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ABSTRACT

VIRAL SHEDDING AND ANTIBODY RESPONSEOF
MALLARD DUCKS TO AVIAN INFLUENZA VIRUSES

Wild ducks are a key reservoir for avian influenza (Al) viruses. Their long
distance migrations, coupled to frequent contact with domestic poultry enhances risk for
spread ohighly pathogenic avian influenza (HPAI) viruses. Despite years of study, our
understanding of how Al viruses are maintained and transmitted in nature remains poorly
understood. The work described here examines several aspects of avian iniwsnza
infectionsthat play a role in perpetuation and spread of this disease, including persistence
of virus in duck feces, effect of prior exposure to Al viruses on subsequent infections and
the passage of maternal antibodies between hen and duckling.

In recent gars, the emergenceldbN1 HPAI virus stimulated establishment of
massive international surveillance programs to detect that virus in wild waterfowl. One
deficit in these efforts was a lack of data on the stability of Al virus and Al virus RNA in
bird feees under different environmental conditions. Consequently, an experiment was
designed to address this knowledge gap. Feces were collected from mallards infected
with a low pathogenic avian influenza (LPAI) virus (H5N2) on days 3 and 4 post
infection andkept in environmental chambers for 21 days under the following conditions:
32iC/20% relative humidity (RH), 32;C/50%RH, 32;C/90%RH, 4.5;C/50%RH,
4.5iC/90%RH, and 0ijC/50%RH. Sensitivity of detection of infectious virus in fresh
fecal material was equivaleto that from cloacal swab samplesile time and

environmental conditions did not significantly affect detecabAl virus RNA by PCR.



Infectious virus was isolated from feces for considerably shorter intervals than RNA
could be detected and was et@ld for longer periods of time when feces were maintained
under cold conditions. High relative humidity also had a negative effect on virus
isolation at 4.5;C. Use of quantitative reverse transcriptase PCR to detect Al virus in
fecal samples is as a vable tool in limiting the labor involved in surveying wild ducks
for Al virus.

Few prior studies have examined virus sheddwey the coursef short interval,
sequential infections of ducks with LPAI viruses, as likely occurs in natural settings such
asbreeding grounds. We characterized such infections by sequeotalation of
ducks withhomosubtypic versuseterosubtypievith HSN2 and H3N&.PAI viruses.

We found that prior infection with either virus reduced the duration of viral shedding
duringa subsequent infection initiated 14 or 28 days later. Further, shedding was
significantly shorter when the secondary infection occurred 28 days following the initial
infection compared to 14 days. No differenceate ofshedding for the secondary

infection were noted based on the viral subtype causing the initial infection, suggesting
induction of some degree of heterosubtypic immunity.reép®rted fronprevious

studies, some ducks shed virus but did not develop detectable antibody titers. There was
no evidence of subtype cressactivity by antibodies as demonstrated by

hemagglutination inhibition testing. The antibody response to a heterosubtypic virus was
not improved by a prior infection while a second infection with the same virus was
capable oboosting the antibody response to that virus. This information should be

useful in parameterizing models examining the ecology of avian influenza infection.



Another factor of significance imderstanding transmission of Al virgsamong
wild ducks is tle influence of passive immunity. A third study was performed to evaluate
the magnitude of passive transfer of antiuenza virus antibodies in mallard ducks and
to determine their rate of decay in ducklings. Since not all ducks develop antibodies
following natural infection with Al virus and the antibody titers are typically low, a
vaccine was used to induce consistent seroconversion, JHoomonthold mallard hens
were inoculated with a recombind#® protein in adjuvant. Specifically, hens received a
single injection of 2Qug of hemagglutinin protein derived from A/Vietnam/1203/2004
emulsified inFreund's incomplete adjuvanBeginning two weeks pastccination, eggs
were collected daily. Yolk was harvested from eggs laahetveekintervals andhe
remainder of the eggs incubated for hatchingl.h@ns developed detectable antibody
titers with an averageg 2 hemagglutination inhibition titer (HI) of 6.4Maternalorigin
antibodies were detected in the yolk of eggs laid by all hens. Antiiiedypeaked in
yolks three weeks post vaccination for two hens and were still rising four weeks post
vaccination for the other two hens. The highest yolk HI antibody titer was 32. Serum
samples from the ducklings hatched from vaccinated hens weretedllgetween days 0
and 22 poshatch. The calculatadeanhalf-life of maternal antibody in ducklings was
2.3 days with a range of 1.6 to 4.0 days. The short duration of passive immunity in ducks
is similar to what has been reported for other specibgdd and suggests that maternal
antibodies may not play a major role in modulating protection against Alinfiection
in natural populations. The strong immune response elicited by the H5 protein suggested
that further evaluation should be performedlétermine the vialiy of this vaccine for

ducks
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CHAPTER |
LITERATURE REVIEW

INTRODUCTION

Influenza A viruses are an importahseasecausingagent in humans, several
species of mammals and birds worldwidéruses that havendergone gadual antigenic
changess a result ofienetic drift cause seasonal human influesmdemics Sporadic
pandemic strains arise from genetic shifts due to reassorttof different influenza
viruses, whiclcanyield viruses that inducgignificant morbidity and mortality. Recent
researclstimulated by theéhreatposedoy highly pathogenic avian influenza (HPAI)
H5N1virus hassuggested that pandemic strains may also result from avian influenza (Al)
viruses adapting directly to humans. Gemnetc unpredictability of influenzairuses
requiresthatvaccines against seasonal influenza viruses be manufactured each year based
on predictions of which will be the predominant circulating strafdditionally
vaccinedo protect against futurgandemicvirusesare difficult to producéecause of the
random nature in which the&re generatedTo better prepare for pandemic influenza
viruses, it is essential Bnhance our understandingtbé potential reservoir for these
viruses. It is believed that @n influenza viruses serve as a genetic pool from which all
other influenza viruses have originated. Research is needed to determine how the wide
varieties of influenza viruses are maintained in wild bird populatidimss dissertation
examines the loreyity and the ability to detect Al viruses in malladhds
platyrhynchos) feces, the effects of a pervious Al virus infection on subsequent infections

in mallards and the transmission of materlahntibodiesin mallards.



HISTORY OF AVIAN INFLUENZA

The rame influenza comes from the Italian word influeftta influence, and
was originally used to describe epidemic diseases with unknown aflgin$he Italian
Perroncitg recorded the initial description ohickens infected witHPAI in 1878using
the term fowl plagu€2). Al was demonstrated to be caused by a filterable agent by
Centanni and Savunozzi in 19(B). Human influenzairus was first demonstrated to be
a filterable agent in 1933 by Wilson Smith et(d), whowas also the first person to
grow thedisease agent for Al in the 1§6). Schafefinally determinedhat theetiologic
agent of fowl plague was an influenza A viinsl955(6). During the 1960s, low
pathogeniavian influenza (LPAI) and moderately pathogenic aindlnenzaviruses
were first describe¢2). Numerous names have been used to describe Al including: fowl
pest, peste aviarie, Gaflelpestyyphus exudatious gallinarium, Brunswick bird plague,
Brunswick disease, fowl disease and fowl/bird griff)e At The First International
Symposium on Alan Influenzan 1981 ,the term highly pathogenic avian influenza was
adopted as the official disease name instead of fow! pi@jue

The initialisolation of an influenza virus from deceased wild birds was from an
epizootic of common terns#erna hirundo) during 1961 inSouth Africa(7). The
epizootic resulted in the death of over 1300 terns. The auttaais the earliest
suggestiorthat migratory birds might spread influea between domesticated poultry.
Further evidence of the involvement of wild birds in the ecology of influenza viruses was
the discoveryn 19700f antibodiedo the virus m wedgetailed shearwater®{finus
pacificus) and noddy ternsdgous minutus) in Australia(8). Viruses wereventually

isolated from healthy wild birds including a weelgded shearwater in Australia in 1971



and migrating California ducks in 197211). The connectioto human influenza and
waterfowl was suggeed in the 1970s when Robert Webster and Graeme Laver showed
similar antigenicity betweethe H3proteinof the 1968 Hong Konmfluenzaoutbreak
and that of a ducRl virus (1). Today HPAI is a listed disease by the World
Organization for Animal Health (Office International des Epizodl€HE) and a
reportable disease to the United States Department of Agriculture (USDA)
Ecology of Avian Influenza

The wildlife reservoirs foAl viruses includevaterfowl @nseriformes) and
shorebirds Charadriiformes andLaridae) (12, 13) Except for the recently described
H17 influenza subtype tond only in bats,la16 hemagglutininl) and 9neuraminidase
(N) subtypes have been isolated ouvdll birds and in almost all combinatio(i4, 15)
Across multiple surveys in Northmerica Al viruses arenog frequently isolated from
mallards @nas platyrhynchos) (14). Therefore, the studies presentedetfecuson
infections of Mallard ducksPoultryarenot consideredeservoirs ér influenza viruss
but are infected when the virus is transmiti@them fromwild birds (16). Recently it
was suggested that passerines may play a rdhe passage of influenza virus to
domestic birds, but a prevalenaiAl virus of only 0.89% was deteet in 4,341 samples
(17). The avirulent infections caused by Al in waterfowl and shorebirds, which indicates
a balanced host virus relationship, lends supports to these animals being a reestvoir
(12). Additionally, the evolutinary rate ofAl viruses in ducks is slow, while when
introducednto poultry, the rate is highThis islikely attributableto adapationto its new

host similar to what is seen in mammailsch ashumans and swin@d8, 19) The genes



of Al viruses found irducks are conserved, whilee genes of influenza viruses isolated
from humars showconsiderablantigenic drift(20).

