumen of eggs laid by hens at the height of the dibegsassibility
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of vertical transmission is unresolved; however, it is unlikely infected embryos could survive and hatch
(FAO).

Survival of influenza viruses in the environment
Influenza A viruses have exceptionally long survival sroetside the living ¢st, whenn a favorable
environment.When excreted by watéirds they can survive in lakeater for many months at 17 degrees
C, and for even longet 4 degrees Clnfectivity of this virus for hosts is variable, depending on strain
andenvironmentafactors. In lessfavorableenvironments, such as iadal material, the wis survives no
more than 24 td8 hours.Thus virus survival is a very significant issue fiblansmission within wild bird
populations, where water contamination may continygdwide a source of infection fextended
periods, especially in the northern breedinguands. Under village conditiong Asia, virus survival in
the environment can also be iorfant, but its role depends temperature, the nature of fomitegich
may cary virus, and density of birddMaintenance of infection in wild and domestic bigpplations is
considerably moranmportant than environmental sources in sgieg infection to new location&AO,
April 2005)

Transmission mechanisms between hosts
A crucial part of replication of influenza A viruses is cleavage of the precursqrétéin in newly
formed viral particles, which is an essential step in making thepaeticles infedbus, so that they can
infect additional cells.This step is mediated bytast enzyme rather than being achieved by the virus
itself. Some strains of avianfluenza virus have specific amino acids close to the cleavage site of the
precursor HAproteinthatlimit the host enzymethatcan split the molecule to thot#watarefound in the
respiratory and digestive tract§hese strains are of low pathogenicitychickens. Viral strainsthathave
different (basic) amino acids at these same sites caplibby enzymeshatoccur in a much wider range
of tissues, and these are highbthogenic, since they can multiply throughout the bddys increases
the transmissiopotential of the virusThere appear to also be differences between strainsdomneant
excretion routearising directly from the genotype of the virudost AIV areprincipally or entirely
excreted inécesand are therefonmainly spread by contamination of focesulting in oral intake,
probably causing infection through theopharyngeal mucosalhis is the natural process in reservoir
hosts, and most spillover hostSome viruses ar@so excreted by respiratory aerosol and therefore can
much more readily spread fromost to host by droplet infection (as in most human inftaeviruses). In
the outbreak itHong Kong in early 2002, aerosol transmission may have occurred over moderate
distances, but it is difficult to resolve whether such transfers are due to short disteoste spread, or to
movement of fomiteor similaritems, leading to oral exposur&€hese factors are very important in the
epidemiological processéisatcan potentiallyead to pandemic strains, and in the rate and pattern of
spread of avian influenza betwefdocks, and between different species incggsuch as live bird markets
(FAO, April 2005)

Low Pathogenicity Avian Influenza in North American Poultry Populations
Sporadic outbreaks of LPAI occur in the United States in commercial poultkg flathese are dealt with
on a Statéy-State basisusually through biosecurity enhancements, depopulation or controlled marketing
of infected flocks, and limited use of inactivated vaccirniefiuenzaA H7N3 killed virus vaccine was
successfully used to help control and eradicate a LPAI H7N2 outbred&yarachicken flockn
Connecticut in 2003/200447N2 LPAI has been a problem in the lbed marketing system in the
Northeastern United States. Since 1996, six outbreaks of LPAI H7N2 in commercial poultry have been
linked to activities associated withe live-bird marketing system.
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Reports of avian influenza virus infections in poultry and isolations frdthhird species in Canada, the
United States, and Mexico between 2009 and 2011 invalrdow pathogenic avian influenzahll

three countrieseported outbreaksf low pathogenic notifiable avian influenza in poultry during this
period®” The reportsrivolved outbreaks of BN2 amongzommercial turkeys in Canada in 2009 and
2010; outbreaks of H5N3 in turkeys in 2009,Ni#5in chickens in 2010, H7N3 inirkeys in 2011, and
H7N9 in chickens, turkeys, geese, and guinea fowl in 2011 in the UnétzsSand multiple outbreaks of
H5NZ2 in chickens in Mexico in 2009, 2010, and 200utbreaks of pandemic H1N1 infect®im turkey
breeder flocks wereeported in Canada in 2009 and in the United States in 28dize surveillance of
live bird marketsn the United States led to tdetection of H2, H3, H4, H5, H6, and H10 subtypes.
Despite the fact that wild bird surveillangeograms underwent contractidaring this period in both
Canada and the United States, H5 and H7 subtypes were still détécted.

High Pathogenicity Avian Influenza in North American Poultry Populations
The last HPAI outbreak in the United States was in Texas in 2003une of 2012, an'FN3 highly
pathogenic avian influenza (HPAI) virus was identified as the cause of a severe disease outbreak in
commercial laying chicken farms in Mexic@he virus had high sequence similarity of greater than 97%
to the sequences of wild bird viruses frolorth America in all eight gene segmehtBurther molecular
characterization of the 2012 H7N3 virus identified virulence determinants associated with atismau
resulting from recomibation with host nucleic acidsjcorporating part of the chicken genome into the
virus genome, which has only been described in the literature twice. This unique genetic recombination
event underscores the need to make shatepoultry are also free of the low pathogenic forms of the virus.

Avian Influenza Virus Outbreaks with Pandemic Potential

HPAI H5N1
Currently, highly pathogenic avian influenza (HPAI) A (H5N1) virus is considered endemic among
poultry in six countriegBangladesh, China, Egypt, India, Indonesia, and Vietndihis means the virus
is commonly found in poultry in those countries. Sporadic outbreaks have occurred among poultry in othe
countries.

LPAI H7N9
H7NO9 virus of avian origin responsible for ict®ns in human in large urban areas of China was reported
spring 2013. The original source of the virus from poultry farms is unknown but the live poultry market
(LPM) system has served as an amplifier of the virus, especially in wholesale marketargelogies,
with 77% of human cases having known contact with live poultry at a retail live poultry markeie
has been no new humarfection in large urban areas where LPM system has been clokeck have
been no known humarases on farms ormeong veterinariansThe virus was shown to be low pathogenic
based on intravenous pathogenicity index test in chickens. Furthermore, intranasal inoculation of
chickens, domestic ducks, domestic geese, Japanese quail and pigeons with a human H7N9 influenz
isolate resulted in infection, but no clinical sigi&e high viral shedding from chickens create a likely
source of infection for humang/irus shedding patterns in ducks (with the exception of the Muscovy
ducks) and geese were shorter and of lowiarthan gallinaceous poultryRigeons were difficult to infect
unless given high doses of inoculum intranasally and are unlikely to be involved in field @piveadR
2013, Pantinlackwood et al., unpublished data)
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Sporadic human cases and small chgsteould not be unexpected in previously affected and possibly
neighboring areas/countries of China. The current likelihood of community level spread of this virus is
considered low.Continued vigilance is needed within China and neighboring areas ti thééetions in
animals and humans. WHO advises countries to continue surveillance and other preparedness actions,
including ensuring appropriate laboratory capachAil.human infections with noiseasonal influenza
viruses such as avian influenzglA7N9) are reportable to WHO under the IHR (2008HO, 2013b)
Influenza A(H7) viruses have been detected in poultry populations in many countries throughout the
world. Occasionally, human cases of infection witlijHV) viruses have been detected, mainlp&ople
directly exposed to infected poultry or contaminated environn{@RELU, May 2013) Generally, these
infections cause conjunctiviter mild influenza like illnesshowever in rare cases of human(®7)
infections, notably with AH7N9), severand fatal disease was reportédn 14 August 2013, highly
pathogenic avian influenza A(H7N7) was reported in poultry in Northern Ifaydate, a total of six
outbreaks in poultry have been reported in this region, the last started on 4 Septembsarc20diBg to

OIE. Three human cases of infection with influenz@HYN7) virus were identified in men involved in
culling operations All three men developed conjunctivitis, one had also chills and muscle aches.
Genetically, these AH7N7) viruses areimilar to low pathogenic viruses circulating in wild birds in
Europe and those causing sporadic and limited outbreaks in poultry in Central and Northern Europe

Swine Influenza

Influenza A Viruses (IAV) Identified in North American Swine Populations
Swine influenza was first recognized in pigs in the Midwestern U.S. in 1918 as a respiratory disease that
coincided with the human Spanish flu pandemic. Since then, influenza has become an important disease
the swine industry throughout the world. The firdluenza virus was isolated from swine in 1930 by
Shopé®?**and was shown to cause respiratory disease in swine that was similar to human influenza. Thi
classical swine lineage H1N1 virus derived from the 1918 pandemic virus was relatively stable at the
genetic and antigenic levels in U.S. swine for nearly 80 years.

The epidemiology of IAV in U.S. pigs dramatically changed after 1998 when-tepksortaniti3N2

viruses containing gene segments from the classical swine virus (NP, M, NS), H3N2 human seasonal
influenza virus (PB1, HA, NA), and avian influenza virus (PB2,¥#)ecame successfully established in
the pig populatiod?® This gemme composition of swine IAVs are referred to as the tripéssortant
internal gene (TRIG) casseff¥ After their emergence, the H3N2 viruses reassorted with classical HIN1
swine IAV acquiring the HIN1 or HIN1 subtyp®3?°® Reassortant H1 TRIG viruses are enzootic along
with the H3N2 viruses in most major swipeoducing regions of the U.S. and Canada; since early in the
new millennum, the vast majority of the fully characterized swine viruses contain the TRIG cassette,
regardless of subtyf8”?*° Outside of North America, genetically regd swine viruses that contain the
TRIG have been identified in Korea, Vietnam, and Chifid:* North American TRIGcontaining swine
viruses can readily infectrtkeys, an ability which may play an unidentified role in the epidemiology of
IAV in swine and human hosf$!

Since 2005, HIN1 and H1N2 viruses with either HA,,dAboth derived from human seasonal IAV have
emerged and spread across the U.S. in swine A&rtlse HAs from the humatike swine H1 viruses are
genetically and antigenically distinct from those of classical sWwimsage H1 viruses. However, their

TRIG genes are similar to those found in contemporary swine-tgpigsortant viruses. To represent the
evolution of the curnatly circulating North American H1 viruses, a cluster classification was established.

Animal Influenza Viruses Gap Analysis 45



Viruses with the HA gene of the classical HIN1 viruses that have circulated in swine since 1918 evolved
into the contemporary}, -, b a-olubters; whereas, H1 subtyjselates with HA genes most similar to
those of human seasonal H1 viruse s-clestrfAlifoumt i ng
HA gene cl| ustaerd tiy)p ecsan( b,e B,ouon,d with NATheéAes
genes f-cluster vituseg most likely emerged from at least two separate introductions of human
seasonal HAs from H1IN2 and H1N1 virusesfatiéntiated phylogenetically into two distinct sclosters,

U1 and U2,%®Both subctustdrsihave évgived extensively in swifeDuring investigations of
20082 010 vVvi r us e s -clustenvweereidahead withfeithér areN1 dr N2 gene of human virus
lineage but not with an N1 gene of swine lineagearRo 2009, the H1 IAV evolved by drift and
reassortment while maintaining the TRIG backbone and giving rise to viruses differing genetically and
antigenically, thus having consequences for vaccine and diagnostic test éffiGiage that time,
H1N1pdmO09 has become established in the U.S. pig population with subsequent second generation
reassortants emerging.

Influenza Viruses ldentified in European Swine ®pulations
Multiple swine IAVs with genetic lineages that are distinct from the North American TRIG viruses
evolved in Europe and Asia (reviewedvan Reetf)). Although classical HIN1 swine viruses previously
circulated in Europe, Asia, amdany other parts of the world for many years, they were eventually
replaced by a new lineage in Europe, a wholly avian H1N1 that entered the swine population around 197¢
Humanlineage H3N2 viruses descending from the pandemic A/Hong Kong/1/68 (H3N2) himman
and, thus, distinct from the H3N2 IAVs in North America, emerged in Europe in the 1970s. In Europe,
these H3N2 viruses reassorted with the alil@H1N1 swine 1AV, from which they acquired the internal
gene cassette in the mil®80s?*"#'8 Additionally, a reassortant HIN2 virus emerged in pigs in Great
Britain in 1994'° and subsequently spread to other countries in Western Europe, retaining most of the
genotype of the reassortant H3N2 virus but having acquired the HA gene of a human H1N1 virus found in
the1980s. Thus, the three major virus lineages share common internal protein genes, but they have clear
distinguishable HAs. A recent European surveillance study reported the continued circulation of Eurasian
aviantlike HIN1, humarlike H3N2, and humaiike H1N2 viruses in swine. All three subtypes were
detected in Belgium, Italy, and Spain, but only HIN1 and H1NZ2 viruses were found in UK and
Northwestern Franc&’ Since November 2010, structured, coordinated, and harmonized passive
surveillance within Europe has detected a 30% incidence of IAV, primarily in pigs with acute respiratory
disease, from 14 countries after investigating 3500 herds. The resulteheaked the continued
circulation of previously identified subtypes and the presence of HIN1pdmO09 in at least seven of these
countries, although continued circulation of HIN1pdmO09 in some countries remains uncertain.
Additionally, nextgeneration reassorits arising from H1IN1pdmOQ09 with endemic strains in European
pigs have been detected. Additional seegaderation reassortadtdH1N2 viruses with an avialike H1
and H1N1 viruses with a humdike H1 derived from the prototype H1N2 viruéebave also been
detected®?®??* but they remain relatively rare.

Influenza Viruses Identified in Asian Swine Populations
In 2010, China and Vietnam produced 476.2 and 27lBmpigs, respectively, collectively accounting
for 53%o0f global pig production (FAOSTAivww.faostat.fao.org). The existence of highly dense
populations of swine, poultry, and waterfowl in China, Vietnam, Thailand, Bangladesh, and other Asian
countriesndicates the need to intensify surveillance for 1AV in the region. Classical swine H1IN1 viruses
(first detected in China in 1974 but probably present for many decades before) are enzootic in swine in
China and ceirculated with HLIN2 viruses that acquiraa N2 of contemporary human origin. Human
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H3N2 viruses (A/Hong Kong/1/6Bke; A/Port Chalmers/1/78ke; A/Sydney/05/91like) were repeatedly
transmitted to pigs and circulated in pigs long after the parent human virus had been replaced in the hum:
popuation?*>??° Avian H1N1 viruses were detected in swine in China in 1993. However, these were not
descadants of Eurasian avidike HLN1 viruses and probably represented an independent interspecies
transmission from the Asian avian reservoir to svifi&uropean H3N2 and H1N1 viruses were first

detected in China in 1999 and 2001, respectively, and North Americanrggdsortant viruses weresfir

found in 2002, indicating intercontinental movement of swine viruses, possibly via importation of

swine?? Co-circulation of different swine influendmeages was associated with the appearance of
reassortants during the intercessory time period between emergence of each newfiMergaecently,
H1IN1pdmO09 and its reassortants have also been detected in swine. Although much of this surveillance he
been done in slaughterhouses in Hong Kong, the swine slaughtered in Hong Kong are imported from mar
provinces in China; therefore, these data probalbigsgan indication of swine influenza ecology in the

wider region.In addition, the HON2 and H5N1 avian influenza viruses have been sporadically detected in
pigs in some Asian countrié§*?292%

Classical swine H1N1 virus probably appeared in the Japanese swine population aroy(iMIIQZT al.
1986)and then reassorted with a human seasonal H3N2 virus to emerge in 1980 as an H1N2 virus
possessing all the segments from classical swine IAV except the NAZgeBeine IAVs of this

genotype have been the predominantits from pigs in Japart>** The results of serologic

examinatioA® and of virus isolation from swabs taken atglaterhouses (Saito et al, unpublished data)
confirmed that H3N2 viruses of human lineage have occasionally entered Japanese pig populations. Aftel
the emergence of the HIN1pdmO09 virus in humans, the virus infected pig populations in Japan and
reassorted ith HIN2 IAVs (Matsuu et al, unpublished data).

H1N1 and H3N2 viruses have been found in swine in Thailand since the early*¥880s. general, the

H3N2 and H1N1 IAVs circulating in Thai pigs are related to the lineages found in the Eurasian H3N2 and
H1N1 viruses and in the classical HIN1 virus. Swine H3N2 viruses from early 2000 t3°206ifain
humanlineage HA and NA genes, with internal genes from the Eurasian (PB1, PB2, PA and M genes) anc
classical HIN1 (NP and NS genes) swine lineages. The Thai swink Wrlses (ThH1N1) circulating

from 2000 until the emergence of the HLN1pdmOQ9 virus are unique reassortants of classical and Eurasiar
swine lineage. These H1N1 viruses could be grouped into clabBicahd EurasiatNA swine lineages,

with internal genesding either all Eurasian swine (7+1) or Eurasian swine with the classical swine NS
gene (6+2f% The NA genes of ThHIN1 and H1IN1pdmO09 have less than 90% tidelsomilarity,

indicating that although the NA genes originated from the same Eurasian HLN1 ancestor, they have
evolved separately. The third subtype, HIN2, was first isolated from pigs iR*2808 contained

combinations of genes from the endemic huiikegnH3N2 and ThH1N1 viruses that were circulating in

swine herd$*® Reassortant HIN1 containing seven genes of HIN1pdmO09 and the NA gene of endemic
ThH1NL1 virus were detected repeatedly in a commercial swine herd witasddCiated respiratory

diseasé/° suggesting an increasing genetic diversity among future circulating IAV in Thai pigs.

In Vietnam, reassortant H3N2 viruses with the North American TRIG were detected irfSwWihe.H3

and N2 genes were acquired by reassortment with a human seasonal virus circulating in humans around
20042006. The H3 and N2 genes were very similar to those of HBM#9 swine reassortaviruses

isolated in Chind** In South Korea, the classical swine HIN1, HIN2 and H3N2 IAV of the North
American triplereassortant lineage @irculaté*? with an additional humatineage H3N2 virus that is

distinct from the lineages in Vietnam and ChiffaSerologic screening of commercial pigs in Malaysia
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has detected H3N2 and H1N1 in 41.4% of the farms sun/&yedt information abotthe distribution
and gene flow of swine 1AV in most other countries in the A&aaific region is unavailable.

Influenza A Viruses ldentified in South American Swine Populations
Few published reports about virus isolations or sequences are availdbteitoent the presence of 1AV
in swine in many countries in Central and South America. Argentina has recently reported the presence o
distinct humarineage viruses of the HIN1 and H3N2 subty{#&§"> The Argentinean viruses are
distinguishable from similar subtypes in North America and represent independenttotsnamne
transmission events. In late 20@wholly human H3N2 was isolated from pigs with clinical signs of
respiratory disease and fever typical of influenza. Experimentally reproduced infections showed that the
virus was transmitted efficiently between pigs and that the inoculated pigs madtehatic lesions of
influenza, suggesting that this virus was completely adapted to swine and could be maintained in the swir
population®?®

In 2009 and 200, Argentina reported the isolation of reassonvamises with internal genes from

H1N1pdmO09 and surface genes (HA and NA) from huinank e ( No r t dike)Adihn®vine IAMa n U 2
Therefore, some indirect evidence of?*mR20iul ati o
another reassortant virus was isolated, with surface genes from the wholly human H3N2 virus first isolate
in 2008 and internal genes from the HIN1pdmO09 virus. The clinical signsretiserall these cases were
typical for influenza (e.qg., fever, dyspnea, coughing, and sneezing). It is postulated that absence of
vaccines and the characteristics of pig production in Argentina (i.e., presence of all ages of pigs from
neonatal to adult ane site) may have contributed to the emergence of these new reassortants.

In Brazil, few reports of influenza virus infection in pigs existed before 2010. Recently, coinciding with
the HIN1pdmOQ9 in humans, numerous outbreaks of acute respiratoryoimfiectiigs of different age

groups were reported in Brazil, and the HLIN1pdmO9 virus was identified as being th&'thuse.

addition, a new H1NZ2 IAV identified in a recent study contains H1 and N2 genes of human seasonal
origin (similar to North American Swine U clust
H1N1pdmO09. ELISA testing (IDEXX Influenza MultiScreerELISA) of sera collected from 106

commercial farms from July 2009 to December 2011 had a 60% positivity rate (1889 positive/3150 total
sera). Furthermore, analyses of sera collected from pigs in Brazil revealed that HI antibodies against
H1N1pdmO09 were rtadetected in pigs in Brazil prior to 2069.A separate study, which involved

serologic detection, virus isolation, genomic sequencing, and study of the dyrdinimfection,

detected IAV in pigs in six Brazilian states: It was concluded that the IAV was circulating in at least
64.7% of the farms studied. The HA gene of the isolates was very similar to HIN1pdm09. Samples
collected from those farms before 2009wikd IAV infection but not HIN1pdmO09 infectio@i@cck

Zanella, unpublished)he population of wildGuidae including both captive wild boars reared under
intensive management and fisnge feral pigs of the Pantanal Region in Brazil, was also evaluated.

IAVs were detected in 11 of 60 lungs with macroscopic pneumonia lesions by using quantitative PCR.
The M gene sequence was38% identical to that of HIN1pdmOgi@acciZanella, unpublished)Of

the 141 feral pigs tested, IAV antibodies were found in(¥d5%%).

Equine Influenza
Influenza A virus infection of equids has been reported wortte with the exception of a small
number of island countries including New Zealand and Iceland. Equine influenza (EI) is endemic in
Europe and America. Other partstioé world such as Japan, South Africa, India and Hong Kong suffer
occasional incursions but the disease is not endemic. Although the mortality rate associated with equine
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influenza virus (EIV) infection is very low it is considered the most imporsjratory virus of horses
because it is highly contagious and has the potential to cause significant economic loss due to the
disruption of major equestrian events. The virus is spread by the respiratory route, by personnel, vehicles
contaminated with virugnd by fomites. Large outbreaks are often associated with high density

stabling, the congregation of horses at equestrian events and their dispersal over a wide geographic area
after the evenfOFFLU), May 2013)EI can be controlled by vaccination. Howewsubclinically

infected vaccinated horses can shed viamsl atigenic drift of the viruses impacts on vaccine efficacy
(OFFLU), May 2013)

Only two stable subtypes of El have been reported in horses, H7N7 and(BBNBU, May 2013)

Thefirst repored outbreak of equine respiratory disease tododirmed as equine influenp&curred in

1956 in Eastern Europe. The virus isolated was characteszBdN7 Subsequently H7N7 viruses

were identified as the cause of logaks in Europe, Asia and tbaited States Although H7N7 wuses
co-circulated with H3N8&iruses in horses for many years, it is generally accep&dhbse viruses

have not beeactive for a long period and may be extiridte firstisolation of aH3N8 virus took place

in Florida in1963.Since then H3N8 influenza viruses have been responsible for epizootics in all
continents.Antigenic drift occurs less frequently in equine influenza viruses than in human viruses but
the H3N8 subtype has evolved into two distinct lineages desighadted fi AfMe kiedah i neage
AEur olpiekaend6 | i neage based on the initial geograp
lineages subsequently emerged the Argentina, Kentucky and Florida. The Florloheeagb has more

recently divergednto two Clades: Clade 1 includes the virusesponsible for the epizootics in South

Africa, Australia and Japan respectively, and Clade 2 includes virusesteabden circulating in

Europe since 2003.

Influenza virus reassortants originating froniegy human and/or swine virusesvie notbeen identified
in horses and tdate the epidemiology &l appears to be somewhat lessnplex than that of swine or
avian viruses. The current Eruses are believed to be afian ancestry and more recent trarssion

of avian viruses to hees and donkeys hlasen recordeduring 20042006 svine influenza
surveillance ircentral China 2 equine H3N8 influenza viruses weotaied from pigs. Despite the
successful experimental infection of human volurgeéth EIV and the occasionaentification of
seropositive persons with occupational esqpe there is currently littlevidence of zoonotic infection of
people with EMore recentlyavian H5N1 has been associatéth respiratory disease in donkeys in

Egypt.
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Canine and Feline Influenza
Canine influenza virus (CIV) belongs to the gemikienzavirus A of thefamily Orthomyxoviridae
An equineorigin H3N8 influenza virus was first isolated from racing dogs affected with acute
respiratory disese in the Uited States in 200% Subsequent outbreaks were reported, and the infection
spread rapidly across the United StaEdssiruses have the potential to crosscee barrierand have
been associated withutbreaks of respiratory disease in dogs (primarily but ndusiely, greyhounds
and dogsn shelters) in North America, quarry hounds in Englardidogs on premises with horses
affected by EI in Australianterspecies transmission of E{% dogs maintained in the saristable as
experimentally infected horses was demonstratédhewe is tedate no evidencef EI transmission
from dogs to horseg®©FFLU, May 2013)

Between May 2006 and March 2010, sporadises of a different subtype of CIV, namely, H3N2, were
identified from sickdogs at animal clinics in Chitf& In 2007, CIV H3N2 also caused an outbreak of
contagous canine rgsratory disease in South Kor&8 This virus appears to be entirely of avian origin
and the first low pathogenic avian influenza (LPAI) virus reported to cause respiratory disease in dogs.
CIV H3N2 infecton results in clinical outcomes ranging from mild respiratory illness to death.

Recently, isolation of HON2 influenza virus from dogs was reported in southern China. Genetic analysis
of an isolate revealed that it was a novel genotype closely relad@thtoHIN?2 virus. Epidemiologic
studies demonstrated thatsthew HIN2subtype vius was the causative agentifease in canise"

Due to frequent interactions with hunsaznd other animals, domestic cats and dogs are uniquely
positioned to serve as an intermediate host for influenza virus infection. For many years, however, canine
and felids were thought to be naturally resistant to influenza virus infection. As attesiulpotential role

in the interspecies transmission of influenza viruses has been largely overlooked. Previous reports have
shown that dogs can be infected by equine H3N8, canine H3N2, H5N2, avian highly pathogenic H5N1,
andpandemic H1N1 influenza vises*%%°**2>* Furthermore, cats are susceptible to canine H3N2, avian
H5N1, HIN9, H6N4 and pandemic H1N1lirénza virus>*?>> The susceptibility of domestic cats and

dogs to HON2 avian influenza virus was evalddig intranasally or orally inoculating animals with an

HONZ2 influenza virus. HON2 AIV can efficiently infect cats and dogs via the upper respiratory tract. HON2
AlV transmission between cats and dogs is inefficieht.

Zoonotic Influenza
The first report of multiple cases of an avian influenza virus being transmitted directly from birds to
humans occurred in 1997 in Hong Kong, where 18 people were infected MiRtAIEH5N1 virus, 6
fatally. Since 1997, over a hundred people in Thailand, Vietham, Cambodia, and Indonesia have been
infected with the HPAI H5N1 strain of Al resulting in over 50 fatalities. The continued reports of H5N1
infections in humans has thelghig health community concerned about the potential for a worldwide
pandemic.

Gapsin our Knowledge of the Epidemiology of Influenza Viruses
Gaps exist in our understanding of the mode(s) and route(s) of transmission within and between species.
There aralso gaps in our understanding of how the virus might survive in the environment. Many of
these gaps and research needs have been previously recoGiiEed)(Agenda for Influenza Research
Priorities in Animal SpecieSTAR-IDAZ Global Network for AnimaDisease Research
DISCONTOOLS, Avian Influenzahttp://www.discontools.eu/Diseases/Detai).3thformed byon
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going systematic analysis of field viruses, particularly thbaedisplay new feates (whether sequence,
pathogenicity, antigenicity, transmission, species juntps)ge is a need tovestigate:

1. Pathogenesis (within different species)

2. Transmission (within and between species) and epidemiology (within the flock/herd). In all cases,
strains appropriate to the specific transmission vector, including in some cases to human, need to
be examined.

3. Surveillance

4. Mathematical modeling and molecular epidemiology

Priorities include:
Pathogenesis

Host susceptibility

Gaps

Role of different spaes in the genesis, persistence and spread of the virus

Defined symptoms or surrogate markers of infection

Incubaion period in vaccinated animals

Genetics of reservoir and susceptible species

Lack of knowledge on resistance mechanisms in diffexeimalspecies

Effect ofimmunosuppression has on the duration of carriag&loenzaviruses in partially
immune animals

1 Effect ofsevere stressn susceptibility to infection

= =4 =4 -8 -8 -9

Research needs

1. Although quail has already been recognized as an importantspaares associated with
interspecies transmission, there is a lack of knowledge with regards to the entity, function and
consequence of mutations that emerge during replication in this species.

2. Role of turkeys in IAV epidemiology (tas been shown tmea likely bridge specieim which a
virus from the wild reservoir caadaptto other domestic species).

3. Develop a better understanding of farming systems of domestic ducks and farmed wild waterfowl
species and their interactions with free ranging waterfattl implications for virus control
including interaction with other reservoir and potential bridging hosts (including wild birds).

4. Establish infection dynamics in domestic ducks i.e. how they get infected, transmission from
environmental sources, role wiaternal antibodies and any effect from previous exposure to other
Al viruses.

5. Conduct a review of the genetic information available for Al reservoirs and poultry and generate
data on the genomics characteristics that confer resistance to avian infliieses in some
species.

6. Conduct studies to determine if some village chicken breeds contain genes that confer Al
resistance.

7. Explore the impact of variable host susceptibilityauan influenza virus persistence in different
ecosystems (i.edomestic daks in SuthEastAsia).

8. Provide the pultry communitywith improved predictive tools for how viruses are likely to
increase in virulence over time

Animal Influenza Viruses Gap Analysis 51



9. Develop a better understanding of the differences in adaptive and innate immune responses in
different avian species and the relationship to susceptibility to AlV infection and responses to
vaccination.

10.Develop a better understanding of duration of immunity in ducks and the possibilitinééaton
of partiallyimmune ducks or stressed immune ducks-#xegosed to the virus.

11. Developimproved and more predictivieimunological tools to study correlates of humoral,
mucosal, cellular and innate immundaw clinical protection from disease after infection.

12. Effect of immune status on intteost virus populatioevolution.

13.Improved transmission models that are more applicable to the complexities of virus in the field.

14.1t is difficult to consider all the variables and thus, tufe out what should be studielllodels
needed to understdrata. Are new transmson models needed? Is there a need for challenge
studies in larger populations?

15.Unknown field situatiod lack of linkages between field scientists and bench scientists.

16.Do bench scientists use field observations to generate hypotheses? Are bettekstzadied?
Computational models7rained collectorsZThanges in thdesignof field studie®

17. Are there instanceshere viraltransmissiorbetweendifferent populationgan be blocke?2l What
was done to prevent transmission? Is there a way to systdigatollect this information?Most
field dataarepassively collectedndnot part of a larger study desigBisease otbreaks are great
opportunities to validate laboratory findings

18.Thereis a need totady the extent chntigenicvarians and hetersubtypic protection between
influenza viruses in pigs, and the immune mechanisms involved.

19. Study the extent of crogwotection among influenza viruses of swine, humans and birds, and the
immune mechanisms involved.

Viral factors

Gaps:

1 Rate of geneticltanges and triggers influencing these rates, and their effect on epidemiology, host
specificity and pathogenesis.

Research needs

1. Review/clarify the role of mutations at receptor binding sites on replication and pathogenesis,
especially which mutationsearmportant in changing host specificity.

2. Determine hosvirus factors that influence infection outcome in different poultry hosts.

3. Study the viral and host factors that contribute to the successful transmission of SIVs to other
speciesandidentifying markers of swine influenza viruses with human pandemic potential.

4. Undertake thorough characterization of SIV isolates from humans, birds or other species, to
identify potential factors involved in interspecies transmission of SIVs.

Transmission

Source oviral infection
What is the source of virus in a specific case? How can future introductions be prevented? What
tools/appoaches are needed to determine this?

Gaps

1 Pathways for interaction between wild birds and poultry

1 Mode of environmental transmiess (virus in surface water, sediment, etc.)
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1 Exposure to Al viruses ilive animalmarkets and in vaccinated flocks
1 Understanding of marketing systems and biosecurity protocols

Research needs

1. Develop appropriate systems for measuring shedding of modsés in target species, allowing
guantification of levels of released virus required for transmission (so that measurement of virus
released might serve as a correlate of transmission) and helping to assess transmission from
asymptomatic animals

Devebp a better understanding of ecological factors and risk pathways for interaction between
wild birds and poultry

Determine risk of transmission of virus in markets or in flocks of vaccinated poultry

Better ways to study transmission at the field level.

Predictive biology, prevalence studies

Develop standarized procedures and tools for conducting transmission studies in experimental
settings (interhosts, intrahosts, aereosol, etc)

Conduct studiesnthe population dynamics of SlyVs.g, to address issues pérsistencef virus

at the farm level and the major routes of virus spread between farms

N

o gk w

~

Virus properties involved in transmission
Gaps also exist in our understanding of virus evolution and population dynamigs.cdiminues to be
insufficient sureillance of equine, swine and avipopulations for influenza viruses worldwide to have a
clear picture of what is circulating in the field. Althouglirveillance in the United States is probably the
most extensive and transparent for animal agriculturera the worldsome influenza viruses like equine
or canine influenza are poorly sampled and enhanced swine influenza surveillance is contingent on soft
funds. The detection and isolation of virus should lead to characterization of representatigeatitiuse
genetic and phenotypic levahdshouldinclude complete genome sequenciigith the availability of
large amounts of sequence data, it is necessary tcapavepriate capacity for downstream phylogenetic
andbioinformatics analysis (enhancedinalude valuable field metadatdjut this remainamajor gap of
knowledgeand capacity Whether there are constraints to evolution imposed upon the viruses is a
guestion important to the assessment of threat leygksthere limits to reassortmenthat are they, and
how do they workAWhat are the relative pressures imposed by virus structure, innate responses, cellular
interactionsandtransmission (and the influence of hosts and production systems upon those pressures)?

Gaps

9 Data on virus survial properties is missing for several subtypes including those with zoonotic
implications

1 Rate and selection pressure of mutation at the cleavage site. Is iAnagei? so, why? Are
HPAIV usually generated in gallinaceous poultiywhy has HPAI HSN2 note-emerged in
Mexico despite circulation of LP virus for many yedrst the related genetic lineage in Taiwan
has mutated to HPWhy havelLP H7N3 virus in Italy never beme HP despite years of
circulation in an epidemiological situatitimatis similar(e.g., geographic area, poultry involved
etc) to the one where HP H7N1 emerged?

1 Tissue tropism of LPAIV; some strains replicate beyond respiratory and intestinal tissyes (e.g.
kidney, adrenal glandsijc.)

91 Survival of virus on feathers
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Mechanisms of aaptation of LPAI to poultry; what predisposes a LFAdrus to replicate in
gallinaceous poultry?

Transmissiomates of LPAIV and HPAIVVirus shedding titers and kinetics of shedding; relation
with transmission rates

Genetic and phenotypic factatsgatinfluence improvedwvival at various temperaturasd

relative humidity

Research needs

1.

2.

3.
4.