While humans and other mammals transmit and are infected by influengzas
via a respiratory route, birds can béected by influenzairusesby the fecaloral route
in addition torespiratory transmissigi21). The fecaloral route of transmission for wild
birds was first suggested in 197&). LPAI influenza viruses replicate in the intestinal
mucosa of duck@&3-26) resultingin the shedding of LPAI viruses in large quantities in
the feceg25). Transmission occaretween wild birds via the fecakal route, most
likely from contaminated watéR5, 27, 28) LPAI viruses remain infective and can be
detected in feces from the environment as well as under laboratory cométitiaup to
30 days at 4i(25, 27) Previous worlonthe influence of environmental temperature on
viability has beemeportedonly for an H7 avian influenza virus, but without examining
theeffect ofrelative hundity (25).

Al viruses aremost frequently detected during the southern migration of
waterfowl and the arthern migration of shorebird29). The percentage of birds where
Al viruses arasoldaed is highest itbreedinggrounds when juvenile birds gather prior to
migration(14). The frequency with which Aliruses arasolated decreases as birds
progress south during griation. A study in Louisiana has shown tAavirusescan be
isolated in wintering waterfowl, but at a very low prevalence (1986 + 198Bd\)

(30). The most frequently isolated subtypes are H3, H4 and #)6 Viruses of the H5
and H7 subtype, whichave potential to become highly pathogenic to poultry, are

recovered at a significantly lower rate, ranging from 0.25% to 2% of is¢ladgsThere



is a periodicity to the isolatn of different subtypes from ducks, possibstyirroring
turnover in previously exposed individuals of the populatik9).

It was originally believed that ducks and shorebirds had separate lineages of
influenza viruses, bunore recentesearch has shown the viruses from these groups of
birds are relate(B1-34). A survey of viruses infecting wild birds did not note stable
constellations of gend85). In generalit is believed that lineages of avian influenza
viruses are geographically restric{@3, 34, 3647). This includes the hemagglutinin
gene for LPAI H5 and H7 viruses in North America and the HPAI H5N1 virus in Asia
(48, 49) The exchange of genetic matebatweerthe Eurasian and North American
lineages of avian influenza infrequent, but haseen previously document€gR, 33, 35,
40, 47, 5653). The movement of a complete virus genome between Eurasia and North
America ha not been documentédi7).

Waterfowl are able to asymptomatically cari? Al HSN1 virus infectiors under
non-migratory conditions in the wild and in the laborat{®4-56). Migrating birds stay
as close to wintering grounds as open water permits in order to conserve energy. As a
result, aitbreaks oHPAI H5N1 virusin wild birdsis associated with temperatures
approximate to @ (57). TheHPAI H5NL1 virus is now endemic in poultry in Southeast
Asia, representing a constant source for possible transmission to migratory waterfowl
(56, 58) A study in Thailand showed a@hg association between HPAI H5N1
outbreaks in chickens and the presence ofdraging domestic duck$9). This
suggests that the fregazing ducks may be a reservoir iPAl H5SN1 or may allow the
passage ahe virusbetween wild ducks and chickens. Lesigtance migrants have

been shown to have a higher prevalence of infection by LPAI viruses most likely due to



an increase in exposure to susceptible individuals duriggation allowing for the
perpetuation of the infection throughout a populaf@® 61) The presence of a
constant source of exposure for migrating waterfowl and the knowofralaterfowl in
the spread of LPAViruses indicates that there is a possibility that wild birds will spread
HPAI viruses. Regardless of the current biology of HPAI H5N1, there is a constant risk
for the adaptation of the virus making it more likely to spread to migratory birds. The
lack of certainty about the risk of spread of HPAI H5N1 in migratory waterfowl and the
known ability of these birds to asymptomatically carry the virus makes it prudent to
monitor these species for early detection of the virus in new regions.
Seasonal Human Influenza

Seasonal epidemics in humans occur due to influenza A and B viruses that
circulate during the winter months @mperate climate zoné82). In tropical areas
these virusesasualy occurwithout seasonalitybut n some regionthey occumprimarily
during rainy period$¢62). Seasonal influenza epidemics are the result of antigenic drift,
point mutations in viraRNA resulting in amino acid changes in hemagglutinin (HA) and
neuraminidase (NA) surface glycoprote{68). The change in the structsref the HA
and NAproteins causealtered antigenicity of the viriend he immune system selects
for viruses that have undergone antigenic drift because the surface glycoproteins are the
precbminant target for antibody producti@®). This change in immunogenicity allows
for seasonal epidemic viruses to circulate in the population even though people have been
previously exposed to the same subt{{®e.

Seasonatpidemic strainsf influenza virusare the descendardsthe most

recent pandemic stra{d2). The strain responsible for each new pandemic usually



causes the current circulating seasonal influenza strain to be dis@agedhe
exception ighe 1977 H1N1 pandemic virus, which continued taicoulate withthe
H3N2 virus derived from the 1968 pander(ii?). Seasonal influenza epidemics result in
over 30,000 deaths a year in the United St@8&s The majority of fatalities are people
older than 65 years of ag@&2). Young children are also at significant risk for more
severe illnes$62). In comparison, the pandemic viruses of 1957 and 1968 resulted
hundreds of thousands of deaths worldwig).
Pandemics

Only a imited set of viral subtypes havesulted in pandemic strains of influenza
viruses including HA subtypes H1, H2, H3 and NA subtypes N1 and 8)2 The origin
of these pandemic viruses has been postlitatbe a result of recombination of gene
segments, genetic shift, or direct adaptation oklawirus. In the previous century,
pandemics included H1IN1 1918 (Spanish flu), H2N2 1957 (Asian flu), H3N2 1968
(Hong Kong flu) and H1N1 1977 (Russian f{%). The 1977 H1N1 virus was
genetically similar to HIN1 isolates from the 19%@d it has been postulated that it was
a release from a laboratoffy, 66) The mat recent influenza pandemic in 2009 resulted
from an H1N1 virus with genetic segments from an Asian swine virus (NA and M), a
classic swine virus (HA, NP and NS), a swine triple reassortant virus of avian origin
(PB2 and PA) and a swine triple reassortants of human origin (PB167).

The 1918 Spanishulis believed to have infected otierd of theworldOs
population at that time (500 million peopl@&B). The mortality rate was 2.5% resulting
in 50 million deaths, which is exceptionally higher than the estimated 0.1% death rate for

the 1957, 1968 and 1977 panden{8, 69) The Spanish flu pandemic was wmegn



that it resulted in three waves of illness from 1918 to 1919 with each wave being more
severg68). Another difference from the 1957 and 1968 pandemasthathealthy
young adults wereverrepresented in the number of deaths from the 1918 Spanish flu
(68). Paraffinsamples of lung recovered from an Inuit woman buried in the Alaskan
permafrost in 1918 allowe@construction othe 1918virus (70), which showed high
virulence including a lack o need fotrypsin to grow in cell culturé/1). Genetic
analysis of the genes of th8118 pandemic strain suggest that the virus was directly
transmitted from birds to humans or was only recently introduced to mammals before the
pandemid72). Supporting the close relationship of the 1918 H1N1 virus to avian strains
is that an isolate A/New York/1/18 preferentially bound avian receft8)s The crystal
structure of the HA of th#918 influenza virus closely resembles thosAlotiruses(74,
75). Additionally, only a single amino acid change was required to change the specificity
from the human preferred virus to avian preferred recefi8)s Phylogenetic analysis
of PB1, PB2 and PA suggests the 1918 virus originated from an aviar{A8jus

The H2N2 virus that emerged in 1957 resulted from a recombination event with
the circulating H1N1 virus gaining three new gend81(FHA and NA)(77). Isolates of
H2N2 virus have shown that the NA has adapted to cleaving human receptors over time
(78, 79) The H3N2 virus that emerged in 1968 resulted in a recombination event with
the circulating H2N2 virusind gainedH3 and PB1 gendg37). The H3 gene was similar
to one isolated from ducks suggesting an avian origin fosdgmen{77). Early
isolates of H3N2 replicated in ciliated human airway epithelial éeltgro similarly to
avian viruses, while later isolates replicated in both ciliated andtiiated human

airway epithelial cell§¢80). This furthers the assem the HA genesegment originated



from a reassortent with an avian virus. Genetic analysis of the PB1 gene from the 1957
and 1968 pandensendicated this gene had an avian ori@a). During the pandemic

years of 1918, 1957 and 1968 the majority of deaths were in people less than 65 years of
age, while the percentage of deaths this agepgcomprised in following years

dramatically decreas¢82).

A key question has bedrom where do pandemic influenza viruses arise? Pigs
havereceptors for bothuman and aviamfluenza viruse®n their tracheal epithelial
cells(83). After entering the swine population, avian HA have been shown to increase
their binding to human recepto(83). Since pigs are permissive to infection with both
avian and human influenza virus strains it has been postulated that they serve as a mixing
vessel during canfection allowing for the generation of new viruses through ene
shift (19, 84) This idea that pigs could serve as a mixing vessel for human and avian
influenza viruses was initially proposed 8gholtissek et al. 19885).

Experimentally, reassortant viruses have been generatedibiectng pigs with
avian and human influenza virug@86). Currently there are naimanavian reassortant
virus isolates from pigs that are direct precursor to viruses that have caused a human
pandemiq87). Therefore, it cannot be determined that swine served as a mixing vessel
for viruses that caused either the 1957 or 1968 pandemics. Phylogerdsitcevinas
suggested that avian and human viruses hawasserted and circulated among pi&g,

89). There have even been swine, human and avian triple reassortant viruses isolated
from pigs(90, 91) Previously to the most recent HIN1 pandemic, triple reassortant

swine, human andl viruses have been identified in human infecti(@®. A child in



Italy was infected by an avidmuman reassortant virus from pigadthere is serologic
evidence for such eveni89, 93)

Until recently, new pandemic and seasonal strains of influenza virus were thought
to originate in Chin#62). It had been proposed that Southern China is an epicenter for
the introduction of new influenza viruses into the human population because of the high
population density and close interactions betwe@plgeand farm animal®4).

Additionally, chickens, ducks and pigs interminglehe Chinese agricultural system

(94). The presence ¢iie HPAI H5N1virusin Southeast Asia increased thexcern that

it could become a pandemic strain by adapting directly to humansassoeting with

other viruses. There has been a paradigm shift when the initial human infections with the
2009 H1N1 pandemic virus occurred in Mexico, indicating that naulam influenza

viruses could arise in places outside of Southeast(8%)a

Human Infection with Avian Influenza Viruses

The first reported isolation of &kl virus from a human was a patient with
hepatitis inN199 (95, 96) The virus was of H7N1 subtype and wasiniially
suspected of causing his illness. A laboratory worké&®ir6developed
keratoconjunctivitis after accidentally exposing her eye to allantoic fanthing a
chickenderived H7N7 virug97). In198Q a marine biologist performing a necropsy on
aninfluenzavirus-infectedharbor sealKhoca vitulina) developed conjunctivitis fronna
H7N7 virus of aviarorigin (98, 99) Human volunteers in 8990study were
experimentally infected with avian H4N8, H6N1 and H10N7 viruses resulting in mild
respiratory illnes$100). Although the test subjects shadus, not all of them

seroconverted, which suggests infection with Al viruses may be more common than has
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been documented. In 1996, laish woman with conjunctivitis, who had contact with
waterfowl, was shown to be infected with an Al H7N7 vifi@1, 102) An avian HON2
virus was isolated out of 2 children with influenza like illness (gastestinal illness

and respiratory illness) in Hong Kongif99(103, 104) Antibodies againdhe HON2
virus werefound in the serum of blood donors in Hong Kong suggesting the exposure to
this virus was more than the two children showing ill{@88). The internal genes of
the HIN2 virus are closely related to HPAI H5Mdus thathasinfected peopl€105).
Genetic anlgsis indicated that the HON2 virus was solely of avian or{$05). An

HON2 virus isolated from viruses circulatimg poultry sampled from a Hong Kong live
bird market in the late 90s hagecificity to the hunrarecepto(106). During the2003
HPAI H7N7 virus outbreak in poultry in the Netherlands, 89 people were confirmed to
have been infectefhy virus isolationincluding three individuals exposed by contact to
infected poultry worker§l07). The symptoms rangetbin conjunctivitis to influenza

like iliness including one fatalitf108). Thetotalnumber of infected peopis believed

to begreater than those from wimovirus was isolatedSerology indicated th&9% of

508 exposed poultry workers and 64% of 63 contact individuals were positive for H7
antibodies by hemagglutinationhibition testing(109). Some estimates went as far as
saying 1000 people had beefected(110) In2003 a man in New York City was
infected with an H7N2 virus of unknown origins resultingespiratory illnes$111)
Additionally, a child wth flu-like symptoms ir2003in Hong Kong was infected with a
HINZ2 virus of unknown origins, but was similar to those found circulating in live poultry

markets(111, 112) Two human patients bame infected with a HPAI H7N3 avian
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influenza virus from an outbreak in chickens in British Columb20®4(113-115) The
symptoms included cqunctivitis and Omild influenziike illness.O

Further evidence dhe risk to humans from infection with avian influenza viruses
has been demonstrated by serologic and ferret model studied 985 study,
neuraminidase inhibitioassays found ser@ evidence of infection with Al viral
subtypes N4, N5, N6, N7 and N®residents of Milan, Italy116) Analysis of serum
collected from19921993found neuraminidase inhibitory antibodies to N4 in Chinese
people with contact to duck$17). A serological survey of poultry workers in Italy
found seven workers with serologic evidence of infection with H7N3 during a time
period of sporadic LPAI and HPAI H7N&8rus outbreaks irtaly (19992003 (118) A
1999 study in China found that 19% of people tested had antibodia$i@N2 Al virus
(119) HIis ot as sensitivéor detecting antigen towards avian influenza \esia
human patients as combining microneutralization assays with Westerarlihi SA
and Western blaf120). Therefore, evidence of other preus exposures may have been
missed. Ferrets (a model for human infection) have been successfully infected by LPAI
H6, LPAI H7 and HPAI H7 influenza virus€$21-123). Additionally, a mallard H7N3
virus could infetand be transmitted bve¢en ferrets without adaptati¢h24).
Highly Pathogenic HSN1 Avian Influenza Virus

A fatally ill 3-year old boy was the firsecordechumancase of HPAI H5N1,
which occurred in Hong Kong&R, China in May 1997125). Genetic analysis showed
this virus was fully of wian origin(126, 127) The 1997 HPAI H5N1 virusolated from
humangetained its pathogenicity for chicke(i®28). The origin of this virus is

unknown, but the internal genes for the HPAI H5N1 virus are postulated to have
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either come from a co-circulating HON2 or H6N1 virus in poultry (105, 129-131).
Between May and December 197, 17 more people were confirmed infected with
HPAI H5N1 resulting in five death(d32, 133) This outbreak was curtailed by mass
culling of poultry in Hong Kond134). All humancases were believed to be due to
direct contact with poultry without humdo-human transmission, althgh therewas
serologic evidence of exposure in contact individ(®EB5137) The HPAI H5N1 virus
retained itd 2,3SA receptor preference, which nfaveprevented transmission between
humang138) Most of these cases involved healthy individuals without underlying
diseas€132) Disease was characterized by viral pneumonia sometimes followed by
acute respiratory distress, fever dyxthphopenig132). Some patients also had
conjunctivitis, gastrantestinal disease, liver disease and kidney faili82, 139)
Individuals who died had multiple orgaailire (132) HPAI H5N1virusesfrom the
same lineage continued to circulate in southern China from 1997 tq24B242). The
viruses were initially classified into fivgenotypes (AE) in 2001, but by 2002 eight
different genotypes were exclusively detected (V, W, X1, X2, X3, Y, Z ah(121,
143)

Additional epizootic outbreaks of HPAI H5N1 occurred in several Southeast
Asian cauntries in poultry in 2002004(143, 144) The index reemergence case in
humans was a family in Hong Korig45). Additional human cases occurred in
Southeast Asia in 2063004(146, 147) Unlike the initial outbreak of HPAI HSN1
where the virus wamainly restricted to the respiratory tract, cases of infections
following 2003 resulted in virus disseminating to organs outside the respisgsigm

(148, 149) Human infections following 2003 primarily mirrored those of the earlier
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1997 outbreak being characterized by viral pneumonia with complications including
acute respiratory distress and multiple organ faid®, 146) Thereis little evidence of
humanto-human transmission except for a few cases where there is circumstantial
eviderce such as lack of contactiofected individualgo poultry(146, 150) Some
HPAI H5N1 isolates from humans have adapted to bind both human and avian receptors
(151).

In 2002, a strain emerged that was highly pathogenic to waterfowl resulting in the
deaths of numeres wild birds in Penfld and Kowloon Parkin HongKong (152, 153)
It was recognized thahe HPAI H5N1 virus had become established in wild birds from
an outbreak that resulted in the deaths of a large number-béaded geesdfser
indicus), brownheaded gullslarus brunnicephalus), great blackheaded gullsi(arus
ichthyaetus) and great cormorant®falacrocorax carbo) in April 2005 at Quinghai
Lake, Ching154156) The same virus was isolated later that year anlyblia and
Russia(156) TheHPAI H5N1virus has since spread from Asia to the Middle East,
Europe, and Africa potentially by migrating waterfda#, 56, 60, 80, 15166). Other
means icluding the transport ofqultry may have been responsiliée the spread ahe
HPAI H5N1 virus (167-171)

THE VIRUS

Classification

Influenza A viruses belong to the famiythomyxoviridae, which has not been
assigned an order. Viruses in the familythomyxoviridae have a genome consisting of
6-8 single stranded negative sense RNA segments. The virions are enveloped and either

spherical or filamentousOrthomyxoviridae contains 6 genera includindifluenzavirus
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A, Influenzavirus B, Influenzavirus C, Isavirus, Thogotovirus and a recently describédt
unnamed genera of virusgis’2). The genudiogotovirus is comprised of tickoorn
viruses whilelsavirus virus causesrifectious salmon anemia.