Determine virus survival characteristics, persistence, and underlying factors in a range of settings
relevant toanimal production.

Establish the mode of transmi@siand mechanisms of persistence of LPAI compared with HPAI,
identifying virushost factors that influence virus transmissibility.

Prediction of which wild bird LPAI will infect poultry

Prediction of which H5/H7 LPAI can become HPAI, and develop a riglesc

Other factors related to transmission
Gaps:

l

= =

= =4 =

= =

What role does environment play in transmission? Alternatively, can environment be altered to
preventor reducdransmission?Engineeringcontrols) Role of umidity, temperaturehousing
conditions, dustitter, ventilation transport conditions,gpulation densityanimal turnovey

contact rates with infected materialgater source and status

Links to other populationsomite linkagesar space connectiongroduction links biological

vectors biosecurity

Epidemiological factors more likely to lead to cross species transmission

Role of aerosol or neighborhood transmission and relative contributions of various routes of
transmission.

Other modes of transmission/infecti@onjunctivatransmission?

Is there a arrierstates in certain species (pheasants) or in immunocompromised birds
Uncontrolled and illegal trading activities with live poultry and all kinds of poultry products: Spill
over into wild bird population and (secondary) spread with migyatpecies possible

Role of psittacines as a possible nidus of infection and spread through illegal movement of birds as
related to the Mexican H5N2 outbreak

Mode and frequency of contacts between wild birds and poultry (transboundary potential)
Seasonal ayle (seasonality)Possible link to bird migration patterns (LPAIV). HPAIV: Annual
shifts in incidence in endemic regions (SE Asia, Egypt) linked to cooler/more humid times of the
year or to increased poultry production and trading movements during-nadien
celebrations/holidays (e.g. Tet/Vietnam, Ramadan/Egypt, Indonesia).

Research needs:

1.

Develop environmental and fomite systems (both in vivo and in vitro) for evaluating the
transmission of model viruses within and between species of interest. Sicteensvestigated

would include controlled airflow devices, applied to animals and to tissue explants (such as airway
epithelium cultures)

. Develop appropriate systems for detecting and measuring survival of model viruses in the

environment, to measure siwal on fomites and surfaces, including e.g. clay particles, for short
and long distance spread and to investigate whether any virus determinants are involved in surviva
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in the environment (recent work shows the importance of the activation pH of H&tin h
adaptation; it is conceivable it might also affect environmental survival).

3. Identify risk factors in poultry production that favor transmission and spread of avian influenza to
poultry.

4. Develop a standardized avian transmission model to better #ssésterspecies transmission

potential of Al viruses, especially from wild birds to poultry.

Identify virushost correlates of virus transmissibility both within and between host species.

Develop tools for trade control.

Study how ppulationdensity afarm, region, and market levetan affect transmission of

influenza virus

No g

Avian/human interface

Gaps:

1 Reservoirs and source of transmission of influenza viruses capable of infecting humans remains
unknown.

Research nead

1. Conduct closer monitoring amnitological investigations of people in contact with poultry,
especially those who present with influetika illness.

2. Develop better ways to test for human exposure. How do we detect exposure to reassortants with
human/swine viruses?

3. Look for avianvfhuman virugeassortantatthe human/animahterfaces Historical evidence
suggests movement of a single gene or small subset of genes is the likely source of genes leading
a pandemic virus.

4. Conduct closer monitoring and virological investigasiah people in contact with pigs, especially
those who present with influenti&e illness.

5. Investigate the possible role of humans in influenza virus infection of pigs and virus introduction
into farms.

Surveillance

Gaps:

1 Define trigger points for inestigations in different types of flocks including vaccinated flocks

1 Knowledge on surveillance systems applied country by country. Tools to weight the sensitivity of
surveillance system and to assess the impact of disease control programs

1 Systems for rapithcorporation of antigenic variants to vaccines (only China has done so in a
timely manner).

1 Lack of sufficient level and consistency of surveillance, lack of adequate compensation and lack of

education of farmers, traders and veterinarians

Structure andhature of poultry sector (usually rapid uncontrolled growth)

Data gaps regarding outbreaks of +@It notifiable animal influenza viruses

Data gapexistworldwide regardingeportableoutbreaks that are not reported to OIE or that are

not reported in amnely fashion.

= =4 A

Research needs:

1. Conduct a review of the surveillance systems applied at a global level for Al.

2. Develop innovative tools to compare and weight efficaayifbérentsurveillance systems.
3. Develop innovative tools to improve assessment@fipact of disease control programs.
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7.

8.

Develop quantitative tools for the evaluation of surveillance systems in both animal and human
health.

Novel approaches of disease reporting in poultry should be identified. Transparency should be not
confined to nafiable influenza subtypes (H5 and H7).

Identification and characterization should be promoted also for non pathogenic subtypes and in
particular for all avian influenza subtypes demonstrating increased potential to infect mammals
(H1, H2, H3, H7, H5H6,H9, andH10) or unusual propensity to undergo genetic reassortments
(H6) with zoonotic subtypes viruses.

A good way to test policy and regulation before implementation to understand what unintended
consequences might be involved.

Improved sharing of vires between laboratories and between countries.

Mathematical modeling and molecular epidemiology
Gaps

1
1

Precise epidemiological data in public sequence datab&gaability of information on
temporal, demographic and geographic processes of viral spread
Intra-host and outbreak dynamics of mutation occurrence

Research needs

1.

Install systematic surveillance systems that collect representative molecular data and the metadate
involved. This will allow the use of modern phylogenetic/evolutionary techaigiich integrates
molecular data and phenotypic data (such as time of sampling and sampling location; antigenic
data) to elucidate temporal, demographic and geographic processes of viral spread.

Promote whole genome sequence analysis to trace the encdmil the spread of novel viral gene
constellations (eg. Reassortant strains).

Use of modern evolutionary methods to evaluate the effect of distinct hosts on virus evolution (eg.
Domestic against Wild reservoir) and selective pressure. Increase ac&lasey to the species or
6host statusd (domestic or wild) in public s
study host shifts and their consequences on viral evolution.

Link phylogeny with socieeconomic information, poultry trade databetter understand spread

and movement of viruses within and across countries and continents.

Develop standards for data collection and placement on GIS maps/GPS databases for locations
where isolates from wild birds and poultry are collected to enhaadiéional and molecular
epidemiologic investigations.

Risk factor modeling of the spattemporal pattern of avian influenza need to consider further
variables such as soeaxonomic factors, poultry trade factors and factors related to wild bird
distribution.

Develop computer simulation modeling methods to study ratrkin interaction (e.gH9N2 and

H5N1) and possible outcomes of multiple strain circulat®peed of spatial spread during an
outbreak

Apply sequencing tools recently developed (Netteration sequencing) to better elucidate the
intrahost and outbreak genetic diversity and how this can affect evolutionary and intra and
interspecies transmission dynamics.

Animal Influenza Viruses Gap Analysis 56



GAPS IN AVAILABLE COUNTERMEASURES

V ACCINES

Therapiddevelopment otandidatenfluenzavaccines and associated reference reageniisaseasingly
becomingan important part gireparing for alisease outbreataused by a new and emergergmal
influenza virus with epizootic and/or pandemic paigganHowever, @velopinginfluenzavaccines for new
and emerging strains presents significant challengemay of these viruses are considetracisboundary
animal diseaseand is a limitednarketfor these vaccineis the United StateS"*®

Avian Influenza Vaccines
Effective vaccination programs for avian influenza can lead to a robust immune response that can reduce
clinical disease symptomsduce the amount of virus that birds excrete if infected, and increase the
resistance of the bird to being infected. All these factors can help break the transmission chain that can
end an epidemit:® However vacciation if improperly applied, either by ineffective application,
insufficient coverage, or through poor antigenic matching of vaccines to field strains, may contribute to
the persistence of infection and disease in the regiof.

Protection from vaccination is primarily through antibodies targeted to the hemagglutinin protein, which is
the surface glycoproteimat initiates viral infection through attachment to the host cell and facilitates
release of the viral genome after entry into the?&ll.Antibody particularly to regions around the

receptor binding site can interfere with viral attachment and infection. dduib to the neuraminidase
protein and matrix protein may also provide some protection when present in high concentrations in the
host, but current vaccirgatformsdo not induce high enough levels for practical vaitfé®? Antibodies

to internal proteins, although valuable for diagnostic purposes, provide no additional protection to
infection. Both innate immunjtand cell mediated immunity can contribute directly to protection from
clinical disease and it mediates the overall intensity and duration of the immune resportsdl- For
mediatedmmunity, it requires either previous infection or vaccination with @ i&ccine to stimulate
protective immunity. Currently no live attenuated influenza viruses are commercially available or are
likely to be available in the near future. However, several viral vectored vaccines that express avian
influenza antigens are canercially availablé®3?®* These vaccines produce both an antibody mediated as
well as a cell mediated immunesp®nse that provides additional protection over just the antibody
response. The strengths and weaknesses of viral vectodesaare described below (see
Countermeasures Assessment, Pi8)e A strong cellular immune response, although contributing t
effective protection from clinical disease has not been shown to provide long lasting immunity or broad
protection for avian influenza. It is also much more difficult to quantify the cellular immune response,
which makes prediction of effective levelsprotection harder to achieve.

One of the biggest problems of vaccination for avian influenza is the antigenic variability that is present in
the wild bird reservoir and the rapid antigenic drift that is present when the virus enters the poultry
populaton. Currently 16 antigenically distinct hemagglutinin subtypes are present in the wild bird
reservoirr® By definition antibody to one subtype protects only for viruses of the same subtype and not
for any of the other 15 hemagglutinin subtypes. This antigemiagbiity makes it impractical to provide
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protection for all influenza viruses. Although almost all hemagglutinin subtypes found in wild birds have
also been found in poultry, the list of subtypes that has caused persistent and widespread outbreaks is a
much smaller number, but even this reduced number makes preventive vaccination an unrealistic target.
With few exceptions in poultry, vaccination has been targeted to specific outbreak viruses; i.e., vaccinatiol
is targeted to a single subtype that isrently circulating in the field. However, an equally difficult

problem is that influenza viruses have a high mutation rate that can result in a rapid change in the antigen
properties of the hemagglutinin protein and can decrease the protective effantination’®>*°® If the

host has high levels of antibody that closely matches the challenge straitnetv@ns is quickly

neutralized and virus replication is greatly decreased. However, as antigenic drift occurs because of the
high mutation rate, variant viruses can be produced that are neutralized less effectively by the same level
of antibody, and thse variant viruses will replicate at higher levels and have increased opportunities to
spread to naive flocks? The hemagglutinin protein has multiple proteetantigenic sites, and therefore
antigenic drift is generally thought to occur in a stepwise fashion as variant viruses gradually change so
that the original antibody becomes slowly less protective allowing increasing levels of virus replication
and sheddig in vaccinated bird®’ Eventually enough antigenic drift can occur so that the vaccine, even
though targeted to the same hemagglutinin subtype, is completely ineffective. The same principle is seen
with human influenza viruses, which has resulted worldwide surveillance program through YWelO

that allows prediction of the most likely circulating antigenic variamith subsequent changes to vaccine
seed strains as often as twice a year, although historically vaccine seed strains are chaaged/éh

years for each subtype. However, for a variety of reasons, avian influenza vaccines are only rarely
updated

Swine Influenza Vaccines
There is a recognized need for improved vaccines over our current commercially approved vaccines to
better sere the need of the swine industrhis entails the use of novel technologies that will involve
new regulatory hurdles and likely face economic constraints. Cunférgnza vaccines are primarily
used in adult sows to protect the gestating sow andungting piglets or during the grow/finish phase
of production to decrease IAV disease, lung lesions and transmission. Vaccinating piglets may be
desired in some clinical situations, but the presence of maternal antibodies interferes with vaccine
efficacyof inactivated vaccinesAlthough passive maternally derived antibody may reduce clinical
iliness, it often is not effective in preventing replication and transmission, particularly with antigenically
drifted viruses, allowing weaned pigs to infect doisgem nursery and/or finishing sited/hole
inactivated virus (WIV) with adjuvant is the only preparation currently readily available commercially
for use in swine. Protection induced by intramuscular administration of fully licensed or autogenous
WIV rely on systemic immune resposger correlates of immunity, primarily measured by
hemagglutination inhibition (HI) as-thasyhse|wiot h se
commercially available efficacious WIV vaccines has proven difficult duestadimber of valences
required to minimize the antigenic distance between vaccine strains and circulating IAV strains in
swine. Current commercially licensed WIV preparations used in swine include two or more
representatives of H1 and H3 clustgpes mixedwith oil based adjuvants, but WIV have consistently
been shown to provide only partial protection against heterologous IAV infection and shedding.
Formulating and updating effective WIV vaccines is further challenged by the difficulty in updating
vaccineseed viruses faster than the rate of evolution, the time needed to approve and license WIV
products, maternal antibody interference, and the lack of an adequate mucosataed iedédd
immune response. Immune pressure agieampose positive selectiat putative antibody epitopes,
contributing to the observed evolution and subsequent antigenic diversity.
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Apart from suboptimal protection provided by WIV, they may be associated with vaasseciated
enhanced respiratory disease (VAERD) under cecidtieria. This phenomenon is characterized by

severe respiratory disease that results when there is sufficient antigenic drift between the vaccine and
challenge strains in spite of having the same hemagglutinin subtype. Alternative IAV vaccine platforms
and methods of delivery are needed to improve protection from heterologous infection without the risk
of VAERD. Live attenuated influenza virus (LAIV) vaccines administered by the mucosal route mimics
natural infection have the potential for broader cimsgective immunity at the respiratory mucosa and
appear to have less risk for VAERD

The antigenic diversity of IAV in swine has made it difficult to produce multivalent inactivated vaccines
that fit all production needsAdditionally, public health ness may demand vaccines that perf@inove
the current veterinary label claim$here is a recognized need for improved vaccines over current
commercially approved vaccines to better serve the need of the swine indixgteyimental vaccines
mustmeetnew regulatory hurdles tharecurrenty unclear, as these vaccingsay not fit current
paradigmsThe National Environmental Policy Act (NEPA) is a United States environmental law that
established a U.S. national policy promoting the enhancement of tinerengnt and also established
the President's Council on Environmental Quality (CEREEPA set up procedural requirements for all
federal government agencies to prepare environmental assessments and environmental impact
statementshatcontain statementggardinghe environmental effects of proposed federal agency
actions. This includes the approval of veterinary vaccime®lving genetically modified organisms

The USDA Animal Plant Inspection Service (APHfB3t established procedures in 1938atset forth

the principles and practicés follow to comply with theNEPA?°#2° These procedures are now being
updated to take into consideration tfenetic engieeringtechnology available toddgr manufacture of
next generation vaccine8PHIS is responsible for regulating the introduction (importation, interstate
movement, and environmental release) of genetically engineered orgahisathieve this APHIS lsa
developedmplementing rules for NEP#or environmentalassessment fdiield-testingof genetically
engineeredrganisns. The next generation of influenza vaccinesvataally all based on genetic
engineeing methods for the development, rapid updatihgelevant antigens and manufactufes

such, the Center for Veterinary Biologié®HIS is seeking a categorical exclusion for genetically
engineered vaccines that have been proven safe and efficacious tarapiahlpdating of the

protective antigensontained in these vaccindsthese hurdleareovercomethecost of goodsor
producing the vaccines would become a consideration in widespread adoption in the swine industry

Human Influenza Vaccines
There is a recognized need fouman influenzaaccines for first responders in the case of an outbreak
with a variant animal influenza virus with epizootic and/or pandemic potential is critical

Global influenza vaccine production capacity
Since its launch in 2006, the WHO Global Action Plan foruefiza Vaccines (GAP) has proved to be an
effective catalyst for a significant expansion in influenza vaccine manufacturing. Seasonal vaccine
production has increased from 350 million doses in 2006, to close to 1 billion doses per year by the end o
2010. By 2015, enough seasonal influenza vaccine will be produced to immunize two billion people.
Given the close association between seasonal and pandemic influenza immunization, the increased
capacity of seasonal influenza directly improves global pandemianaepess.
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GAP also has facilitated a significant expansion in the manufacturing capacity of influenza vaccines in
both developing and developed countries. As of 1 October 2012, fourteen develmmicy

manufacturers had received WHO seed grants ahdaémyytransfer support, including the newly added
companies from Kazakhstan, South Africa and China. Of these manufacturers, five currently have license
vaccine on the market (India, Indonesia, Romania, Republic of Korea and Thailand) and the remaining
nineare in late stage development. Financial suppasgprovided by the U.S. Department of Health and
Human Services, the Government of Japan, the Asian Development Bank, the Government of Canada ar
the UK Government.

Summary of Vaccine Gaps

Regardles ofthe species or the technologyed, currently available vaccines abvi the same general
weaknesseghey have limited crosgrotection against antigenic variants within a subtgpen less
protection between subtypes, and they cannot be producgdygenough to kep pace with the ever
changing hfluenza A virus. Gaps in vaccine research include:

1. Evaluation of novel technologies that reduce the time required to produce a vaccine.

2. Development of novel vaccine technologiegtoduce a broader oniversal clinical

protection.
3. Development of vaccine platforms that can be used in multiple species.
4. Improvement in the regulatory process for vaccine selection and production.

DIAGNO STICS

Obstacles for Detecting Animal Influenza Viruses
Current tests aroverall accurate and reliable, although new technology can always improve sensitivity
and specificity. Because of the highly variable nature of influgimaaes,continued monitoring of test
for their ability to detect variants is necessary. The @ibeth a screening test and a confirmatory test is
optimal in most cases.