Influenza A, B and C viruses are differentiated by the antigenicity of thentllP a
M1 proteins(66). Influenza A viruses are further divided by the antigenicity of tH&r
(H1-17) and NA (N19) glycoproteing15, 66) The genome of influenza A and B
viruses consists of 8 negative stranded segments, while inflGehaa 7 segmen(&73).

All three types can infect humans, with infections by type A generally being most severe
and type C being the least. Seasonal epidemics are caused yflbetiza A and B
viruses(174). Unlike influenza A viruses, influenza B and C viruses do not have an
animal reservoir and circulate exclusively in people with sporadic isolation in other
mammalq174). As a result, only influenza A viruses cause pandemics due to the
introduction of novel genes or whole \@es into the virus population that is circulating
among humans. Influenza A viruses are the only viruses in the@tderyxoviridae

that naturally cause infection in bir¢ls75).

Influenza viruses are also identified by the host species which they infect.
Influenza A viruses are known to infect a wide variety of birds, humans, swine, horses,
sporadically sea mammals and recerdiymestic dogq12, 176, 177) In 2004 an H3N8
influenza virus believed to have originated from an equine virus began circulating in dogs
(177). Phylogeneticallypbased on the nonstructural (NS) gene, virus isolates can be
grouped into humaswine, American aviaequine, equine aviaswine, gull group and a

group with one equine isolaf&78).
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Genome

The InfluenzaA virus genome consists of eight negative strand RNA segments
ranging in size fron890-2341nucleotides coding for 10 to 12 prote(ig9-181) The
segments are ordered based on size and code for the following pre¢gimentl: PB1
and sometimes PBE2 and/or N40; segment 2: PB2; segment 3: PA; segment 4: HA;
segment 5: NP; segment 6: NA; sesgih7: M1 and M2and segment 8 NS1 and NS2
(179-181) Transcription of M2 and NS2 require splicing of the viral mR42&). The
complimentary 30 and 50 asfd=ach stranfbrm base pairs resulting in a panhandle
shaped structur@d 82, 183) There is conservation of the 12 terminal nucleotides at the
30 end and the 13 nucleotides at the 50 end, which are complimentrptiveed&4-
186). These conserved terminal residues at both the 30and 50 ends serve as a promoter
and there is binding site foRNA-polymerase at residues 9 to 12 on the 3Q1&7d
190). A stretch of uridine residues is presen2?P7basgs from the 30 end of each
segmen{184, 191)

The combination of a high rate of mutation due to misinsertion errors and a fast
rate of replication in RNA viruses allows for rapid evolution and antigenic(dég,
193) Misinsertion errors occur due to a lack of proof reading ability in the-RNA
dependent RNAbolymerase. The high mutation rate allows for plasticity in the genome
of RNA viruses permittingthese viruses tcdhange host speci€$92) The high
mutation rate also allosffor a quick increase in fitness in the new Ha92).
Additionally, the presence of these viruses in quasispecies allows for a dynamic pool of

viruses with differing geetic characteristics improving the virusO adaptatllfg)
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Structure

Influenza A viruses consist of spherical, pleomorphic or filamentous enveloped
particles containing 8 ribonucleoproteifi, 180, 181, 195)The virion ranges in size
from 80-:120nm(179). The envelope is derived from the host membrane with three viral
proteins embedded (HA, NA and M@)2). Underneath the envelope there is a protein
shell consisting of the structural protein MIB6-198). The genome is packaged as
eight separate viral ribonucleoprotein (VRNP) complexes consisting of the RNA
segments coated with NP and an attached fNljxmeras€56, 60, 161, 19202). This
VRNP is maintained in a circular supercoiled fd@@3) The attached RNAvolymerase
is a heterotrimer consistiraf PB1, PB2 and PA201, 204)
Polymerase Proteins: PB1, PB2 and PA

Thethree proteins of the viral RNpolymerasePB1, PB2 and PAare encoded
on separate gene segme(it8). The polymerase proteins are named as such because
PB1 and B2 are basic proteins with PBkinglarger(179). PA is the only acid protein
of the polymerase complex. The viral RNA polymerase transcribes thenasskenger
RNA (mRNA), complimentary RNA¢RNA) and genomic viral RNAYRNA). The
viral RNA-polymerase is packaged into virions bound both to the 30 and 50 end of each
genomic VRNA segmerfil61l, 205) PB1 initiates the process of transcription of RNA
segmeats(206). PB1 binds both the@and 30 end of the VRNA prior to initiating
transcription(207). PB1 isalsoresponsible for elongating the growing RNA chain by
addition of nucleotideg08, 209) PB2 is responsible for binding the cap of host RNA
(206, 208, 2115). Co-immunoprecipitation experimenshiowthat PB2 interacts with

NP and several host proteifsl6). Although initially attributed to PB1, the PA subunit
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has the endwclease activityesponsible for cleaving the &&p from cellular mMRNA
(214, 217, 218) PA plays a role in stabilizing the polymerase complex, cap binding
activity as well as binding of the polymerase complethéopromoter region of VRNAs
(219, 220) Mutations in PA affect packaging of gknomicvRNA gene segments into
the virion(221).
Hemagglutinin

HA is a glycoprotein embedded in the viral envel{i®). It forms a homotrimer
and is a major determinant of antigenidqity). HA concentrates in lipid rafts on the
virion to allowfor improvel viral fusion with the cell compared to a difeudistribution
(222). HA is cleaved by host trypsiike proteases into HAand HA connected by a
disulfide bond12,223) HA; forms a globular head and there is a stalfisisting of
HA, and a small portion of HA(12, 223) Cleavage of HA is a required step allowing
the viralmembrane to fuse with the host cell membrane. In fact, the cleavability of HA is
a critical componerdeterminingthe pathogenicity of Al virusg224) HA; binds to the
viral receptor, sialic acid residues on host glycoproteins and glyco(#2@3 The virus
enters the cytoplasm through fusion of the viral and host membranes via a conformation
change of the HAdue to low pH in the endoson(223, 225, 226)
Nucleoprotein

The influenza virus NP coats VRNA by binding the phosphate sugar backbone
of the VRNA and thus is not sequence spe¢if&2) NPformsahomaooligomerand has
a nuclear localization signé27, 228) NP has been shown to directly interact with PB1
and PB2proteinsof the RNA polymerase and it ideen suggested that this interaction

results in switching the polymerase from transcription to replicd#iaf) The NP
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interaction with the viral RNA ggmerase to allowor unprimed initiation of RNA
transcription to form cRNA angenomicvRNA (230). Besides binding to PB1 and PB2
NP has been shown to bind M1 and several host prd@®is
Neuraminidase

NA is an integral membrane protein that cleaves sialic acid latkitosidic
linkage to adjacent sugar resid282). Besides HA, NA is the other major antigenic
molecule located on the surface of the influenza vifid). NA is ahomdetramer with
an enzymatic head and a stalk, which inserts within the viral env@8ge NA is
thought to cleave sialic acid in mucins allowing the virus to penetrate through mucus
secretions to reach target c€R82). Additionally, NA is thought to cleave sialic acids
on infected cells to prevent aggregation of virus and allowifal releasg189, 233,
234). The sialic acid specificity of NA generally matches thiathe HA(78, 79) The
tail of the NA is involved in the morphology offluenza viruses, with mutations in NA
containing no tails resultinig a higher percentage of viruses in the filamentous shape
(235). The NA nhibitorsoseltamivir(Tamiflu”) and zanamivir (Relenza”) bind NA
preventing the release of the virus from the host(286).
Matrix 1 Protein

M1 is the most abundant protein in the virion and is the primary protein
responsible for virus particle formatiamd budding237, 238) M1 is encoded by
segment 7 of the influenza genome, which also encodes the M2 gidtgiM1 is
transcribed from unspliced viral mMRNAZ2). It is found in an ordered helix shell
underneath the viral envelope surroundinguR&IPs(196-198) M1 creates the

structure of the virion by forming a shell beneath the membrane by oligomeri@ign
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239) It is associated with vVRNPs through bindiadpbth RNA and NR56, 60, 240
242) Interactions between M1 and the cytoplasmic tails of NA and HA contribute to the
formation of virus particles at the cell membr#®@8, 243245) M1 associatewith the
membrane of the virus particle through interactions with the cytoskeleton and/or
electrostatic interaction@41, 246, 247)

Besides a structural roll, M1 is important during viegglication. Once the virion
is in the host cell endosome, M1 disassociates from VRNPs and undergoes a structural
transformatiordue to a decrease pH caused by protons entering the virion through M2
(160, 163, 197) This allows the VRNPs to leave the virion and enter the nucleus. M1 is
bound by NS2 resulting in a VRN®S2-M1 complex that is exported from the nucleus of
infected cellg248, 249) The M1 protein promotdbe export of vVRNPs from the
nucleus to the cytosol artlde prevention of their r@ntry into the nucleu€l60) M1
binds viral RNA preventing the initiation of transcription thus serving as a possible
means for switching between viral replication and asse(@5l§)). More recently it has
also been described that M1 is capable of blocking the classical complement pathway
bothin vitro andin vivo (251).
Matrix 2 Protein

M2 is a transmembrane protein embedded in the virion envelope and is coded
from the same segment as Mhbaring only 8 Nerminal residuegl2, 252, 253) The
M2 protein is transcribed from spliced viral mMRNA from segment 7 of the influenza virus
genomg(12). M2 is a homotetramer held together by disulfide b¢@84, 255) M2
forms an ion channel that allows protons to flow intowin®n when in the endosome

during viral entry to the ce(R56, 257) The protons acidify the inside of the virion
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causing a conformational changeMi allowing for the release of VRNPSs into the
cytoplasm(160, 258) M2 is the target of the antiviral drugs amantadine and

rimantadine, which block the acidification of the virion and subsequent release of VRNPs.
Nonstructural Protein 1

NS1 is important irsuppressinghe host antiviral response. Segment 8 of the
influenza virus genome encodes for both NS1 and (432 NS1 has been shown to
inhibit cytokine response to infection in cell cult2®9, 260) NS1 prevents the
interferon response of thest as demonstrated by the abibfyiruses with deletion
mutations of the NSgiene capable of replicating in STAT1 deficient mice, but not in
wild-typemice(261) NS1 binds to double stranded RNA preventiciivation of the
dsRNA-dependent protein kinase (PKR), which results in an interferon res{ifitse
265) Additionally, NS1 directly inhibits the activities of PKR by binding to the protein
(266). Deletion mutants of NS1 in a swine influenza virus demonstrated that NS1 was
responsible for preventingroductionof IFN-! /* (267) NS1 inhibits the activation of
NF-#$, which prevents thproduction of IFN! /" (268).

In addition to inhibiting the host antiviral response, NS1 modulates host cell
physiology and viral RNA synthesis. NS1 inhibits polyadenylation of host mRNA by
binding to cleavage andlyadenylation specificity factpas well as poly(Apinding
protein 11(269-272). This has the added benefit of pretneg the production of IFN
MRNA; thus further limiting the cellular interferon respo(®eé2). The host machinery
is not reeded for providing a poly(A) tail on viral mMRNA because the viral polymerase
makes the poly (A) tail by copying a repeated uridine t(@Zk). Binding of NS1 to

cellular mRNA also prevents already patienylated cellular RNA from being exported
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from the nucleu$270). By binding thespliceosomeNS1 prevents the splicing of
cellular premRNA (274276). NS1 simulates the translation of viral proteins by
recruiting eukaryotic translation initiation factor 4Gl to viral mMRR2X7-279).
Additionally, NS1 has been shown to be involvedhia induction of apoptosis in
infected cellg280).
Nonstructural protein 2/Nuclear Export Protein

NS2 was renamed nuclear export protein (NEP) when its presence was
demonstrated in the viriof248, 281, 282) NEP & translated from an mRNA derived
from the eighth segent of the genome from spliciraf the NS1 gne(283).
Accumulation of NERriggers the switch from producing mRNA products to transcribing
genomicvRNA (284) NEP has a nuclear export &® and has been shown to play a
role in the export of VRNP&82)
Recently Described Proteins PB1-F2 and N40

PB1-F2 is a protein expressed from a +1 open readingeffanm the PB1 gene
and was first described in 2001180). PB1 has been found to localize to the
mitochondria, buts alsofound in thecytoplasm and nucleus host cell§180, 285288).
PB1-F2 contributes to the pathogenesis of some influenza viruses in the mouse model as
well as HPAI H5N1 in mallard duck289-293). It has been suggested that the inclusion
of avian origin PB1 ges in the H2N2 outbreak of 1957 and the H3N2 outbreak of 1968
contributed to the virulence of these viruses in the human popu(&8ipa80) Although
the complete mechanism has not been elucidatedf2Btomots apoptosis by altering
mitochondrial function and permeabalizing the mitochondrial membrane possibly by pore

formation(285, 286, 29496). It has beersuggested that this apoptotic effect, including
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thetargetingof monocytesis important in increased pathogeng4i80). Later research
has shown this effect of PEA2 to be strain dependgi288, 291) Increased virulence
has beeiffurther suggested to be due to immunopathology due to increased expression of
cytokines and recruitment of immune catighe lungg290-292). It has also been
shown that PBF2 canbind PB1 and increase viral RNdependent RNAdolymerase
activity in a tissue and strain dependent maii@@8, 293, 297, 298)Intact sequence for
PB1-F2 has been found in a high prevalence of avian influenza viruses, 96% of 861
isolates examied (287). N40 wadirst described in 2009 as a protein translated from a
separate AUG at PB1 gene segment codofi180) Little is currently known about
N40. It appears to have a roll in replication in some isolatest isutot necessary for
viral replication nor is it expressed by all viruses
Influenza Virus Receptors

Al viruses preferentially bind tb2,3SAgal while human influenza virus isolates
preferentidly bind to! 2,6SAgal (58, 61, 168, 171, 29802) The difference in the
receptors is due tine linkage of the sialic acid to the penultimate sugar of glycolipids or
glycoprotein to the third or the sixth carbon ¥&,3SAgal or! 2,6SAgal respectively
(162). The presence 6f2,6SAgal linkages in mucin preveswiruses with this
specificity from binding to human airway epithelial cells by binding free (B0S8).
Additionally, neuraminidase from avian isolates primarily recognize and cleave avian
receptors, while human and swine isolates primarily recognized Ro88A-gal and
I 2,6SAgal receptor$79).

The small and large intestinal epithelial caliglomestic ducks and turkeliave

I 2,3SAgal linkagedutna ! 2,6 SAgal linkageg83, 164, 304, 305)Supporting the
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lack of! 2,6SAgal receptors, experiments with human influenza viruses have not

resulted in infection of duck intestinal epithelial c€884). In contrast, chicken and

guail small and large intestinal epithelial cells have b&3SAgal linkages andl 2,6

SA-gal linkageq164, 306) Both! 2,3SAqgal and 2,6SAgal linkages are prest on

the epithelial cells of the trachea of chickens, domestic ducks, turkey an@léd4ail

307) The presence affluenza virugeceptors has not been demonstrated in the lungs of

chickens, ducks or turkeydffaough lung tissue has been demonstrated to be infected by

Al viruses(164, 308310). The tubular epithelial cells of the kidney and mucosal

epithelial cells of the esophagus in chickens, ducks and turkeys have2h@SA-gal

linkages and 2,6 SAgal linkageg164). The epithelial cells lining the oviduct of

chickens, duckand turkeys have only2,3SAgal linkageq164). Receptors have not

been detected in the brain, breast musalesdy spleen or cecal tonsils of bifd§4).

This in contrast to studies showing the presence of viral antigerain, skeletal muscle,

spleen and burg®4, 153, 308, 310, 311)The presence of both receptors on some avian

cells suggests that human or avian viruses could reassort within birds. Additionally, the

HA of anavian virus could adapt to bindih@,6 SAgal linkages within their avian host.
There is a risk that humago-infected with influenza viruses of avian and human

origin may result in reassortment because numerdutypes have both receptors.

Ciliatedepithelial cells othe nasal mucosa, pharynxadhea, bronchi and bronchioles

have sialic acid residues of bdt,3SAgal and 2,6SAgal linkageq?28, 80, 157, 167,

303, 312, 313) The norciliated epithelial (gblet) cells have both linkages, Bl2,6SA

gallinkagespredominat€80, 157, 167, 303, 312)Cells with! 2,3SAgallinkagesoccur

sparsely in the upper respiratory tract, but are common in the lowenatespiract
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(157). Althoughboth linkages have been found to be present orciti@ied epithelial
cells, in studie®\l virus replicated solely in the ciliated epithelial c€¢86, 167.
Seasonal human influenza viruses infect both ciliated andaifiated airway epithelial
cells(80, 167) Within the lungs! 2,3SAgallinkagesare found on type Il pneumocytes
while! 2,6SAgallinkagesare found on both type | and type Il pneumocylés, 313)

Outside of thdhumanrespiratory system,2,3SAgal linkagesare found on the
neurons in the brain and intestiffecells of the spleemcular and lacrimal duct
epithelial cells as well as endothelial cells throughout the respiratory tract, brain,
placenta, liver, hearintestine andnterstitial and glomerular tissue of the kidri{&$7,
165, 314) Additionally,! 2,6SAgal linkagesare foundon Hofbauer cells of the
placenta, bile duct epithelial cells, Kupffer cells, hepatocylissal tubule epithelial cells
and B cells of the spledta57, 165) The distribution of 2,6SAgallinkageson
endothelial cells is similar to that bR,3SAgal linkageq157). Although! 2,6SAgal
linkages havenot been detected in the human intestieegtare conflicting reports ttsi
presencé€l57). It has been reported tHa2,3SAgallinkages are and aret present on
intestinal epithelial cells, although human intestinal mucosa has been reported to be
infected bythe HPAI H5N1 virus (157, 315, 316)
Replication