Some other obstacles are process based, for example sample collection in athegdioes not require
the cold chain would be beneficial for virus isolation, which is frequesiiy @o confirm the results of
molecular tests (which do not require viable virus). More importantly, influanzsisolates are
necessary to characterize the biology and genetics of new isolates.

Surveillance programs should be optimized for eacimalspecis, however limited resources will

constrain some ability to collect and characterize surveillance samples. Each animal and production
system has a unique structure and needs and there are biological variations among influenza viruses in
poultry, swine and horsthatneed to be taken into account. The largest obstacle to implementing the best
surveillance programs is resources and funding.

Once an outbreak is detected a more targeted approach can be adapted and the diagnostic methods can
refined to the needs to the situation.

Summary of Diagnostic Gaps
Influenza is a highly variable virug/hich complicates diagnostic tests. Tests for type A influgitages
are generally reliable, but serological test require improvement. The key amfioehiza diagnostic gap
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is in subtype identification and in the identification of the subtype specificity of Betser serologic

tests are needed, both to determine the subtype specificity of antibgdyhi{aesubtypes has an animal

been infectedvith) and to characterize the antigenic differences among animal influenza isolates.
Characterization of the antibody response and antigenic differences among animal influenza isolates are
critical for updating vaccines and evaluating vaccinal protectitgmagglutination inhibitiorfHI) assay

is the current standard for identifying the subtype specificity of sera and to characterize antigenic
differences. Thiss a cumbersome te8ltatlacks precision.

Other areas where improvement would be benéfice 1) a rapid molecular testatis not easily
affected by genetic mutations; 2) a transport méuisstabilizes tle virus without refrigeration; arg) at
the very least, efforts to characterize new isolates should be continued to assure titaestsreill have
optimal sensitivity and specificity.

SURVEILLANCE

Poultry
Surveillance in poultry is routinely conducted in th&UThe National Poultry Improvement Plan has a
program to certify poultry flocks as avian influenza free or monitofidee US. poultry industry
generally eradicates avian influenza virus when it is detected. Nearly 100% of chicken flocks are tested
for AIV prior to movement to slaughter. Long lived birds such as turkeys, breeders, and egg layers are
periodically testd for avian influenza virus. This testing is mostly for antibody. Detection of AlV or
AlV antibody in poultry has major trade implications therefore the industry works to k€epdultry
free of AIV.

Small holder poultry, back yard flocks, live bircarkets and specialty birds, such as upland game birds
are less stringently monitored. The programs for theses birds are administered by the states, although
most states work closely together to harmonize programstfeedve bird market testing standis).

Most testing of small holder and naommercial poultry is passive, where bithatare exhibiting

clinical disease consistent with Aidfectionare submitted to a veterinary diagnostic daloltested for

AlV as a differentiadiagnostic tesat ro cost to the owner (federally funded). The amount of testing
conducted by the states in these types of operations is related to the avad&fatigral funds.

All poultry testing is initially conducted at local or regional stat®fatories then wsitive or suspect
samples are submitted to th&DA National Veterinary Services Laboratory\(NL), Ames, lowafor
official confirmation. Only the NVSL can officially diagnose reportable AlV.

Swine

USDA SIV Surveillance System
Swine influenza caused/H1N1 was historically characterized as a seasonal disease, primarily in weaned
pigs with waning maternal immunity. Today, clinical disease still peaks during times of the year
associated with dramatic fluctuations in temperature and decreased ventdatibwas recently shown to
have a primary peak in NovembBecember and a seatery spike in MarckApril. However,
contemporary influenza illness and diagnosis can be found at any time of the year, in nearly all age group
of pigs, even suckling pigsdm sows with high titers of influenza specific serum antibodies. This is likely
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due to the increasing numbers of antigenic cluster types as well as the variability in passive transfer and
populations with mixed levels and specificity of immunity.

The UDA SIV Surveillance System was initiated in 2009 and rougbly0swine influenza virus (SIV)
isolates have entered into the system to date. Currémtiegene segments (HA, NA, and M) are being
sequenced routinely by participating National Animal Heklboratory Network (NAHLN, APHIS)
laboratories and the sequensebmitted to the GenBank database. ApproximédtéB0isolates have the
threegene sequences depositétiober 2018

From the sequence analysis, novel virusay be selectefibr associgedin vitro andin vivo study of SIV
isolates, includingpathogenesis and transmission, antigeharacterization, or vaccine protection
experiments.Additionally, influenza Avirus isolates may be identified through public health
investigations of zoartic transmission events or from the animal health sector for unusual phenotypes or
evasion of vaccine immunityymportantly, the USDA SIV Surveillance Systefinus isolate repository at

the National Veterinary Services Laboratories (NVBLgvidescandidate vaccine viruses and reference
reagents foepizootic angpandemic preparednespon request

SIV Surveillance Gaps
Thereis nota systematic approach fanalyzing and reporting summarized results of the sequencing
efforts on a singlgene or whole vus genome levaldr an approach for evaluating the antigenic
consequences of the genetic diversiijis is a gap in providing a useful output fréme surveillance
system for determination of significant virus evolution atehtification of viruses of irerest.

Human

Global Influenza Surveillance and Response System (GISRS)
The GISRS is an international network of influenza laboratories under the coordofatienVHO. The
WHO GISRS laboratories work collectively to: 1) monitor the evolution of @mfaa viruses and provide
risk assessment and recommendations in areas including laboratory diagnostics, vaccines and antivirals;
and 2) serve as a global alert mechanism for the emergence of influenza viruses with pandemic potential.

GISRS is comprisedf four complementary categories of laboratories:

A 138 National I nfluenza Centres (NI Cs) in 108
A 6 WHO Coll aborating Centres (WHO CCs)

A 4 WHO Essenti al Regul atory Laboratories (WHO
A 12 WHO H5 Reference Laboratories (WHO H5 Ref

During May 2011 May 2012, WHO CCs performed detailed analyses to characterize a total of 205
isolates of influenza A(H5N1) from 7 different countries. The analysis of HSN1 or other influenza viruses
with human pandemic potential represents only a smalbpoot the more than 1.1 million total

specimens that GISRS laboratories processed during that period. Diagnosing influenza requires special
reagents that are updated regularly. During the report period, NICs and other influenza laboratories in 13(
different countries, areas or territories had access to, without charge, reagents developeaibgdhe

States (CDC, Atlanta GAWHO CC to test for seasonal and other influenza viruses, including those with
human pandemic potential.
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During May 2011 May 2012,GISRS developed and made available the following candidate vaccine
viruses and reference reagents for pandemic preparedness:

1 A(H5N1): 4 new candidate vaccine viruses and 3 new reference reagents

1 A(H9N2): 1 new candidate vaccine virus

1 A(H3N2)v: 3 new cadidate vaccine viruses

GISRS Gaps/Improvement Needs

1 Efficient and timely transport of specimens or virus isolates may be hampered by logistical
challenges in some countries that can delay diagnosis, virus characterdatiosk assessment.

1 Countries @ not always have financial resources necessary to ship virus samples from NICs or
other national laboratories to WHO CCs and other reference laboratories for advanced analysis an
characterization.

1 TheGISRSneed to be strengthentdough efforts to buil capacity at country levekhichis integral to
robust pandemipreparedness and respanse

9 The 2009 H1N1 pandemic revealed multiple gaps in global influenza surveillance capacity. To address thes
gaps, WHO embarked on a multistep process to reviselgidlenza surveillance guidelines; this process
formally commenced with th&lobal Consultation on Influenza Surveillance Standéreld in Geneva in
March 2011. An interim documeyHO Interim Global Epidemiological Surveillance Standards for
Influenza(July 2012) has been posted for review
http://www.who.int/influenza/resources/documents/INFSURVMANUAL. pdf

Summary of Surveillance Gap®r Animal Influenza Viruses
Gays in surveillance for animal influenza viruses fall itliceebroadcategories1) Using limited
resourceso provide efficient sampling of animals to confidenthyaracterizeirculatingendemic
influenza viruse2) Rapidly detecting emerging new stigisubtypes or incursions between host species
to prevent spread and establishment of new lineagek8) identifying influenza viruses witlhuman
infection orpandemic potentiaSpecific @ps in surveillance include:
1. Resources to investigate seropositilocks identified in the National Poultry Improvement
Plan influenza program for virus identification.
2. Permanensustainableesources to continudevelopment ofhe USDA SIV Surveillance
System as necessary.
3. Understanding the movement of influenza v@sisvithin the U.S. and across its borcdard
where to target surveillance to maximize limited resources
4. Basic studies into the determinants of crsgscies transmission and adaptation are critical to
enable the identification of genetic signatures ihdicate thezoonoticpotential of a virus.
5. Improved diagnostic tests that target viral properties important for immunity, virulence, and
interspecies transmission potential.

DRUGS

The effectiveness of this countermeasure is medium at best. ThereAdrantiviral drugs approved for

use in animalsTamiflu (oseltamivir phosphatendRelenza (zanamigre both approved for human uses

and are very effective against Al virus. They are however prohibitively expensive. There are no residue
data for foodanimals. Symmetrel and Symadine (amantadjradFlumadine (rimantiding)are also

approved for human use and are also effective against Al virus but drug resistance is common with over £
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percent of Al strains developing resistant to these drugs.is$te with drug resistance makes the use of
these drugs itivestock andooultry questionable even if less costly generics were available.

DEPOPULATION AND DISPOSAL

Although every efforts made to safeguard theelfare andives of animalsdepopulations often

considered the first line of defense against a foreign animal disease outibrdak event of a

widespread animahfluenza virus outbreak with epizootic and/or pandemic potential ibtited
Statesthousands gbigs and/omillions of poutry couldbe affected Current national and international
policy on notifiable animal diseases mi@guirethataffected animals be quarantined, their movement
stopped, and the animals humanely euthanit#Al is an OIE notifiable disease and th&Slhas
developed state and national response plans in accor@#actandards IAV in swine that are defined

as Nemer gi nhepditem doypecone aepohtable to OIE, but the response to these outbreaks is
not defined internationally or at the natdhevel in the USA.When outbreaks require such measures,
large numbers of animal carcasses must be safely and quickly disposed of without causing
environmental harm, allowing the decontaminated facilities to resume livestock production as soon as
reasombly possible. However, as has been seen recently during outbreaks in the UK, Japan, and South
Korea, this approach can have devastating effects on the livestock industry, the economy, and the
environment, and can be unsustainable for the country invoBpdcifically, these processes carry the
potential for significant risks to public health, animal health, and the environment if not conducted
carefully. For example, human responders might be exposeddaonotic animal influenza viruand

healthy danestic animals, and the public may be exposed if improper decontamination and disposal
occurs. Viruses may contaminatea@undwater, surface water, sodr theair, if there ardarge numbers

of sheddinganimalsor if they arampropety dispo®d. Hazar@us materials used or generated during

the responseould also contaminate the environmiémisposal is improperly performeteading to
additional evironmental liabilities and significant cleanup costs.

DISINFECTANTS

Animal influenza viruses are ldbiand inactivated by several inexpenssfiectivecommercial
disinfectants.EPA-approved disinfectants commercially available includaternary ammonia,
phenolics, alkylatingigentssodiumhypochlorite,andiodine All of these compounds are costesfive
and available in the United States.

PERSONAL PROTECTIVE EQUIPMENT (PPE)

PPE isnecessaryo safelywork in influenzavirus contaminated environmenhait it is expensive, hot, and
uncomfortable for the user3.here is a need to improve these pratg for working under field conditions
in contaminated environment$he most iportant PPE when working with a zoonotic influenzas

that is virulent for humans is a respirator, eitherspasablearticulaterespiratoror a ppweredair

purifying respirator (PAPRY n i €DC Guidelines and Recommendatieristerim Guidance for
Protection of Persons involved in®JAvian Influenza Outbreabisease Control and Eradication
Activities" statethat dsposable particulate respirators are the minimum lefvedspiratoryprotection that
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should be wornWorkers must be fit tested to tparticulaterespirator modelthus, wakers who cannot
wear a disposable particulate respirator should wear afittisg PAPR unitwith high efficiency filters.

The poulty industry does not generally store PAPR units and they would not be readily available in the
case of an outbreak. APHIS currently stockpiles respirators that would be avaiklileited number of
workers involved in an Al eradication campaign.

Workers disposing oflV infected carcasses or conducting post mortems should viranicalresistant
apronsand bng sleevedgloved t i s al so standard practice t o Wwe
consisting obne piece disposable coveralisposable shoe covers, disposable hair coverivegnical

resistant glovesye protection,facemasks/face shields, and other foot protectiaregded (boots, steel

toe shoeps

The availability of FDAapproved human drugs and vaccines to protect wovkees facing an outbreak
with an Al virus that can infect people will also tréical.
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OBSTACLES TO PREVENTION AND CONTROL

AVIAN |NFLUENZA

The poultry industry is complex and the control of diseases in the various poultry segments brings forth
different challenges. The control of HPAI in shévted broilers, produced in the billions in the United

States, compared to longlered layers and breeders requires different strategies. An Al outbreak in these
segments may demand different interventionpedding on the inherent attributes of the available
countermeasures. For instance, a vaccine that requires individual animal inoculations and two doses will
be prohibitive in the broiler segment. On the other hand, a vaccine that allows mass vadbiroatgin

the drinking water and prevents transmission would have a significant role in containing an Al outbreak
Thus, assumptions and tbeteriaused to compare countermeasures are critical for a valid analysis.

Thefollowing were determined to be sificant obstacles to effective prevention and control of Al:

1. Al viruses continue to evolve resulting in new strains that have the ability to cross species barriers
and become virulent in man and animals. We do not have the predictive tools necessary to
effectively mitigate the impact of new and emerging strains. We need access to validated rapid
diagnostic tests to rapidly respond to new disease outbreaks.

2. Vaccines specifically designed for the control and eradication of Al in intensive poulthygbro
systems have not been developed. We need vaccines that are efficacious across different avian
species, provide mucosal immunity, prevent viral shedding, have mass delivery applications, and
the ability to differentiate infected birds from vaccinabédls.

3. Studies have shown that the use of antiviral drugs to control Al virus infections in poultry may
contribute to the rapid emergence of drug resistant strains, making their use in animals
guestionable, especially when it reduces the efficacy of tiegs in people Antiviral drugs are
currently not recommended for productigterinarymedicine.

4. Implementation of strict biosecurity measuagslogistically difficult, expensive and unreliable,
making their use difficult to justify to producers duyyidiseasdree periods.

5. The euthanasia of millions of birds and subsequent carcass dispaiffadu#t logistically and the
economic, osocial costs are often aoceptaly high.

6. Proper safeguards must be in place to provide adequate protection fatualdiworking in
infected premises duringzmonoticAl outbreak.

SWINE |NFLUENZA

Endemic Influenza
The US swine industry ialsolarge and complexAlthoughsomepigsmay beraisedin abackyard
setting the vast majority of LS. pork is raised inntensive productiosystemshathaveunique challenges
for control of endemic influenza virug-ive basic production systems can be found in tig 1) farrow
to-finish farms that involve all stages foduction, from breeding through finishingrt@aiket weights of
about 265 poundg®) farrowto-nursery farms that involve breedittgough marketing 4do 60-pound
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feeder pigs tgrow-finish farms 3) farrow-to-wean farms that involve breedittyyough marketing (o
15-pound weaned pigs twrserygrow-finish farms;4) weanto-finish farms that involve purchasing
weaned pigs and finishing them to market weigaisl5) finishing farms that buy 4@o 60-pound feeder
pigs and finish them to market weighdditionally, niches such as the show pig aret-market
industries maypresent unique obstacles to control and prevention of IAV infection compared to
commercial pork productiogsince they have considerably more huraammal interface with naive
members of the public and less defined systems of aperat 2009 NAHMSbulletin reportedn a 2006
surveythat 75% of swine herds that did not use influenza vaccine were seropfsiti/eor H3 or both
subtypes.

New and Emerging Strains
Over the last 15 years the ecology of SIV in North America has dyeamic with the emergence of
antigenic SIV variantghroughspecies jumpof human and avian virus@go pigsthatledto novel
reassortant virusedVith improved surveillance efforts in the swine populagtwbally, it is clear that
human seasonatfluenza viruses have been the single most important contribution to the increase in
genetic diversity in endemic swine influenza viruses worldyikdson et al, 2012Subsequent to the
incursions of human seasonal viruses into s\pigulationsthe suface glycoproteins drift antigenically
and eventually the human population becomes susceptible aghefasnarpopulation immunity wanes.
This cycle idikely to continue making swine influenza a credible threat to human healthvice versa
Although direct transmission @vianlAV to swine has occurred less frequeritign that of human
seasonal strainshese events haveen documentehd remain a potential threat to the swine population

Influenza viruses in swine have evolved rapidly in négears, resulting in new antigenic variants that
have the ability to spread regionally and sometimes globally to establish new endemic lifleadpgh
incidence of SIV in the L$. swine herd combined with the frequent transmission of human influenza
viruses into swine indicates eradication of SIV with current technology it is not fedsévimg
prevention and control as the only option.