The initial step of infection involves attachmethe virion to the host cell
receptor through binding of the viral HA to host sialic acid res@8&7). For successful
viral replication there needs to be a balance between both HA and NA specificity and
activity (318320) Theinfluenza virus themndergoes receptanediatedendocytosis

into cells via coated endosomal vesidlgs7, 321) Proton pumps in the vesicle
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membrane acidifyhe endosome causing a conformational change i(228). This
conformatioml change results in HAusing the viral and endosomal membra®25,
226) Concurrently, vithin the acidified endosome, the M2 ion channel alloveggins
to flow into and acidifythe virion(12, 317) The M1 protein disassociates from the
VRNPs due to the decreased pH within the vi#0) Following membrane fusion and
disassociation of M1, VRNPs are released thexellOs cytoplas(817). Finally,
VRNPs are then actively transported into the nucleus through nuclea(l@8gs

It is within the nucleus that virahRNA and genomi@RNA is transcribed322)
The RNApolymerase is already attached to the vVRNAs when they enter the nucleus
(271) Viral RNA-dependent RNAPolymerase initially copies the VRNA into mRNA
(12). Without a primer, the viral genome is then copied into the uncapped intermediate
cRNA, which is used as a template to make new genomic VRNA. The vRNA is then
used to increasé¢ number of copies of MRNA and for packaging into new viridie
viral RNA-dependent RNAolymerase binds both the 50 and 30 terminal sequences of
VRNA, which activates the cap binding and endonuclease activity of the RNA
polymerasé190, 207323) It has been shown that binding of only the 50 end of the
VRNA is required for caygnatching324) Viral mRNA polymerization is primed with a
50 capf 10 to 13basedongthat arecleavedirom host RNAby the endonuclease
activity of the PA subunit of the viral RNpolymerasewhile thetemplate for genomic
RNA is synthesized without the cap and is not polyadeny(2tbt] 217, 218, 328328).
Approximately 1722 bases from th@@nd of the segment, a stretch ef dridine
residues are presefit84, 191 , 326) At this stetch of uridinebasesthe viral RNA

polymerase creates a poMytail on the mRNA tirough reiterative copyingThe creation
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of cRNA requires the transcript to be initiated without a pC&29). TheNP protein is
further needdto block the viral RNApolymerase from creating a pedytail and

creating a full transcrig829). Cellular enzymes are used to splice the mRNAs for M1
and M2 as well as NS1 and N&71) As the M1 protein accumates in the nucleus it
interacts withgenomicvRNA and inhibits transcriptio(250).

Host cellular machinery is used to translate viral proteins from viral mRNA in the
cytoplasm(204). HA, NA and M2 proteins are transported to the cell surface while PB2,
PB1, PA, NP, NS1, NS2 and M1 are actively transported to the nucleus of cells using a
nuclear localization signal through nuclear pore compléXes, 330, 331) The rewly
formed VRNPs are exported to the cellute@mbraneavith M1 and NSA317). The M1
and NS2 proteins promote the export of vVRNPs from the nucleus for viral asgé6Mly
332). The cytoplasmic tails of NA and HA haveemlundant function in interacting with
M1 in virus assembly and are required for proper virion shape and genomic packaging
(243, 333, 334) It is believed that the eight vVRNPs areorporatednto each virion by a
controlled process that requires specific coding signals within each se@3te643).
Influenza viruses assemble at and bud from areas of cellular membrane rich in lipid rafts
(344). The replication cycleventually results itysis or apoptosis of the host c€l17,

345, 346)
INFECTION
High Pathogenicity versus Low Pathogenicity

LPAI viruses caustcalized infections, while HPAS characterized as a

systemic disease causing high mortaliy347) Al viruses only of the H5 and H7

subtype have been documented to have the potential of becoming highly pathogenic to
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poultry (175, 348) A HPAI virusis defined atavingan intravenous pathogenicity
index> 1.2 or cages mortality in at least 6 of 8 experimentally inoculated chickens
(349). Additionally, it can be defined as having multiple basic amino atitheddA
cleawage site, where d€PAl viruseshave only on€350-352). The ability of HA to be
cleaved is a critical component of what determines the pathogenicity of Al id&Bs
The cleavability of the HA is also affected by glycosylation and thergfgo®sylation
affects the virulencg353). It has been shown through recombinant viruses that amino
acid residues outside of the cleavage site, as well as within the cleavagkagiterole
in the pathogenicity ahe HPAI HS5N1 virusfor chickeng354) Recent outbreaks of H5
and H7 HPAlviruseshave not adhered to the generalization of the association of basic
amino acids in the cleavage site and pathogen(i@8i$). LPAI viruses can become
pathogenic through genetic drift, as wasvehao have happened in 1994 with a LPAI
H5NZ2 virus inMexico (356). As a result, all H5 and H7 avian influenza outbreaks are
reportable to the OIE because of the unpredictable risk of the viruses changmghy a
pathogenic form

Surveys ofAl viruses noted that the cleavability of HA is a determinant of
pathogeruity in chickeng224) This las been experimentally demonstrated by the
production of viruses with varying degrees of HA cleavability from a known HPAI H5N9
virus via a reverse genetic technid@8&7). Viruses with a greater HA cleavability
resultedn increased pathogenicity in chickens. The HA of HPAI viruses can be cleaved
by ubiquitous endoproteases including furin and E358-360). This allows HPAI

viruses to form plaques in cell culture without theiidid of trypsin(350).
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LPAI viruses have restricted tissue tr&pi because the cleavage of the HA can
only be accomplished by trypslike proteases present in specific tiss(B&l). The HA
of LPAI viruses has been shown to be cleaved by plasmin in cell culture;didtdg
factor x-like protease in chick embryos and trypt&3darain rat bronchiolar epithelial
cells(362364) Commensal organisms have also been demonstrated to be involved with
cleavage oHA through proteases producedAwococcus viridans andStaphylococcus
aureus as well as the stimulation of plasmin productiorSbyptococci sp. and
Staphylococci sp. (365).
Virulence Factors

Experiments utilizingecombinant viruselsavedemonstrate that the HA, NP,
PB2 and M2 proteins artle NS gene are involved with virulence of the HPAI H5N1
virus in chickeng259, 366368). Additionally, a glycosylation site within the NA also
contributes to thpathogenicity oHPAI H5N1virusfor chickeng354) The increased
pathogenicity due tthe NS1 gene has been attributed to inhibiting the interferon
respons€259). Conversely, the increased pathogenicity due to the NP gene has been
attributed to an increase iBN-! , IFN-% Mx1 and INOS367). Similarly, HSN1 viruses
isolated out obwine were used to show by meanseserse genetics that NS1
contributes to virulence of influenza viruseschickeng369). Besides individual genes,
pathogenicity has been linked to certain constellations of genes. Pathogenicity of HPAI
virusesin chickens has been correlated to an appropriate combination of padgmera
geneq370) The polymerase proteins and NP hbgen shown to be an importdattor
in determining pathogenicity due to increased replication efficienéy 6f7/N7 viruses

in chick embryo4371). A study examining HPAI H5N1 virulence in ducks
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demonstrated that the PA gene was a determ(B&a). Reverse genetictudies
showed that changes in the polymerase PA and PBisgesulted in increase
pathogenicity for mallards ia2004 HPAI H5N1 virug373).

Studies have been performed in mice examining the virulence of both human and
avian origin influenza viruses resulting in some amconclusions to the responsible
genes.Fora mouse adapted strain of HLN1 it was shown that mutations in NA, PB1,
PB2, HA and NA had roles in virulen¢g74). In a nouse modelmutations in PA, PB1
and PB2 of a seasonal human H1NLsicontributed to virulence Bnhancing the
ability of the virus to replicat€375) Another study using a variant of the same strain of
H1N1 virus in mice indicated that virulence was due to tAe WA and polymerase
genes and it was attributed to the viruses ability to replicate faster than the innate antiviral
response could be form¢8l76). Studies with the 1918 pandemic H1Xfusin mice
indicated thathe PB1, NS1, HA and NA proteins are responsible for virulence when
recombinant viruses were made with a seasonal HIN1(@rrs379) NS1 and PBF2
have been demonstratedaontribute to increased replicatiand virulence of specific
isolates of the 2009 H1N1 pandemic virus in n{8®0). Neurovirulence has been
attributed to mutations in the NA, M, NS and HA genes through studies in mouse models
(381)

Similar to results seen in chickens, an increased ability to replicate due to
mutations in the polymerase genes PB1, PB2 and PA through adaptation of an HPAI
H7N7 virus to mice was associated with increased virulé382). Therefore, virulence
in a new host may be associated with adaptatial optimization of replication within

the host. Mutations in HA and PB2 have been shown to contribute to the virulence in
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mice of the HPAI H7N®irus from the outbreak in the Netherlands that resulted in
human deathg83). PA contributed to the pathogenicity of some mea@pted strains
of an LPAI H5N2virusin mice(384). Using reverse genetics to create chimeric viruses
of the HPAI H5NL1 virus of low and high pathogaty to mice were used to demonstrate
that virulence was polygenetic and influenced by the combined effects of mutations in the
HA, NA and PB2 genes in mi¢885) The virulence of HPAI H5N1 in mice was
associated with the increased cleavability of (189) A similar aproach demonstrated
minor amino acid differences of M1, PEAB2and NS1 can alter the pathogenicity of
HPAI H5N1 in mice(159, 386388). The increased pathogenicity due to NS1 was
associated with an enhanced apito antagonize IFN /" and inhibit the dsSRNA
activationof NF-#" and IRF3 (387).