The following are significant obstacles to effective prevention and control of IAV in swine:
1. Production pratices or virushost interactions thatrive rapid antigenic evolution of endemic
swine IAV are not known.
2. Factors involved in influenza spread within and between production systems are not well
understood.
3. The predictive toolsrapid identificationand apropriate response activities necessary to
effectively mitigate the impact of new and emerging strains aravaitable or well defined
The determinants @nthroponotic transmission btimanseasonal strains to swine are unknown.
The determinants aoonotictransmission ofwine 1AV to humansare unknown.
Sensitisveedpemagnostic tests to rapidly det e
available.
7. Effective and affordable vaccines for the control and eradication of IAV in intensile p
production systems are not uniformly available. Vaccines that are efficacious across different age
groups in different production settings that provide robust and broad immunity to prevent disease
and viral shedding are needed.
8. Rapid (<6 months) avaibility of vaccines with updated strain changes to prevent epidemics with a
novel emerging straiis not supported by the current manufacturing and regulatory practices

o gk
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9. Implementation of biosecurity measures and movement restrictions to control IAV may be
logistically difficult, expensive, and unrewarding, making their use difficult to justify to producers
for an endemic disease.
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ANALYSIS

The following captures assumptions made byAh@WG in assessingotential countermeasures t
enhance our ability toontain and eradicate an outbrealkaonfinimal influenza virusvith zoonotic and
pandemic potentiah the United States.

AVIAN |NFLUENZA

The AICWG was charged with the task of conducting atiepth analysis of available countermeasures.
Since the Alstrain, the location, or the poultry segment affected cannot be predicted, the group agreed to
certain assumptions prior to conducting its analysis. First, the group agreed that the outbreak should be t
worst case scenario: HPAI virus strain that edaat people with high morbidity. Second, the Al

outbreak would occur in two separate locations simultaneously in a poultry concentrated area. Third, the
group defined the attributes of a vaccine or diagnostic test needed to quickly contain and emradicate
outbreak. For the analysis, the AICWG used a decision model specifically designed for these
countermeasures. The decision model criteria and their respective weight were agreed to by the group
prior to conducting the analysis.

Situation
Countermeages assessed for worst case scenario: outbreak with highly pathogenic avian influenza strair
thatcan infect people with high morbidity.

Target Populatons at risk
Countermeasures assessed for target flocks in priority order:
Valuable genetic poultry stk
Commercial turkeys
Longlived poultry, such as parent breeders
Layers
Backyard birds
Rare captive birds
Commercial ducks
High risk situations; e.g., ring vaccination around HPAI infected birds
Broilers/meat production poultry

©CoNoh,rwNE

Scope of Outbreak
Countemeasures assessed for two outbreaks occurring simultaneously at two different locations each witl
a target population of 7 million birds or less.

Vaccine Administration
1. Commercial poultry firms can logistically vaccinate 1 million birds in 20 deysg @mmercially
available killed vaccines
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2. Federal and state vaccination crews can vaccinate 1 million birds in 4 weegcommercially
available killed vaccines
3. If mass vaccine available (water/spray delivered) the entire target population could batedccin

Diagnosis
Pen-side test areavailablefor type A influenza detection. These tests are considered only presumptive
tests andll test samples must be sent\NgSL andNAHLN avian influenzecertified laboratorie$or
confirmatory testing The avaiable penrside tests are regulated for use at the state level, and may not be
approved for use in all states.

SWINE |NFLUENZA

The assumptionshadein assessingotential countermeasurés swine influenza are complesknce it is
endemic in the United &tes and in most countries where swineduction occurs. Notwithstanding,
novelswine influenza virus strairieat may have zoonotmotential are constantly emergiagdposing
significant concerns. Accordinglthe analysisof countermeasures for bahs e a seoderaid swine
influenzaand new and emerging variant viral stravereincludedin the assessment of countermeasures
recognizing that the needs and gaps may be significantly diffeflet AICWG group agreed to the
following assumptions pricto conducting its analyst#f countermeasures for variant swine influenza
viruses.

Situation
Countermeasures assessedrorstcasescenario: outbreak withhighly virulent swineinfluenzavirus
strain thattan infect people with high morbidity.

Target Populations at risk
Courtermeasures assessed for specific segnrepisority order:
1. Sow breeding operations
2. Pig production
3. Valuable genetic stock

Scope of Outbreak
Countermeasures assessed for two outbreaks occurring simultaneously at two difegesyphical
locations where the majority of swine production occurs in the United States: lowa and North Carolina

VaccineAssumptions

1. Highly efficacious: prevent pneumonia, clinical disease and shedding; multivalent with cross
protection within subtygs; quick onset of immunity; 6 mo duration of immunity;

Safe to workers and use in pregnant animals

Manufacturing method yields high number of doses

Mass vaccination compatible

Rapid speed of production and seafe

Reasonable cost

Short withdrawal periofor food consumption (all currently 21 d)

Single dose

ONO A WN
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9. Regulatory issues: approval time & pathway
Vaccine Administration

1. Commercial swine operation can logistically vaccinate 1 million pigs in 20 days.
2. Federal and state vaccination crews can vaccinatdli@mpigs in 4 weeks.
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DECISION M ODEL

The AICWG used thequantitativeKemperTrego (KT) decision model to assess available
countermeasurednstructions for using the model were providedhe working groupprior to the
meeting ofMarch 25,2013 (seeAppendixl). The model was modifiedy the working grougor the
purpose of assessiagimal influenzavaccinesanddiagnostis (See AppendiceBl -X1).

CRITERIA

The AICWG selectedorecriteria b enable theomparson ofcountermeasurassing apertinent and
valid analysis, as follows:

Avian InfluenzaVaccines
Efficacy

Crossprotection withinhaemagglutinin subtypes
< 1 week onset of immunity

No maternal antibody interference
Two year shelf life

Safe vaccine

No high containment required
DIVA compatble

Rapid scaleup (> 10 million doses)
Reasonable cost

Short withdrawal period
Feasibility of registration

Add new antigens

Accelerated delivery

=4 =2 =0-0_9_9_9_45_4_2_-29._-=°_--°5_-2

Swine Influenza Vaccines
Efficacy

Crossprotection within haemagglutinin subtypes
< 1 week onset of immunity

No maternal antibody interference
Two year shelf life

Safe vaccine

No high containment required
DIVA compatible

Rapid scalaup (> 10 million doses)
Reasonable cost

Short withdrawal period
Feasibility of registration

Add new antigens

= =2 -0_9_9_9_95_4_-2_-29_-2_2_--°
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91 Accelerated delivery

Diagnostics

= =2 =-0_-9_9_9_9_°5_2_-2._-2°._-2-

Sensitivity

Specificity

Validation to purpose
Speed of scalep
Throughput

Penside test

Rapid result

Need for a confirmatory test
Need for serologicakestto show recoveryabsence of circulating viriis
DIVA compatible

Easy to perform

Cost toimplement

Weight
Each criteron was weighted to allow quantitative comparison of the impact of the selected
interventiors (see Appendix )

Product profile
To ensure a consistent and meaningful assessthedgsired product profilé.e., the bachmark)that
would enable the control and eradicatioranfanimal influenza virusutbreakwas identified for each
countermeasure:

Ideal Avian InfluenzaVaccine Profile
1.

©CoNokrwN

Highly efficacious: prevents transmission in all magnget animal specigsfficacy in young
animals

Crossprotection (crosprotection withinhaemagglutining suigpes)

Crossserotype protection (crogsotection against all 7 serotypes

One dose with >1 year duration of immunity

One week or less onset of immunity

No maternal antibodinterference

Two year shelf life

Safe vaccine: neabortegenic; all species; pure vaccine

No reversioro-virulence

10.No high containment required for manufacturing (eliminate need to grow live virus)
11.DIVA compatible

12.Rapid speed of production and seafe

13.Reasonable cost

14. Short withdrawal period for food consumption (21 days or less)

15. Feasibility of registration (environmental release of a recombinant)

16. Ability to rapidly incorporate emerging viral antigens
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Ideal Swinelnfluenza Vaccine Profilein order of weght
Adult animals (sows)

1.

Highly efficaciousin preventing pneumonia, disease and shedadimg dose with & months
duration of immunityandone week or less onset of immunity

2. Crossprotection (crosgrotection withinHA subtypes)
3. Safe vaccineto workes and in pregnant animals

4. Prevents transmission.

5. No maternal antibody interference

6.
7
8
9.
1

Rapid speed of production and seafe

. Number of doses armbstof goods
. Combination vaccine compatible with other viruses or bacterins

DIVA compatible

0. Short withdrawal pead for food consumption (21 days or less)

Ideal Diagnostic Test Profile

CoNoOrWNE

Direct tests (e.g., antigen, nucleic gdr control and eradication

Indirect tests for postontrol monitoring/detection suddinical cattle and wildfie
Rapid test

>95% specifidy

>95% sensitivity

Penside test

DIVA Compatible

Field validated

Easy to perform/easily train NAHNO personnel

10 Scalable
11.Reasonable cost
12.Detect allinfluenza virusstrains

VALUES

The values assigned by tA&CWG for each of the interventions reflect t@lective best judgment of
AICWG membergsee Appendicell-XI1)
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COUNTERMEASURES ASSESSMENT

The protection ofnimalsagainstanimal influenza viruselsas been aoncern of livestocland poultry
producers fodecades Animal influenza viruses are egimelycontagiousand havecomplex
epidemiological profilethat include several animal spegiasd therefore require an integrated
approach for control and eradication. Paramount is the availability of effgatteenes andiagnostics

VACCINES

Effective immunological prophylaxis for the controlinfluenzavirusis probably one of the most
complexproblem facinganimal health authoritiesorldwide. The followingsectiors provide specific
information on the history and breakthroughsitan andswineinfluenzavaccinedevelopmenanda
detailedanalysis of available commercial and experimental vaccines.

History of Avian Influenza Vaccine Development

The history of Al vaccines has its origins back to the late 1920s, when chickens infebtémwvplague

virus (now known as HPAI virus) recovered from the disease and were resistaakposere -2

Initially, experimental vaccines against fowl plague were based on the experiences ofvitstabres,

which used spinal cords from infected animals as vaccines to protect against virulent rabies virus.
Although many Al vaccine failures were observed, either fadack of immune response, inefficient viral
inactivation, or mismatched subtypes, eventually, efficacious Al vaccines were produced that protected
birds from di sease. Howeverouthoy HFhAIt wvpioriunst ,i ntfh
to control spread of disease had gained support throughout Europe, and vaccines were generally not use:
as part of any control strategy against Al.

More recently, vaccines have been developed and approved for use against LPAI virus infections of
poultry. Beginning after the mid960s when the economic impact of LPAI virus infections in poultry was
realized, control strategies were implemented based on economic need. Early field management strategie
included controlled exposure of pullets to LPAI viruseproduce immunity prior to egg lay. In the

United state®eginning in 1979, Al vaccines were primarily used to prevent production losses in turkeys
and egeglaying chickens (breeders and tablgg production). In the past decade, HIN1 and H3N2 swine
influenza virus infections of turkeys have resulted in significant decrease in egg production and quality
213214 (E. Gonder, personal commuations). However, because these are low pathogenicity isolates,
limited conditionaluse inactivated vaccines have been used in such turkey flocks as a management
strategy as has been done since the first LPAI vaccine, a H4 and H6, used in 197iteth&tates®

Finally, following an outbreak H7N2 LPAI in an isolated commercial chidkeitity containing laying

hens in Connecticut, agreements between state, federal and industry representatives provided the use of
inactivated LPAI vaccine as part of a comprehensive strategy as an alternative to immediate
depopulatiorf”® As a part of the control strategy, vaccitflocks were intensively monitored for virus
shedding through dead bird testing, and serological surveillance usingocinated sentinels and a
neuraminidase (NApased DIVA (differentiation of infected from vaccinated ansnapproach to detect
infections in vaccinated birds. Taken together, vaccination can now be considered as a valuable
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component in comprehensive Al control strategies. While situational or local outbreaks of HPAI may
always require stampinagut in norendemic areas, in the fackam epizootic event, vaccines can be
formulated and used based on field isolates recovered.

Until the recent H5N1 outbreak in Southeast Asia and Egypt, vaccination against Al had not been widely
used worldwide. A multivalent inactivated Al vaccine @ning H5N2, H6N2, HION2 along with

Newcastle disease virus (NDV) was reported to have been used in Italy in 1980 to control multiple
subtypes of LPAI viru$’® In addition, ring vaccination witinactivated vaccines against HSN2 and HON2
strains enzootic in Italian turkeys have been applied in breedefBirds

An inactivated H5N2 vaccine was used in Mexico as a result of the widespreadttBrdaks caused by
H5N2 virus that began in December 1994 Between 1995 and 199847 million doses of vaccine were

licensed for use. Inactivated H7N3 vaccine was also used extgnaiakistan following the widespread
HPAI outbreaks in 1995

Following the outbreak of H5N1 HPAI in 1996 in China, an inactivateegrilisified vaccine was
developed using an H5N2 low pathogenic virus, A/turkey/Englai2@/M3. The accine was first

approved in August of 2003. In total, 2.5 billion doses of H5SN2 inactivated vaccine were used to control
the initial outbreak, however because of mismatched antigens, the vaccine was At idiéale

recently, a plasmitbased reverse genetics approach was employed to create vaccines that matched the H.
from field isolates to the vaccirf&". Using the internal genes from A/PueRico/8/34 (PR8) virus, and

the HA and NA genes from recent H5N1 viruses including GS/GD/1/94 Y R&/barheaded
goose/Qinghai/3/2005 (R® and A/duck/Anhui/1/2006 (R8), new viruses were constructed and utilized
as inactivated vaccines. Safety camsewere met by replacing the multiple basic amino acid motif found
in the cleavage site of the HA protein of high pathogenicity in H5 avian influenza virR&RKKR-)

and replaced with those of low pathogenicHRETR-). The Rel vaccine was approvedrfuse in the

field in 2004, and over 20 billion doses applied in China, Vietham, Mongolia and Egypt.

New technologies utilizing live vaccines including, fowl poxvirus recombinants expressjfig &tidi
herpes virus of turkeys expressing,fi%have recently been approved for commercial use.

Avian Influenza Vaccines

Numerous studies have shown that vaccines can be effective at protecting poultry from both low
pathogenic and highly pathogenic avian influenza. étiganically closely matched vaccine to the
challenge strain, when properly administered and producing high antibody levels, will prevent or greatly
reduce clinical disease signs, prevent or greatly reduce the amount of virus being shed into the
environmeim, and make birds more resistant to infection. The increased resistance to infection and
reduction in viral shedding can be valuable tools in breaking the transmission chain allowing vaccination
programs to be effective control tools during outbreakswe¥er, recent experience has shown that when
an avian influenza outbreak is already widespread, vaccination by itself is not a good control tool.
Vaccination as part of an eradication program has to be integrated in to a larger control strategy where
guamlntines, animal movement controls, increased biosecurity, education, andertimaksia of

infected animalss used®
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Worldwide there are a number of different vaccine technologies used for avian influenza including
traditional killed vaccines, reverse genetics killed vaccines and viral vectored vaccines expressing differer
influenza hemagaglutinin proteins includiagowlpox, turkey herpesvirus, Newcastle disease virus, and a
duck enteritis virus. Even with this wide range of tools, the use of vaccination has not been as effective a
experimental studies would predict. Several different reasons have been diagstifleely contributig to

this suboptimal protection but the primary culpritmgigenic drift of the hemagglutinin protein

The influenza viral genome encodkksor more viral proteins, but only three proteins have been shown to
elicit neutralizing ahibody. the hemagglutinin, neuraminidasexnd the matrix 2 (M2) protesn

Numerous studies have shown that antibodies to the hemagglutinin protein are the most important, and a
the commercially available vaccines produce antibodies, many exclusoséhg hemagglutinin protein.
Unfortunately the avian influenza hemagglutinin gene has extreme genetic variation that has resulted in
many antigenic variants of the virus. Avian influenza virus has 16 defined hemagglutinin subtypes that by
definition meas that antibody to an isolate from one subtype should provide at least partial protection for
other viruses of the same subtype, and that same antibody will not protect against other avian influenza
subtypes.For example, H5 antibody will at least palitigorotect for all H5 viruses, but it will not protect
against viruses with thid1, H2, H3, etcsubtypes Therefore, using current vaccine technology, it would
require a minimum of 16 different hemagglutinin proteins to be expressed to control foamlirdluenza
viruses. This approach is currently not practical, but in domestic poultry certain subtypes are much more
important and prevalent than other subtypes. The H5 and H7 subtypes are the most important, because
viruses of this subtype are arahcmutate into the highly pathogenic form of the virus, which by definition
causes high mortality in infected chickens. In addition to the H5 and H7 subtypes, the H9, H6, H1, and H.
subtypes are either endemic in poultry (H6 and H9) or routinely jumpespiecnfect poultry (H1 and

H3). Even though the list of problematic influenza subtypes can be reduced to a smaller number, with fev
exceptions, vaccination for avian influenza has always been done in the face of an outbreak and is rarely
done as a prdyylactic measure. One of the principal reasons for not using prophylactic vaccination is cost
of both the vaccine and the administration of the vaccine. It is currently just impractical to vaccinate for
all avian influenza subtypes.

Although the hemaggtinin subtypés used as aonvenient way to classify an avian influenza virus, there

is actually a high amount of genetic and antigenic diversity within a subfypEemost extreme example

of antigenic diversity is with human and swine influenza. @92 pandemic virus emerged in humans
through a complex series of reassortants that resulted in a virus with dikeiH& hemagglutinin gene

that replicated well in humans, and this virus was not neutralized by antibodies to the human seasonal H1
virus. So although the seasonal influenza and pandemic influenza virus were classified as H1 influenza
subtypes, they were different enough that infection or vaccination from one did not protect against the
other. Antigenic drift in human influenza is a welharacterized phenomenon. Because of this antigenic
drift the World Health Organization has developed a worldwide network of laboratories to monitor how
the virus is changing and they recommend new seed strains for vaccine use when the antigenic variation
reaches a certain point. This typically means that at least one of the three viruses in a seasonal influenza
vaccine is changed each year (H1IN1, H3N2, type B). Human influenza, because of the rapid movement «
people on a daily basis all around the wpi$ maintained as a single worldwide population, with a single
primary lineage for HIN1, H3N2 and Type B influenza, which allows global cooperation and cost sharing
in vaccine selection. For avian influenza virus, the same process of antigenic dn$t ot in many

ways it is more complicated to monitor. Unlike humans, influenza infected poultry are not routinely
monitored around the world. Sanitary measures and diagnostic testing are designed to block the
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movement of virus and infected birds bearecountries and within a country. This has resulted in

multiple antigenic variants evolving in different countries, and even within a country, that has varying
levels of cross protection. The biggest and most costly poultry disease outbreak in moeters the

Asian lineage HPAI outbreak that was first reported in China in 1996. The virus persisted within the
borders of China and in 2003 it rapidly spread to several neighboring countries. The virus spread widely
in wild birds in 2005, and ultimatelyver 60 countries reported outbreaks of this lineage of virus. Most
countries have been successful at eliminating the virus, but the virus has remained endemic in at least 6
different countries. Although the initial source of virus in 2003 was singtathe affected countries, if

the virus became endemic in a country and the virus was isolated in the country, it developed a unique
antigenic character different from virus in other countries. This antigenic variation resulted in vaccines
that provided god protection early in an outbreak, but eventually lost efficacy. The best protection for
vaccination is when the vaccine strain is antigenically closely related to the field strain. As a vaccine
diverges from the field strain, the more virus replicatmd shedding occurs that perpetuates a virus
remaining endemic in the population rather than contributing to its eradic&tainral antigenic variation

in the wild bird reservoir and antigenic drift that occurs in poultry remains as the largestbwifiéetive
vaccination.

Summary of Obstacles to Vaccinating gainst Avian Influenza Viruses
Although vaccine technologs are now availabl® match the antigenic drift that occurs in the field, many
different issues are present tatrentlypreventthe development of thdealpoultry vaccine Some of
these factors include:

1. Effective transparent surveillance of avian influenza in poultry is not being done in many countries.
Only a small number of countries perform enough surveillance of theirryppolpulations to have
a reasonable idea of what influenza subtypes are circulating, and then have transparent reporting
the results. These countries include the United States, Canada, Australia, many European countri
and a few others. Most coursi are either not performing adequate surveillance or they are not
reporting the results transparently for economic reas@fiout adequate worldwide
surveillance and investments in predictive biology research to determine the basic
characteristicsof avian influenza viruses, it is impossible to adequately respond to new
outbreaks for effective disease control, including the proper selection of or development of
new vaccines.

2. Vaccine development and licensing has been primarily a private enterpris@caite companies
only develop products that have a reasonable return on investment. Avian influenza vaccines mus
consider both subtype antigenic variation and within subtype antigenic variation. Vaccines are
most effective when the vaccine is antigetily closely matched to the field strain. At the current
time it is not cost effective for vaccine companies to make targeted vaccines for every potential
market for a number of different reasons. One factor is regulatory because currently every variant
vaccine has been considered as a finewo vacci
licensing a new vaccine remains a high cost for the company, and therefore companies have only
licensed a limited number of vaccines. This is perhaps most apfar¢he live viral vectored
vaccines, which require additional regulatory scrutiny because they are genetically modified
organisms (GMOs) that are given as live virus that have the potential for spreaetdogain
species. Of thaewo licensed viral ectored vaccines in the United States (fowhgdand HVT-
Al), both are licensed only for the H5 subtype with a single hemagglutinin gene available for either
vector. The two additional vaccines (NDV and DEV) licensed in other counties are also only
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available for the H5 subtype, although there are more than one H5 hemagglutinin gene available.
Thereforewe dondét have viral vectored vaccines f
even within the H5 subtype we have only a limited number of antigani@nts. The newer
technologes because of intellectual property issues, also requires a higher cost for development
and use of the technology, which again raises the cost of the vaccine. Finally, vaccine companies
are reluctant to license vaccineghaiut a defined market. In the United States (and many other
countries) we dondt have endemic avian i nfl u
poultry for avian influenza. Therefqriere is not a market for avian influenza vaccines, and no
incentive for vaccine companies to license products in the United States. One of the primary
reasons the fowlpox and HVT vectored vaccines were licensed in the United States was to use our
scientific based regulatory system to provide assurance of ththdatauld be used for

application in other countries. In other words, by licensing in the United States it would be easier
to license the vaccine in other countries. However not all vaccine companies use this approach,
and therefore not all types ofiam influenza vaccines will be available in this countaccine
companies currently do not have the economic incentive to develop and license vaccines,
particularly next generation vaccines, for all important subtypes or for important antigenic

variants in the United States.

3. Theworldwide poultry industry is a hugely diverse agriculture system that deals with a wide range
of scale of production and numerous different species of birds. The bird species includes
gallinaceous birds, like chickens, turkegad quail, waterfowl species including pekin duck,

Muscovy duck, and different types of geese, and other birds ranging from pigeons to ostriches. Fo
different avian influenza viruses, the ecology of the virus and the type of host it infects can be
compktely different. The important consideration is that different species are involved in the
maintenance of a virus in different countries, and therefore vaccines, if they are to be used for
control of an outbreak, must kfective inall these differenbird species. The viral vectored
vaccines, in general, are host speci fijte and
fowlpox-Al vaccine is designed for use in chickens, and it requires a 10 times higher dose to get a
similar response in @ks?®® Even the traditinal killed adjuvanted vaccines are not equally
efficacious in all avian species, as the adjuvants used have generally been optimized for chickens.
For examplein a comparisostudy that includedhicken, pekin ducks, and Muscovy ducks using

the same kied vaccine, the chickens responded with the highest antibody level, pekin ducks were
intermediate, and the Muscovy ducks had the poorest immune redpdtseever little research

is performed to understand how different types of vaccines work in different species, and although
vaccination may be used in certain circumstances it may not result in an effective immune
response.Vaccination programs have to considethe different hosts involved in the ecology

of the outbreak, and vaccines or vaccination schedules must be optimized for a variety of bird
species for effective control.

4. One of the biggest hurdles in using vaccination for the control of an outbreakdigfitulty in
vaccinating birds already placed in the field. For example, egg laying poultry complexes in the
United States may have over a million hens in cages, and it is logistically extremely difficult to
vaccinate these birds with the existing vaes. The killed adjuvanted vaccines require each bird
be injected separately. The viral vectored vaccines are generally administered in the hatchery, anc
it would also require individual handling of the birds for vaccination of older birds in the keld.
vectored vaccines like the fowlp@X vaccine where the research has been done, if the hens were
exposed to fowlpox through either natural exposure or by vaccination, they will not even
immunologically respond to the vectored vacdffeCurrently there are no good options for
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vaccinating most poultry for avian influenaace they have been placed in the fieltherefore,
one of the biggest needs for avian influenza is to have a vaccine that can provide a robust
immune response to birds in the field using a product that can be administered by a mass
administration approach, such asaerosol, water, or feed.

5. International trade of poultry and poultry products is an important part of the U.S. agricultural
system, and the U.S. poultry industry tests millions of diagnostiplsargearly, mostly serologic
testingto assurehtat U.S. poultry are free of avian influenza. If vaccination was used
prophylactically or as a response to an outbreak, a huge concern would be that our trading partner
would refuse our exports because of concern over avian influenza infection. Miliftgrlent
systems have been described that would allow the differentiation of infected from vaccinated
animals, commonly called a DIVA system, to provide trade partners assurance that a product is
safe. In particular the subunit vaccines, where onlyémeagglutinin protein is expressed, are
well suited for use in a DIVA strategy. Howeyeglatively little field data and statistical analysis
have been done with these subunit vaccines to show that they can be used as part of a DIVA
strategy that will asure trading partners that it is a viable apprddttAdditional research is
needed to provide the data to allow the DIVA system to be accepted by trading partners
internationally to facilitate trade of vaccinated poultry.

6. An ideal vaccine for avian influenza would have many attributes that aentwaccines do not
have. Some of the factors would include the ability to get an effective immune response in the face
of maternal antibody to avian influenza, the development of a protective immune response with a
single dose of vaccine, the ability@lvacine to have a short or no wittaw! time after
vaccination before a bird isarketed, a rapid onset of a protective immune response, broad
subtypic or even heterosubtypic immunity, a vaccine that can be used in wide range of avian
species, and fingl a vaccine that is inexpensive to produce and to administer. All of these
attributes are unlikely to be found in a single vaccine, but our current and emerging vaccine
technology is likely to make important incremental advances that will improve ctingac
technology to be more effectivédditional research is needed in many aspects of vaccines,
including the use of new vectored vaccines, to produce products that will be more effective at
controlling and ideally eliminating avian influenza form our poultry populations.

Assessment dCommercialAl Vaccines(See Appendixll)

Avian influenzavirusescausng disease outbreaks worldwitiave different characteristics that vary from
country to countryand even within a countryin addition,each countryegulates vaccines differdytand
vaccine availability is extremely variable. Because many developing countries do not have the resources
to independently regulate every type of vaccine, it has become a common practice for vaccine companies
to license accines in countries with a strong and respected regulatory structure, and use the approvals
from those countries to support applications in other countries. For this reason several viral vectored
vaccines have been licensed in the United States, bunksee been usedrhe onlytype of vaccine used

in the Lhited Statess the killed adjuvanted vaccines usingRAl virus as the seed strain.

Conventionalkilled Al adjuvanted vaccines
Vaccination for influenza has been widely practiced in humans amdsfor over 60 years. The
traditional approach for the production of these vaccines for poultry is to identify a low pathogenic seed
strain that grows well in embryonating chicken eggs, grow the virus to high titer, harvest the allantoic
fluid, inactivate the virus, and use the inactivated antigen with an adjuvant for administration to the bird.
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Vaccines for other speciesvgbeen simildly producedwith the exception that human influenza vaccines

are also purified to reduce the amount of egg proteitise vaccine and concentrate the levels of
hemagglutinin and neuraminidase protein in the vaccine. Human vaccines also contain more influenza
antigen in part because they typically dondt in
vaccines is that the seed strains used are reassortant viruses that contain the hemagglutinin and
neuraminidase genes from current circulating strains, but the internal genes areefroos strain

A/Puerto Rico/8/1934 HIN1 (PR@)aylor et al., 1943) becauséits high growth potential in eggs.

Poultry vaccinesbecause of cost concermase cruder products and they yed¢entadjuvantsas an antigen
sparing approach toirtherreduce cost.

Avian influenza virus has 16 defined hemagglutinin subtypedthdefinition means that antibody to an
isolate from one subtype should provide at least partial protection for other viruses of the same subtype,
and that same antibody will not protect against other avian influenza subtypes. For example, H5 antibody
will at least partially protect for all H5 viruses, but it will not protect for H1, H2, H3, etc. The only
subtypes of influenza known to have highly pathogenic isolates are H5 and H7, although most viruses of
these subtypes are low pathogenic in standakkehipathotging studies. The H5 and Haw

pathogenic avian influenza (LPAI) can occasionally mutate to the highly pathogenic form by a relatively
small number of amino acid changes in the hemagglutinin gene. The LPAI viruses can provide protective
antibody for highly pathogenic avian influenza (HPAI) viruses, so the changes that makes a virus highly
pathogenic is separate from the neutralizing epitopes that antibodies attach too. Because of biosecurity
concerns and later because of human biosafetyecosicLPAI viruses were used as the seed strains for
vaccines for both LPAI and HPAI viruses. Historically for both LPAI and HPAI outbreaks where
vaccination has been used, control leading to eradication of that virushstsadeemchieved in a

relatively short period of time. In this situatiche field virus does not have enough antigenic drift to

affect vaccination. However, in the last 20 years there have been several different influenza outbreaks
where vaccination was used but the virus wasantrolled®® In these caseshe field virus has drifted

such that the vaccines commonly used do not provide any meaningful protection. The most problematic
ca® has been the Asian lineage H5N1 HPAI outbreak that is endemic in at least 6 Asian countries and
Egypt. Because of the antigenic drift in this lineage, none of the available LPAI seed strains are
antigenicallyclose to the variant H5N1 viruses. Seveintries, including Russia, Kazakhstan, and
Indonesia, decided to use the HPAI viruses as seed strains. The Russian vaccine was produced in BSL3
production facilities. Howevethe Indonesian vaccine was produced in BSfacilities. The production

in these facilities creates a potential for spread in the community or for worker safety, but no laboratory
incidents have been reported from vaccine manufacture in Indonesia. However, it is not recommended fc
BSL2 facilities to be used to produce highlyhgagenic avian influenza viruses. There is no production
capacity to make vaccine in the United States using a HPAI seed strain.

Reverse genetics killed\l vaccines
Thisrecent technology has allowed the production of vaccindsofbrHPAI viruses as weas LPAland
greatly increase safety and biosecuriBeverse genetics technology provides a method of cloning all
eight influenza gene segmentsaiDNA plasmidsin such a way that can be transfected into cells to
rescue a live influenza viri#&-2%® The power of this technology is twofold. First, with the influenza
genes being in bacterial plasmidsalibws the manipulation of the genes to change individual amino
acids. For HPAI, the hemagglutinin cleavage site is changed from having a multiple basic amino acids to
having a sequence similar to other LPAI virus. This alldveshangeof a HPAI virusinto a LPAI virus
without affecting the antigenicity of the virus. The second factor is that it allows the creation of unique
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reassortant viruses. Genes from different influenza viruses can be recograbloveidg a hypothesis

driven approach to determanhe biological characteristics of viruses that could evolve from the
reassortment of different gene segments (i.e., genetic dhdt)vaccine work, a technique similantbat

is used fohuman influenzaaccinesan be achieved such that the integeies from a high growth virus
(PR8) can be combined with the modified HA and NA geneslefantcirculating straisto produce a

LPAI virus that consistently grows to high titers, making a vaccine more economical to pfduibés
powerful technology is routinely used for human influenza vaccines, but it has been used sparingly in
veterinary medicine because of intellectual property issues.raVerse genetidechnology has been
patented, and the additional cost of producing a reverse genetics vaccine has dissuaded most vaccine
manufactures from attempting to incorporate the technology. A single company has licensed a reverse
genetics vacciin the United States, and the vaccine has seen some use internationally. However, the
higher cost of the vaccine appears to have priced the vaccine out of the fovattketpoultry industry,

where vaccines command a low price because of high numbacche doses required to vaccine the
billions of birds produced in our modern poultry production system.

Fowlpox virus vectoredAl vaccines
The fowlpox virus (FPV) is a large double stranded DNA virus ilAtvipoxgenus in théoxviridae
family. Thereare many unique poxviruses in birds that have varying abilities to infect and cause disease
in domestic poultry, but the term fowlpox virus is usually used for pox viruses of chickens. The FPV can
cause serious economic losses to the poultry industilya attenuated live vaccine was developed over 70
years ag8®® Because of the large DNA virus, FPV was one of the first viruses considered for use as a
platform to express foreign genes. The first report of FPV being used to express the avian hemagglutinin
protein was in 1988%° The FPV was an attenuated vaccine virus and the hemagglutinin gene from the H5
subtype Alturkey/Ireland/1378/1983 was inserted in agssentl gene of the vector virus. The
recombinant virus (FPAAI), although it only expresses the hemagglutinin protein, has been shown to
provide protection to a wide range of highly pathogenic H5 virtf§eldowever, the FP\AI vaccines,
like conventional inactivated vaccingspvide no protection for other hemagglutinin subtypes, including
the H7 subtype, and it will not even protagainstall variant subtpes of H5 avian influenza. The FPV
Al vaccine with the A/turkey/Ireland/1378/1983 insert was licensed for emergency use in the United State:
in 1988, and it remains the only FPV vectored Al vaccine licensed in the United“Staléss vaccine
was shown to provide protection for the H5N2 highly pathogenic virus in Mexidoyas used as a
control tool in Mexico starting in 1998 with billions of doses being 384" Multiple investigators have
developed different FPV recombinant vaccines expressing different hemagglutinin inserts and in some
cases in conjunction with the neuraminidase gene. Most of the vectored vaccines have not been licensec
for commercial use \h the exception of a virus in China that expressed both the HA and NA genes from
A/goose/Guangdong/1/1996 (H5N1), one of the earliest isolates from the Asian HSN1 HPAI lineage that
is found in multiple countries in Asia and Afrit¥ This vaccine was used commercially in 2006, with
615 million doses reported to have been used, but it is unclear if the vaccine has been used after 2006
based on published reportsashount of vaccine uset’

The fowlpox vectored vaccine, because of species specificity, replicates preferentially in chickens with
lower replication levels in other species. The immune response to the avian influenza insert correlates
with the replication of the vector, and therefore the vaccine will not work equally in all birds species.
Studies in domestic waterfowl have shown that a dose 10 times higher than is required for chickens is
needed to get a protective immune respgiis©ne of the primary benefits of the FFAI vaccine is that

it can be used in day old chicks, which provides a cost efficient vaccine program in the hatchery. Becaust
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so few influenza HA genes are licensed usiregRRYV vector, it has had less use over time because of the
increasing antigenic variation found in the field. One alternative application that has been proposed is the
prime-boost response in chickens with maternal antibodies. The FPV vaccine caateapltbe

presence of maternal antibody to both the vector and insert, and although the Al part of the vaccine
response is suppressed, the use of the live vaccine can still prime the immune ,rmdgjohwovides an
improved response to vaccination wkilied avian influenza vaccines at a later tifi&?°

Turkey Herpesvirus vectoredAl vaccines
Another vectored vaccine has been developed and commercially licensed in the United States using the
vaccine strain turkey herpesevirus that expresses the A/Swan/Hungary/4999/2006 (H5) hemagglutinin
gene (HVFAI).?®® The turkey herpesvirus is also a large double stranded DNA virus commonly used as
a vaccine for Mareko6s di sease i movdvacgcinabon.dThee hi c k e
vaccine is highly célassociated and it can replicate in the presence of maternal arftibotye virus
does have a limited host range and likely can only be used for vaccinatioiclans and turkeys. The
rHVT-AI vaccine has the insert from the Asian H5N1 highly pathogenic lineage, and its efficacy against a
range of H5 subtypes is unclear, although protection has been demonstrated with HSN1 HPAI viruses frot
Egypt and Indonesi®***® The rHVT-Al has been tested in the field in Egypt and looks to be a valuable
tool for control of tle HSN1 Asian lineage directly or through a pribwost response. However, few
published reports, particularly of field trials, are available to understand the full value of these vaccines in
the field. However, these vaccines are likely to be hampereiteictiveness by the availability of only a
single hemagglutinin gene insert and the limited host range of the vector.