Studies using other animal models have also been used to explore the genetic
basis for increased virulence of influenza straiBgchanging the polymerase genes of
the HPAI H5N1virus with that of a less virulent H5 virus resulted in attenuation of the
pathogenicity in ferrets and mice suggesting that the polymerase genes are important in
contributing to the virulence of influenz&uses(389) By examining mique residues in
PB2 and NS)roteins of arHPAI H5N1virus, ferret studies suggestduat these
proteins are involved in pathogenic{80). NS1 has been shown to be a virulence
factor in swine influenza viruses by inhibiting IBM" (267). In comparison, genetic
characterization of H7N7 and H5N1 HPAI viruses infecting humans ssgast
mutations inPB2 are important in the pathogenicity of avian influenza viruses in humans

(108, 147)
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Clinical Disease in Birds

Ducks infected with LPAI are asymptomatic and vireglicationis primarily
restricted to the epielium of the enteric tra¢R4-26, 392393). Ducks shed virus for
approximately 3 to 8 day894) It has been shown in wild mallard populations infected
with LPAI virusesthat the level of virusheddings inverselycorrelated with body mass,
suggsting natural infections affetlhe health of wild bird€394). The authors described
the lower weghts as being mild loss but the overall health effects are unknown.

Ducks infected with HPAI generally have either subclinical or mild symptoms
(395-398). Although the infection is considered subclinical, daseel feeding by
mallards has been obseri@®7) Splenomegaly, decreased lucency of the air sacs and
bursal atrophy have been noted on gross examin@é) Lesions have been described
in subclinically infected ducks throughout the respiratory system. These lesions include:
necrotizing/hetephilic rhinitis, sinusitis, laryngitis, tracheitigirsacculitisand
interstitial pneumoni§310, 396, 397) Additional lesions have been described in other
organs: lymphoplasmacytic perivascular cuffing of begieblood vessels and gliosis in
the brain as well as hyalinization and necrosis of skeletal m{&lkfe 396) Although
ducks may be asymptomatic and lacking significant gross pathology to HPAI, there still
can ke systemic spread of the vir(&L0, 396) Virus has been detected in the epithelium
of the airways, lungs, ependymal cells of the brain, kidneys, periosseous mesenchymal
cells of the skull, and skeletal mus¢8d.0, 396, 397)

Occasionally, HPAI causes severe disease in ducks similar to what is seen in
poultry. An outbreak chknHPAI H7N1virusfrom 19992000 in Italy resulted in the

death of Muscovy duck€Girina moschata) and domestic geese@iser anser var.
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domestica) (399). This outbrealkaused neurologic disease in the Muscovy ducks, which
exhibited tremors. Gross pathology included hardening and discoloration of the pancreas
and hemorrhagiduodenitis Histopathologic examination demonstrated foci of necrosis

of the acinar cells in theancreas. Additionally, lymphocytic encephalitis and

perivascular cuffing in the brain was observed. Virus was demonstrated via
immunohistochemistry from the acinar cells of the pancreas and astrocytes of the central
nervous system, neurons and glia.

Since 2002, somstrains ofHPAI H5N1 haveresulted in high morbidity and
mortality of domestic and wild ducké4, 152, 53, 373, 400106). Ducks infected with
HPAI H5N1virusesshed the virus both orally and cledly (406). The course of disease
has been described using experiments with both siiraéed ducks and wood ducksx(
sponsa) (153, 393, 400, 403, 406, 407¢linical signs include cloudy eyes, ruffled
feathers, weight loss, respiratory signs, diarrhea and weal3s393, 400, 406
Neurologic signs include depression, blindness, loss of balance, ataxia, tremors and
paralysig(153, 393, 400, 407)Death most frequentlyccursfrom between 3 and 7 days
post infection (64, 403) Higher mortality due to infection with HPAI HSNArusis seen
experimentally in 2veek old ducks compared to older du¢k@, 403. Gross
examination regalslung hemorrhage, mottled pancreastechiatiorof the pancreas,
splenomegaly and necrosis of cecal tondis2, 400) Histopathology revealsmilar
lesions to asymptomatabucks including: sinusitighinitis and airsacculitig401). More
severe central nervous lesiareobserved: encephalitis, hemorrhagic meningitis,
perivasalar cuffing, gliosis and mee cell necrosis within the braif153, 393, 400, 407)

Further pathologyncludespancreatic necrosis, pancreatitis, splenic vasculitis and
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necrosis, hemorrhagic splenitis, adrenalitis, necrosis of adrenal corticotropic cells,
myocarditis, degeneraticand necrosis of theyoncardia andnyocyteq153, 393, 400,
403, 406, 407) Virus disseminates systemically and is located in respiratory epithelial
cells, air sac epithelium, lungarasympathetic, small intestine, ganglia of the small
intestine, cerebellar neurommncreatic acinar cells, spleen, liver, kidney, adrenal
corticotopic cells and medullary cellsardiac myocytes, testicles, bursa, skeletal
muscle, tissue macrophages and endothelial @eHamerous tissigg153, 393, 400,

401, 403, 408)

HPAI virusinfections causing high morbidity and mortality in other waterfowl
that are usually asymptomatic have been described. Infections in four species of geese,
Bar-headedAnser indicus), Cackling geeseBanta buccinator), Canadajeese Branta
Canadensis) and domestic geesgérser anser domesticus), have been describg¢tl52,

395, 396, 405, 407)Infection in geese can include ruffled feathersydjoeyes,

diarrhea, depression, listlessness, seizures, tremors, torticollis, ataxia and death. On
examination, geese have conjunctivitis, rhinitis, tracheitis, airsacculitis, lung edema,
hemorrhage into the lungs, thinning of the intestinal wall, celremakacia, gliosis,
lymphoplasmacytic perivascular cuffing, encephalitis, splenic congestion, pancreatitis,
hepatitis and adenitis, thymic and bursal atrophy. Areas of necrosis are also seen within
the brain, glia, ependymal cells, pancreas, liver anenadls. Viral antigen has been
demonstrated within neurons of brain, pancreatic acinar epithelium, cardiomyocytes,
hepatocytes, Kupffer cells, biliary epithelial cells, and adrenal glands.

Clinical signs and pathology in swans includiigck swan Cygnus atratus),

Coscoroba swarCpscoroba coscoroba), trumpeter swan(ygnus buccinators), mute
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swan Cygnus olor) and whooper swarCygnus cygnustrumpete) havebeen described
(152, 405) During infection swans can pesg with seizures, tremors and ataxia and
even acute death without clinical signs. Necrotic foci are seen in the liver, spleen,
kidney, intestines, proventriculus, cecal tonsils, ovaries and oviduct. hasigeen
demonstrated in trachea, air sacaglugastrointestinal tract, intestinal parasympathetic
ganglia, astrocytes, parenchyma of the brain, pancreas, spleen, liver, kidney, adrenal
gland and endothelial cells in numerous organs.

Laughing gulls Larus atricilla), shorebirds also considered tosbwildlife
reservoir for Al are asymptomatic for infection wittHPAI H5N3virus and early
isolates othe HPAI H5N1 virus (309, 409) Pathology still occurs in laughing gulls
without clinical signs resulting idecreased lucency of the air sacs, splenomegaly,
pancreatic mottling and conjunctival edema. Histologically, heterophilic to
lymphoplasmacytic airsacculitis, interstitial pneumonia, necrotizing pancreatitis and
hepatitis are seen. Virasnbe isolatedrom the lung and kidney and viral antigdres/e
beendemonstrated in the liver and pancreas. Some more recent HPAIlistBatks
cause high morbidity and mortality in laughing gulls similar to affected d4d€i.
Clinical signs includeuffled feathers, cloudy eyes, weakness, ataxia and torticollis.
Petechial hemorrhage is sei@ the ventriculus, heart, cerebrum and pancreas.
Histopathology shows necrotizing pancreatitis, neural necrosis of the brain,
lymphoplasmacytic perivascular encephalitis, heterophilic pancreatitis and adenitis.
Virus was located in air sacs, lungs,ahmtestine, eye, neurons, glial cells, ependymal
cells, pancreatic acinar cells, cortical and medullary cells of the adrenal gland, kidney,

heart, thymus and endothelial cells.
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While Al infection in ducks is mainly an enteric diseasspiratory signs
primarily characterize LPAI infection in poultryLPAI infections in turkeys is similar to
chickeng(398). The virus is capable of replicating in and being excreted from both the
respirdory and intestinal trac{808, 410) Clinical signs of LPAI in chickens can
include: rales, coughing, conjunctivitis and airsaccul#sl). There may be a decrease
in egg production with the presence of misshapen #y9 Lesions restricted to the
respiratory tract, including tracheitis, bronchitis, airsacculitis and pneur(898a412,
413). Histologic signs of LPAI in chickens and turkeys include: loss of cilia, heterophilic
infiltrate and luminal exudate in the trachea as well as bronchitis and interstitial
pneumonig411l) Some isolates of LPAI have been shown to resuénaltubule
necrosis, interstitial nephritis, lymphocytecrosis and depletion in the cloacal bursa,
spleen and thymus in addition to respiratory patho(ddy). Virus can be isolated from
lung and has demonstrated in the air sac epithglid8). Viruscan alsde isolated
from the oviduct, ovary and tubular epithelium of the kidney of LAPI infected chickens
although there is no patholo@g413, 414) Experimental systemic infectiomgluced by
intravenous inoculation of chickemsth LPAI virus has been shown to lead to virus
isolation frequently in the kidney tubule epithelial cells leading to tubule necrakis a
nephritis(412). Chickens that succumb to LPAI infections die from respiydtolure
andin some casesenal failure(412)