Newcastle vectoredAl vaccine
The Newcastle disease virus (NDV) vectored vaccine has been developed into a vector for avian influenz.
genes, and it has been licensed and commercialized in both China and. f¥icblewcastle disease is
a snall single stranded RNA virus that is similar to avian influenza in host range and pathogenesis.
Several laboratories have successfully inserted the hemagglutinin of different subtypes into NDV allowing
the expression and protection for both viruses. gdtential benefits of the NDYAI vaccine is that it can
potentially be administered by aerosol or water allowing cost effective administration in birds after they
have been placed in the field. The N2V vaccine should produce both humoral and mucasaiunity,
which for NDV alone provides superior protection over just killed vacéitieShe major concern about
the NDV-AI vaccine is the presence of both maternal antibody and active immunity to the NDV vector
because fowidespread use of vaccination in almost all commercial chickens. So although experimental
studies in spefic pathogen free birds shogood protection with NDVAI vaccines, the field experience
in China, based on declining usage, suggests this magdréas impediment to its u§&?2929%32 |
Mexico, a La Sota NDV vaccine virus was modified to express the A/chicken/Mexico/435/2005/DCV
(H5N2) hemagglutinin gene and field application began in July of 2808he same product was also
developed as an inactivated vaccine for protection against NDV and®AMthough these products
have been available for ov&ryears, the efficacy and use of these vaccines in the field have not been
reported. In Chingseveral different NDVAI vaccines were produced including using the hemagglutinin
gene from A/Batheaded goose/Qinghai/3/2005 (H5N1), A/goose/Guangdong/1/HEDEL), and
Alduck/Anhui/1/2006°%% The first NDV vaccine was introduced in 2006 with over 2.6 billion doses
being used, but less than half of the amount was used in subsequeritYéinss also been proposed
that the NDVAI vaccine can provide improved protection when administered with a killed vaccine in a
prime-boost vaccination scheme or ianshination with the fowlpox vectored vaccitté*® Although the
NDV-Al vaccine has been available fonamber of years, the efficacy of this type of vaccine in the field
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has not been published, and the relatively small number of hemagglutinin inserts available appears to limi
its applicability.

Duck enteritis vectored Al vaccine
The three other descritdeectored vaccines for avian influenza virus were developed primarily for use in
chickens. Although the vaccines could potentially be used for other species, it typically required larger
doses or multiple vaccinations to get good protectiofi® However, domestic waterfowl, including
Pekin ducks, Muscovy ducks, and domestic geese play an important tedesicology of the Asian H5N1
HPAI lineage of virus in several countries in Asia and Egypt. In an effort to bridge this gap, a duck
enteritis virus vectored vaccine was developed to provide protection for both of these important diseases.
The duck enterig virus is a large double stranded DNA herpesvirus that causes an important disease in
waterfowl. The attenuated duck enteritis virus was modified to express the A/duck/Anhui/1/06 (H5N1)
hemagglutinin gene and the vaccine was shown to be protectiv&idu8Rs**® This vaccine has been
licensed and used commercially in China. A variant of this vaccine using the hemagglutinin gene from
A/duck/Guangdong/S1322/20185N1) was also shown to protect SPF chickens and was proposed as a
useful vector in chickens because chickens are naive to the virus and maternal or preexisting immunity to
the vector will not interfere with the vaccif® Other groups outside China have also developed duck
enteritis vectored vaccines and also showed efficacy in experimental Sffidié limited availability of
influenza HA gene inserts will likely limit the applicability of this vaccine.

Summary of what we know aboutcommercially available Al vaccines

1 Current vaccinewill protect againsiorbidity andmortality, are estimated toeduceviral
shalding4-fold, andprovide at least 20 weeks protection following a single vaccination for
chickens However,current vaccinedo not completely eliminate virus replication in the
respiratory and/or gastrointasdi tracts.

1 Only two vaccine platformarecurrently used fopoultry: 1) oil-adjuvantednactivated whole
avian influenza virus vaccines agyirecombinanviral vectored vaccine with an H5 Al gene
insert Both of hesevaccineplatformshave been shvan to produce safe, pungotent and
efficaciousvaccines however, bth vaccineglatformsrequire handling and injection of individual
birds with the exception of NDV vectored vaccines,

1 Currently USDA hasconditionallicensedor inactivated Al vaccias for many of the 16
hemagglutinin subtypes. Ftitensure has been granted only to the recombwigadtvectors
containing the H5 Al gene. Conditional licensure has been granted for both H5 and H7 vaccines;
however, use of H5 and H7 Al vaccines isittolled by USDA and requires approval of the
Deputy Administrator of Veterinary Services.

1 The fowlpox virus vectored vaccine only works in chickand can be administered to elalg
chicks Using this vaccine iolder birdsmay not be recommended asgprexposure to fowlpox
virus will induceimmunity andinhibit replication of the vaccine virus and prevent development of
effective immunity(see Appendidil).

1 Experimentally, oHadjuvanted inactivated vaccines have been shown to significantly reduce Al

virus replication and shedding in domestic ducks and geese but the efficacy of vaccines in these

bird species needs to be improved.

Because of potential y@ssortment of Al viral genes, live whole Al virus vaccines are not used.

Al virus strainsselected dr manufacturing of inactivated vaccines have been based on LPAI

viruses obtained from field outbreakldPAI strainsare rarelyused to manufacture inactivated

= =4
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vaccinesecausasuchproduction requires specialized high biocontainment manufacturing
facilities.

LPAI strainsprotect against HPAI viruses of the same hemagglutinin subtype.

Current \accine strains have been shown to provide protection against diverse field.viruses
The broad and longerm protectiorprovided bypoultry Al vaccines, as compareaituman
influenza vaccines that requifrequent changgein thevaccine strains, iought to behe result

of: 1) theuse proprietary oiemulsionadjuvant technologthatelicits more intense arldnger

lived immune response in poultry than akahjuvared humannfluenza vaccine?) the Al virus
immune response in poultry appears to be broader than in hud)adine immunity in the domestic
poultry population is more consistent because of greater host genetic homogeneity than is present
in the human poulation and 4) vaccine use in poultry is targeted to a relatively ybeadthy
population as compared to humaviserevaccine is optimized for groups with the highest risk of
severe illness and death.

Al vaccinesfor poultry shouldstill be evaluated ery 23 years tensure they are still protective
aganst circulating virus strains. fecent study demonstrated the 1994 Mexican H5N2 vaccine
strain is no longer protective against circulating HSN2 LPAI viruses in Central America

Limitations of Current Al Vaccines

1
1

T

Current vaccines do not crepsotect against the different hemagglutinin subtypes.

Vaccines must be produced on demand and in large quantities wappfapriatehemagglutinin
subtypes.

Vaccination complicates trade in poultry and poultydurcts, with some countries refusing

imports of such products from countribst vaccinate foAl.

Differentiation of vaccinated from field exposed poultry is not currently possible using inactivated
whole virusAl vaccinesbecaus&accinated and field @osed birdsvill be positiveby thetype-
specificagar gel precipitation (AGR)nd the subtypespecific hemagglutinin inhibition (HI) tests.
Adequate serological or virological surveillance must be done to deteifrfigld virus is

circulating in vacciated flocks.

FowlpoxAl-H5 recombinant vaccine is ineffective in poultry previously exposéalipox virus

or vaccinated with fowl pox vaccines.

All current Al vaccines require injection of individual birds, which is expensngecauses stress

to the brds

Two or more mjectionsare required to induce protective immunity in turkeys and older living birds
such as egtayers and breeder flocks.

Inactivated whole Al vaccines require better potency standards to ensuinégmum immunizing

dose in every balcof vaccine. This can be achieveddier establishing a minimum
hemagaglutinin protein content in the vaccine or by demonstration of a high level of protection as
measured by o0in vivoo challenge studies or t
vaccinated birds (e.g. minimum of 1:3240 HI test).

Assessment of Experimentéll Vaccines (see Appendiy/)

Several new vaccine platforms are being explored to rapidly develop emergency vaccines against new
emergent strains of avian influenza virusath epizootic and/or pandemic potential. These include a
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wide range of vaccines have been made for both human and animal influenza viruses, many with
successful results in challenge studi@s.indicated in other sections of this reporgtpctionaganst

influenza viruses is primarily the result of neutralizing antibody produced to the hemagglutinin. pfbtein
Although antibody to the neuraminidase and the M2 protein, if present at high levels can be protective,
relatively speaking they play minor roles whaartibody to the hemagglutinin protein is present. Cell
mediated immunity through killer T cells to several internal proteins also canrpimpartantrole in
protection, but in comparison to antigenically matched hemagglutinin antibody it playder sotel

Improving our understanding of what constitutes protective immunity, and how to apply this knowledge to
design vaccines for the specific purpose control and eradication of a disease oh#w @a&yidedew
opportunites for exploring novel wa&inetechnologiesvith proof of concept studider protection against
avianinfluenzaviruses In broad categoriethese technologiescludethe use of viralectored vaccines,
bacterial vectored vaccinesjkunit vaccines, DNA vaccinesgverse gends live attenuated influenza
vaccines, and otherew approaches such as synthetic vacciiany of these vaccine technologies

cannot be practically implemented for productiomanimal medicine because of cost or application issues.
It is alsoimpractcal to list every vaccine technology that has been described for avian influenza, but four
technologies will be highlightelderethat are more likely to be commercialized in the future.

Subunit vaccines
Subunit vaccinesse various gene expressgystemdo produce hemagglutinin protein or occasionally
other influenzavirus proteins in cell culturepllowed byproteinpurification stepsoftenformulated with
anadjuvanand presented as a vaaihee Tha expresgon systdmis dsaee 1 s u b u
included bacteria, plant cells, insect cells, yeast cells, and mammalian cells as a source to produce the
protein®**312 All these approaches have had s@uecess for protectidn vivo, but a major concern has
been structural differences produced by the different cell culture systems. Likely the biggest difference is
theproteinglycosylation pattersiused by the different systems. A major differencesictérial and
eukaryotic cell systems is that bacteri a-linteddn 6t
glycosylation system. This lack of glycosylation results in a greatly altered structure of the hemagglutinin
protein that resultsipoor induction of neutralizing antibod$? Glycosylation of the hemagglutinin
protein is important both for folding and for antigenicityand theréore bacterial systems are likedy
poor choice as an expression system. Plant, yeast and insect cells have been proposed as systems that
produce large amounts of glycosylated hemagglutinin protein that can be used for vaccines puhgoses.
most matire of these expression systems is the baculovirus expression system using insect cells.
Baculovirus is an insect virus that will infect and produce large amounts of viral protein in insect cells. As
the system is widely available, considerable impnoaets in cell lines and expression vectors have been
made. Although the glycosylation system is different than avian or mammalian cells, protein produced
using this system is close enough to the native protein to be a good antigen for inducing aimgutraliz
antibody response in a number of hosts including chickens and héthandNovember of 2013, a
commercial baculovirus expr@en system vaccine was licensed for seasonal influenza in the United
States demonstrating that it is a viable technofdgyn poultry, some modest progse has been made on
the experimental use ofifitechnology and veterinary vaccine companies have interest in the technology,
but nocommercialaccines are on the near horizoh

Viral vectored vaccines
The use of recombinant viruses to express hemagglutinin proteins for ulbecagacine is an appach
that has beeshownto work experimentally for over 25 yeat® Worldwidefour different viral vectored
systems have been developed for avian influenza witthsbillions of doses of vaccines used in the field.
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However, even with all this commercial activityral-vectored vaccinesemain an active area of research.
The easons for further work are twolds. Onethe current vaccines although having \eain the field

are not greatly contributing to the eradication of the virgscond, eacbf theviral vector vaccine
technologeshave unique attributes that coufibtentially be harnessed to develop impromest
generatiorvaccines.

Some of the ongoigissues with currentiral-vectoredvaccinesare brieflymentionedhere to highlight

some of the gaps and needs for specific improvemémsstarters,hte subtype and within subtype

antigenic variation of avian influenzdrusespotentially requires mey different hemagglutinin genes to

be expressed to adequately control the problem in the field. Often however, only a single hemagglutinin
gene is commercially licensed for use, making availability of the proper vaccine a major issue. One
impediment tanaking multiple vaccines is the cost to develop and then license the vaccines. Because the
available viral vectored vaccines are live genetically modified orgar{iSiM®©), regulatory authorities

have required both increased scrutiny in licensure but\ea@mt is treated as a new vaccirgecond

there are concerrisGMOvaccine viruxould spread taontargetanimal species anthuse disease in

other animals. An advantage of viruses like the fowlpox and Herpesvirus of turkeys (HVT) vaccines
previoudy discussed in this report, is that they haveturally limited host range, whidtasaided there
licensure in the United States. However, the Newcastle disease virus vectored vaccine has a wide host
range in birds and gotentiallyzoonotic, whichwould need to be addressiéthe vaccine was to be
licensedand commercializedlt is unclear what regulatory requirements, if any, were needed to address
safety for licensure in Mexico or China. A third major issue is the presence of either mateboalyantti

an active immune response on suppressing replication of the viral,weltch reduces the immune
response. It has previously been described that active immunity will suppress a foadpmed
vaccineds i rmhThesmeisisewasmwlserved for vectored vaccines with maternal
antibody?®® Since #most all commercial poultry are vaccinated with live Newcastle disease virus and for
Mar e k 6 s d vascmesthis would greatlsdecreaséhe effectiveness alibsequent vaccination

with viral vectored vaccines once the birds are placed on the farm.

Two fairly newviral vectored technologidsave been selected here as exampdeaulse similar systems

are licensed for other speciebhefirst is thealphavirus ectored viruswhichis already licensed and is

used commercially with swine influenza in the United St3tehe second ithe human adenovirus
technologyhas been conditionally licensed for foot and mouth disease virus in the United States but has
not been used in the fief® Both technologies have similar atuiies that overcome two of the issues
mentioned previously. First, both technologiesrapdicatiortrestrictedvirus that cannot complete the

virus replication life cycle. This approach provides the advantages of a live vaccine that stimulates both
humoml and cell mediated immunity, but it has a safety profile of an inactivated virus. This negates the
host range issue and promises to make vaccine licensing easier because of the higher safety margin.
Secondly, both viral vectored systems are not noynfialind in poultry, which means that maternal
antibody or previous exposure eliciting active immunity to the vector will not be a problem with either
system. Both viral vectors have been shown to provide solid protection for avian influenza in
poultry_loaslgszl

Reverse genetics (RG) platform
A new type of vaccingechnologyrelated to the traditional kéd vaccines, which uses naturally occurring
LPAI viruses for vaccine seeds, is to use modern biotechnology to produce a viral seed strain using rever
genetics (RG) technology. Reverse genetics uses cloned influenza gene segments in bacterial plasmids
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that can be modified to produce engineered viruses with properties suitable for vaccine use. Most vaccine
reverse genetics systems use the internal genes from a human vaccine strain and the hemagglutinin gene
from the target virus to create a virus that barfinely targeted to the circulating outbreak strain and

reliably grows to high titer in embryonating chicken eggs or cell culture, allowing for a cost effective
emergencyaccine. The primary application for this technology for veterinary medicinledeasto

modify the hemagglutinin gene from a highly pathogenic avian influenza dras ® attenuate the virus

to alow pathogenic virué®-?®’ This change at the cleavage site does not affect the antigenic properties of
the virus, and allows the virus to be handled and vaccine produced in vaccine production facilities that
make traditional killed vaccines.hik includes using an adjuvant to make them more cost effective. The
use of RG technology has additional costs for production related to the patented technology needed to us
the system. Currently in the U.&ly a single veterinary RG vaccine has beesmnsed for a H5N1 virus,

but again, although licensed, it has not been used in the U.S. This vaccine has been used sparingly in otl
countries because of antigenic drift issues as well as higher cost issues. Up until just recently, any new
reverse gertes vaccine would require a completely new application for licensure, which adds additional
cost in the production of the vaccine. However, recently APHIS has opened the door for a simplified
review process for previously approved RG vaccines that allabstitutions of the hemagglutinin gene

when you continue to use the same vaccine backbone and production process (Veterinary Services
Memorandum No. 800.213). This rule change potentially reduces one impediment for not updating
vaccines because of argigc drift issues.

Live attenuated influenza vaccines
A classic approach to vaccination is to attenuate the target virus thrbegtical mutagenesis passage
in cell culture so thahe virusbecomes attenuated but can still elicit an immune respdriss.approach
has been used with human influenraiseswith a few technologic enhancemenior example, sing
classical methodshe internal genes of a human influenza virus were cold adapted to grow only at lower
temperatures. This temperature $@resmutant therefore was restricted to viral replication to the upper
air passages of humans, thereby delivering an attenuated phenotype. The specific mutations that accour
for the temperature sensitive mutants were identified and can serve as fmartervirus. Using this
backbone virus in a reverse genetics system, new vaccine strains can be quickly made by inserting the
hemagglutinin and neuraminidase gene from recently circulating strains to tipglagecine to ensure
efficacy against relevawiral strains’*? This system has resulted in licensed vaccine in thieet) States
and many other countries to provide an alternative to the killed vamgpreach requiring injection by
needle. Similar technology was used to produce a live attenuated vaccine for horses for equine influenz:
that has been licensed in the United St¥tesiowever, #hough the vaccine has been licensed, it has not
been updated to include more recent field strains. This has been an issue with licensed vaccines for avia
influenza, where companies have not been willing to updateines because of the high cost.

Live attenuated vaccines have been shown to be protective in poultry as well, and the same temperature
sensitive mutants have been created using reverse genetics for avian influenzA%irisesternative
approach has been to truncate the nonstructural protein 1, which suppresses the host immune response
attenuatsthe virus®*® Although both of these approaches work experimbntéie biggest concern about

live attenuated avian influenza viruses is the potential of these virusesaie i@tk to virulence and for

the H5 and H7 subtypes to become highly pathogenic viruses. So although this appears to be a fruitful lir
of research, it is unlikely to be developed commercially because of the concern of back mutation and the
dire implicatons on trade of poultry and poultry products this would have.
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Conclusions
Several different vaccine technologies are poised to become commercialized because similar technology
has already been licensed in the United States and proof of concept stadigeddy been publistiéen
the peer review literaturfer avian influenza viruses. Four promising technologies have been highlighted,
each with their own advantages and disadvantag#ésle considerable time and effort continues to go
into vaccine reseah, there always remains the issue of how to commercialize products without a ready
market for the product. Although several next generation vaccines have been licensed in the United State
they have not been used here. The licensing process in tteel Gtates has aided licensure and use in
other countries, but the issue remains of how to encourage innovation and commercialization of new
vaccines in the United States for avian influenza when avian influenza vaccination is rarely performed.

Summary of experimental vaccines tested in the laboratory for potential use in the field

1 ARS scientists at thEEPRLhave tested experimentaccinesagainst thénighly pathogenic
H7N3 virus reported in Mexico in 201Z2wo USDA-approved H7 isolates were used tvalep
conventionalnactivated vaccines that showed 100 percent protection in vaccinated birds against a
lethal challenge of the virus, showing that the vaccine derived from these isolates could protect
U.S. poultry. SEPRL scientists also demonstratetitileaMexican 2006 low pathogenicity virus
could be used as a vaccine. All birds vaccinated with the virus strain and challenged with the 2012
virus were protected.

1 The recombinant fowlpox vaccine is a live, injectable vaccine for chickens and usas¢he sa
technology as the previously licensed recombifi@wtpox-virus-Al-H5 vaccine, but includes
inserted cDNA copies of Al hemagglutinin (H5) and neuraminidase (N1) genes (both from
A/goose/Guangdong/3/96 [H5N1]).

1 The other new vaccine is a traditional itizated oil emulsion Al vaccine, but unlike current
inactivated Al vaccines, the new vaccine virus is not an H5 LP or HPAI field virus. The vaccine
virus was produced by reverse genetics using the 6 internal genes from a human influenza vaccine
strain (PR3 and the hemagglutinin and neuraminidase genes from A/goose/Guangdong/3/96
(H5N1) Al virus. The use of PR8 internal genes imparts the characteristic of growth to high virus
content in embryonating chicken eggs used in the manufacturing process anadiigspa high
concentration of the protective hemagglutinin protein in the vaccine. Another change in the vaccine
virus: the portion of the gene that codes the hemagglutinin proteolytic cleavage site has been
changed from a sequence of an HP to an LPAisyithus, the vaccine virus is a LPAI virus and
can be manufactured at a lower level of biosafety.

1 Both vaccines require handling and injection of individual birds. Data published or presented at
scientific meetings indicate that these new vaccines a#ieacious as the existing licensed
vaccines, but no data have been presented to demonstrate they
provide superior protection.

1 Reverse genetics is a hew research technology that is well suited to improving influenza vaccines.
Intellectual property riglstare one impediment to using reverse genetics because of the additional
cost and it is currently unclear who owns the technology.

1 Several recombinant vectored avian influenza vaccines are currently under development, including
the human adenoviragectorel platform. The licensing of recombinant vectored vaccines based
on theHA genecurrently requires separate licenses for each HA subtype inserted in the vector.
The process could be improved withelicense issued provided the insertion site remains the
same. This would enable thataion of the HA subtype on a licensedector platformbasedon the
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subtypeassociated with theutbreak. This is consistent with what is done with human vaccines
where new sainscan be added or deleted annually.

Assessrant of Emergencyaccine Strategies for ControllingNewVariant Al Strains

with Pandemic Potential
New and emerging zoonotic Al strains with pandemic potential such as the Chinese LPAI H7N9 require
the rapid development and delivery of effective vaccinesdp the shed and spread in poultry
populations at risk and, importantly, prevent further dissemination of the agent to people in contact with
infected pouty.

The ideal vaccine for avian influenza would have a number of traits that current vacanugpouvide.

The biggest challenge is the need for a mass administered vaccine that can be given to birds after they
have been placed in the field. The current killed and viral vectored vaccines require individual
administration of the vaccine, which ke&s vaccination for the birds in the field difficult and in most cases
cost prohibitive except for high value birds such a breeders or genetic stock. Both the fowlpox and the
HVT-vectored vaccines can be administered in the hatchery, which can be extstesfh the context of a
planned vaccination program. However, it has been shown for the fowlpox vaccine that if the birds in the
field are vaccinated or naturally exposed to fowlpox, they will not respond to the influenza part of the
vaccination, whichmakes it even more unlikely that this type of vaccine could be used as part of an
emergency vaccination respori&é Currently there are no good options for a commercially available
vaccine to be administered in the field as part of an emergency vaccination program.

A second feature of an ideal vaccination is the incorporaif a DIVA strategy. The DIVA principal,

which stands for Differentiate Infected from Vaccinated Animals, for vaccination is not a new concept and
has been used as part of eradication programs for Pseudorabies in swine, classical swine fever, and for
avian influenza®?®*%’ Interest in the use of a DIVA vaccination strategy as a possible tool for the control

of avian influenza virus has increased as both LPAI and HPAI has become endemic in many cduntries.

is also a critical tool for recovery from a disease outbreak-fref countries, tassure trading partners

that vaccinated animals have not beenatge with the virus during production, which should facilitate
poultry exports if the trading partner accepts the vaccination program. Several different DIVA strategies
are possible and have recently been revieftedll of the vaccines that only express just the

hemagglutinin gene should easiilyd DIVA strategy using existing avian influenza diagnostic tests,
because influenza surveillance tests look for antibody to internal proteins like the nucleoprotein. Although
the viralvectored vaccines are prime candidates for a DIVA strategy, mudis weeds to be done to

validate the system so that trading partners except the DIVA principals.

Additional ideal vaccine featurésr emergency response Igetability of a single vaccine to be used in
multiple species is a practical field problem. Mokthe viral vectored vaccines have some level of host
adaptation that limits their use in other species. For example, the fowlpox recombinant vaccine works we
in chickens, but it requires 10 times the dose for a comparable immune response ffi*dEcks. the

killed adjuvaned vaccines have large differences in response when administered to different’8pecies.
Other qualities such as a rapid immune response, ability for a singléodue®ide long term protection,

short withdrawal times required before processing, and vaccines that are stable for long term storage
would all be favorable attributes. One ideal attribute is heterosubtypic immunity, where a single vaccine
can provide prtection for all influenza subtypes. This has been the stated goal for many vaccine studies,
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but it appears increasingly unlikely that broad effective vaccine protection will ever be a practical goal for
veterinary medicine.

Although there are worldwide large number of vaccines available for avian influenza, on closer
examination almost all of these vaccines are targeted to the H5 subtype. The H5 subtype, although an
extremely important disease pathogen that is endemic (low pathogenic or highly pathoge

continents, is not the only important influenza subtype in potfitrithe H7 subtype has caused many
severdow pathogenic and highly pathogenic outbreaks in the last 50 years, although most of these
outbreaks have been controlled. In addition several low pathogenic avian influenza viruses, including
HIN2 and H6N1, are also endemic in many countries and satises disease loss&&.For norH5

influenza viruses, only the traditional killed adjuvanted vaccines are available to control thesesdisea

with limited success. Commercial vaccine companies have been reluctant because of cost and profit isstL
to develop recombinant vaccines for these other influenza subtypes. In the U.S., routine vaccination of
poultry for avian influenza is not allowe Because of the lack of a guaranteed market for the use of
vaccines, vaccine companies have no incentive to develop new cutting edge vaccines for a country that
might use a vaccine only on an emergency basis. The currently licensed vectored vaceinesdraveen

used in the U.S., although licensure in the U.S. has facilitated their use in other countries. Commercial
vaccine companies have had little incentive to develop either new types of vaccines or to even adapt the
current vaccines to include né#A subtypes. Currently in the U.S., if a vectored vaccine changes the
hemagglutinin gene insert in a vector that is already licensed in another product, it is still considered a ne\
vaccine and requires a separate license, which adds to the cost oftihe.vadis issue exists for other
foreign animal diseases, including foot and mouth disease virus (FMDV). For FMDV the U.S.
government has been the primary sponsor for research to produce a next generation vaccine leading to
licensure of the vaccin&® Although this program of government support to get a license for a veterinary
medicine product is unique, it does provide a blueprint of how to generate cewegthat can be used

for emergency use.

New vaccine technolags areavailable for the avian influenza field. Numerous vaccine approaches have
been published that work in experimental studies, but few of these technologies are being further
developed.One exception to this is the alphavirus vectored system that is licensed for swine influenza.
This viral vector system has already been proven for avian infld&#23and the production capacity is
available in the U.S., but the economics of licensing a new product with no defined market remains a
major impediment.Identification of genetic and antigie variants will be the basis for improvedccines
either as usage of the parent HPAI virus or use of reverse gef&Brso(producdow pathogenicity

avian influenza (LPAI) viruses as vaccine seed strains. The latter sothieebisst solution from a
perspective of biosecurity in manufacturing, antigenic match andpnigtuctionoutput.

Swine Influenza Vaccines

Influenza vaccines were introduced for use in swine in 1994 as inactivated, multivalent, whole virus
preparations administered with oilvvater adjuvant® Since thentroduction of the H3N2 triple

reassortant virus, vaccines have been manufactured with an H3N2 antigen and a combination of H1
viruses that may or may not be currently circulating in swine. Over the past ten years, influenza vaccine
usage in swine hasdreaseddemonstratinghe need to control this economically important swine
pathogert®® The National Animal Health Monitoring System (NAHMS) reported 40% of large

producers vaccinating breeding females in 2000 that increased to 70% itf22066sistent with the
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NAHMS report, a recent study evaluating management and production practices on 153 swine farms in
Minnesota and lowa between 2007 and 2009 reported vaccination usage in 71% of breeding females.
contrast, vaccine use inaysing pigs constituted less than 10% of the swine farms surveyed.

Increasing genetic and antigenic diversity recognized among contemporary influenza viruses circulating
in swine has created a challenge to produce efficacious vaccinesrdtexttraccines effectively reduce
clinical disease and lung lesions and provide partial protection when priming antigen and challenge
viruses demonstrate similar HA proteitig?8292.152.161.160.1385\yeyer unlike natural infection,

inactivated vaccines have demonstrated limited efficacy or inconsisten{pcobdsstive immunity

against heterologousmosubtypic or heterosubtypic virugég? 9154152161.1688 |4 gnastudy pigs that

were naturally exposed to European H1N1 and H3N2 viruses demonstrated complete protection against
a novel, heterologous H1N2 virus infection with an unrelated HA prtéin.contrast, inactivated

vaccines containing H1IN1 and H3N2 viruses did not confer protection against a heterologous H1N2
virus** These data suggest live exposure, or vaccination that mimics natural infection, may provide
optimal protection or @uction in clinical signs associated with 1AV infection in swifdere are no
commercially available modified live attenuated vaccines currently licensed for swine influenza.
However, research using genetically altered, live attenuated influenza vawasdesnonstrated

increased efficacy against heterologous infectiglodified live, attenuated vaccines have the advantage

of enhancing celinediated immune responses typically directed against conserved internal ffoteins

and increasing hetermjous crosgrotection that may be lacking in inactivated vaccitiés.

Due to the lack of croggrotection experienced through the use of commercial vaconaas

producers now rely on inactivated autogenous vacameesporating influenza viruses isolated from the
farm of origin. In 2006, the NAHMS survey reported 20% of farms used autogenous vaccines in
breeding female¥? However, more recent data frons@dyof Minnesota andowa swine farms
reported 72% of influenza vaccines used in breeding females on 153 swine farms surveyed were
autogenous whereas only 24% were commercial vactines.

Assessment of Commercial SIV Vaccines (See Appendad V)

Current SIV vacinesregulated by APHIS Center for Veterinary Biologie#i under 3 categories)1
Commercialwhole inactivated virus vaccines; Rpnliving replication defectivdlRNA virus vector;and
3) Autogenous inactivated vaccines.

In the United States, theresacurrently 6 companies preparing SIV vacci(seeAppendk XllI) : two
companies prepare only commercial product; two companies prepare only autogenous products, and two
companies prepare both. From these 6 companies there are a total of 30 comriezasdigproducts
thatinclude combination vaccines with other common svpiahogerantigens There are also three
autogenous product licenses. All of these vaccines are either whole inactivated influenza A viruses
(WIV) or nontliving replication defetive RNA virus vector products. Inactivated vaccines can elicit

strong homologous immunity and reduce both disease severity and virus shedding. However, in general,
WIV afford little to no heterologous protection against drifted or reassortant virussstra address

this concern, commercial companies utilize multiple (up to four) isolates representing different HA
lineages.

Limitations of Current SIV Vaccines
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1 Whole virus inactivated vaccines provide little to no heterologous protection againstalrifted
reassortant virus strains

1 Evidence ofvaccineassociated enhanced respiratory disease (VA®REN pigs vaccinated with

inactivated vaccines are exposed to heterologous SIV strains

Poor efficacy of inactivated vaccines in young pigs due to maternbbdgtinterference

Inactivated vaccines require single animal inoculations

Multiple doses of vaccine required to achieve herd immunity

Short duration of immunity

= =4 =4 -4

Assessment dExperimental SIV Vaccinegsee Appendix W)

Published research in swine ewating live-attenuated IAV vaccines (LAIV) has repeatedly

demonstrated their general safety and superior efficacy to inactivated vaé&ii&s>3>’ DNA-

based® and vectored vaccines have also demonstrated efficacy against IAV and have advantages over
inactivatel vaccineg®3173339340 cyrrent research Iseing conducted tmvestigae how efficacious

these vaccines are iaducingshedding of circulating IAV when vaccinated pigs enallenged with
homologous or heterologous IAV. Experimental data have deratedthat attenuated vaccines are
superior in their ability to protect against transmission of challenge viruses to naive contact pigs.
Further, these data have highlighted the importance of including contemporary strains in multivalent
vaccine to increasantigenic coverage against the circulating influenza virus diversity. Research on next
generation vaccines has focused on 3 key featur@sotiding the broadest possible heterologous
immunity; 2) beéng efficacious in the face of maternal antibod@&s] 3) providing a platform that new

or emerging antigens can be rapidly incorporated (measured in a few weeks not months). The general
categories of vaccines that possess the majority (if not all) of these qualities include: 1) live attenuated
influenza accines (LAIV); 2) Replicatiomlefective vector influenza vaccines; and 3) DNA vaccines.

Live attenuated influenza vaccines (LAIV)
Three distinct LAIV platforms have been evaluated and described in thegpemred literature. The
first platform describd mutations in the NS1 protein of swine influenza virus that impaired the anti
interferon activity of NS1 and therefore conferred attenuation in pigs. This vaccine has been shown to
be efficacious when administered intranasatlprimes T cells and cders crossprotection against a
heterosubtypic challenge in pigs; and it provides superior protection from heterologous infection in pigs
with maternal antibodies without inducing vaccamsociated enhanced respiratory disease
(VAERD).'%?

The second LAIV platform to be described invaweodification of the cleavage site of the
hemagglutinin which @nfers attenuation in piga®’ As with the NS1 truncated mutants, HA cleavage
site mutants provided pigs with complete protection from homologous H1N1 infentiquastial
protection from heterologous subtypic H3N2 SIV infectifi>>3¢

The third LAIV platform described in the literature is a temperaseresitive mutant virus based on
selected mutations in the viral polymerase gene segrféfits This vaccinavas alsshown to be
efficacious when administered intranasagtisimed T cells and confeedcrossprotection against a
heterosubtypic challenge in pigsprovided superior protection from heterologous infection without
inducing vaccineassociated enhanced respiratory disease (VAERD).
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