Infection in chickens with HPAHS5NL1 is similar to infection with other HPAI
viruses(415) Described clinical signs include anorexia, ruffled feathers, swollen
hemorrhagic necrotic wattle and comb, congekdgd, cyanosis, dermal hemorrhage,

hematochezia, coma and can even include acute death without clinicg44ign416,
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417). Gross lesions include subcutaneous edema, mottled pancreas, petechial
hemorrhage on theurface of serosa, splenomegagnomegalysystemic
congestion/hemorrhage, pulmonary congestion, pulmdmamorrhage and
edematonsolidatio, conjunctival hyperemia/edema ameimorrhage of the enteric tract
(415, 416) Histologic lesionghat are observed includiess of cilia of the respiratory
tract, interstitial pneumonia, perivascular cuffing of the brain, gliosis, lymphocytic
meningitis, meningoenpdalitis, nephrosis, nephritiadrenalitis myocarditis myositis,
depletion and necrosis of lymphocytes in the cloacal bursa, spleen, thymus and cecal
tonsils(308, 310, 407, 42417) Necrosis is observed in the intestinal epithelial,
pancreas, spleen, adrenal glanddlecting duct, proximal and distal tulegl of the

kidney, heart, bursa arstteletal muscl€¢308, 310, 407, 42417) HPAI virus infection
results in a systemic infection with detectable virus in inflammatory aeds

endothelium of the lung, smooth muscle of small intestine, brain neurons, glia,
ependymal cells, choroid epithelium, pancreatic acinar epithelium, islet cells,
hepatocytes, kidney tubular epithelial sethdrenal corticotropic cejlhymic

epithelium, cardiac myocytes, skeletal muscle, theca cells of the ovary, interstitial cells of
the testicle, feather follicular cells, osteoclasts, erythroid and myeloid precursors in bone
marrow, tissue macrophages and endothe(B®8, 310, 407, 414, 415, 417, 418)
Similar clinical signs, pathology and presence of virus in tissues are seen in other
gallinaceous species including: turkeyseleagris gallopavo), Japanese qualCorurni
coturnix japonicus), bobwhite quail Colins virginianus), Pearl guineéow! (Numida
meleagris), ring-necked pheasantBAasianus colchicus) and Chukapartridge(4lectoris

chukar) (398, 401, 409, 415)

37



Investigatordave looked at the pathogenicitytbe HSN1 virusin other families
of birds. Passerines may serveaasntermediate host allowing for transmissiorH&fAl
viruses between wildlife reservoiandbr to poultry. Experimental infection of zebra
finches [aeniopygia guttata), house finches(arpodacus mexicanus) and house
sparrows Carpodacus mexicanus) with the HPAI HS5N1virus found that these birds had
a disease course similar to chickens although they had varying morbidity and mortality
(311, 419) On the other hand, Europestiarlings(Sturnus vulgaris) shed virus but
remained healthy throughout the experimental infection and lacked pathologic lesions
(311) BudgerigarsMelopsittacus undulatus), psittacines, are kept as pets and may
transmit HPAI H5N1virusto humans. HPAI infection in budgerigars is also similar to
chickens, but generally results in lessrtality (311). Ratites, which are farmed and
therefore have economic importance and close contact with lsumaae also been
experimentally infected with HPAI. EmuBAamaius novaehollandiae) and ostriches
(Struthio camelus) exhibit clinical signs and pathologymilar tochickeng328, 396,
409)
Clinical Disease in Humans

Humans infected with seasonal influenvbaisesdisplay adisease courdbatis
best characterized by cough, fever and nasal congestion, but may also include: headache,
sore throat, muscle soreness, weakness and loss of apg#@iteHuman infection with
theHPAI H5N1 virusranges from subclinical to deg@1). Infectionsdo occur in
previously healthy individuals without any peisting condition§146). The disease is
characterized by lower respiratory tratihical sigrs with or without upper respiratory

tract disease, intestinal disease, bleeding from the nose/gums and even encephalopathy
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(146, 149, 421) Conjunctivitis has also been described in huswaiected with HPAI
H5N1 (139) Humancase®f HPAI HS5SN1 have lead to hemorrhagic and consolidated
lungs(148). Also seen in the lungs is alveolar damage Withphoplasmacytic
infiltrates (148). Furthermorecentral lobulanecrosis of the liver as well as tubular
necrosis of the kidneys seen148). Additionally, brain eéma also is observgd48)
Matching the location of the receptor mumans HPAI H5N1 viruscan be found
in the type Il pneumocytes, ciliated and roimted epithelial cells of the respiratory
tract, neurons in the brain;cells, intestinal mucosa and fetal tiss(&k5, 422) HPAI
H5N1 can also infect cultured cells of the nasopharynx, adenoids and (28%ils
Although numerous cell types are permissimereplication of Alviruses HPAI H5N1
replicates primarily in cells in the lowemaiy (423). In the lower respiratory tract,
human influenza viruses primarily attatchciliated epithelial cells in the trachea and
bronchi and type | pneumocytes in the alveolus, whilgirusesbind primarily to non
ciliated epithelial cells and type pheumocytesHPAI H5N1 also infects alveolar
macrophageq28, 166, 169, 423, 424 Experimental studies have confirmed that HPAI
H5N1 can infect human pulmonary endothelial cells resulting in productive replication
and induction of unusually high levels of inflammatory cytokif@5). Confirmingthe
presence of avian receptors in eyes, Al viruses of subtypes HEM1, HPAI H7N7,
LPAI H7N7 and HPAI H7N3 have resulted in conjunctivitis from infecting ocular tissues
(97-99, 101, 102, 108, 11815, 139)
Adaptation
Adaptation ofHA to bind! 2,6sialic acidreceptor improves ansmission of

influenza viruses among humaiis 0, 426, 427) Although the difference in receptors
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for human and avian hosts is a significant barrier, theoH#e 1918 H1N1 virus
requiresonly one amino acid ssgbtution to change preference for the avian receptor
(73). One of the initial adaptations of pandemic influenza viruses is td 2dsialic
acid linkages, which can require minimal amino acid cha(ifg 428) A single amino
acid changed the receptor binding specificity of a human H3N2 virus from being able to
bind both to onlythe humanreceptor(429). Mutation in only two amino acids in the HA
of HPAI H5N1 changed the receptor specificityth@ human receptad30). The change
in two amino acids in the HA @& human H3 virusan change receptor specificity to
I 2,3sialic acid linkage$431). Changes in two amino acids in the HA of human H1
allowed for replication in duck@32). The HA gene has been implicatinglie
virulenceof andin adapting seasonal human influenza viruses to M&®8). In the
laboratory, receptor preference of influenza viruses can be changed by passage in a new
host. Egg adapted strains of human influenza @gdemonstrate an inaeed binding
affinity for ! 2,3sialic acid linkage$302). Studies of H3NZirusesshow that the
antigenicity of virus is closer to human isolates grown in MDCK cells as compared to
egg grown virug434). An important step may be balancing of the HA and NA activities
of the virus, which is required for efficient viral replicati@85). NA from avian
isolates primarily recognisavian reeptors, while human and swine isolates primarily
recognize both 2,6SAgal and 2,6SAgal recgtors(79). The difference imecognition
between receptors s a little as two amino aci@i®).

The ability to cross the species barrier appears to be a polygenic trait requiring
compatibility between different gen€®). Adaptation to the mouse host of an HIN1

virus, mutations in NA, PB1, PB2, HA and NA haveebdadentified(374). The
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polymerase genes play an important role in the adaptation of AVMirus to mice
(371, 382)

The rollof PB2 appears to be especially important. Mutations infRB2been
shown to be important in the adaptation of influenza viruses to humans as well as mice
(123, 436) PB2 has been shown to be a determindnthether influenza virus can
efficiently adapt to replicate in either human or avian ¢@ll$, 437, 438) In studies of
human and avian cell lines, adaptations to new hosts rely heavily on NP and PB2, which
are imprtant components allowing the proteins to enter the nucleus of the infected cell
(439). One study suggested that cellular proteins regulating the interaction of NP and the
viral RNA-polymerase restrict adaptatiohavian influenza viruses to huma@<0).

The importance of NP is furthered by an experiment witAlavirus with a temperature
sensitive mutant of the NP gene, which could not be rescued by duel infection with
human isolates in chick embryo cell cult(@s).

Host Immune Response

The immune response to Al viruses in birds is poorly understood cedthfrar
infections ofHPAI viruses andhumaninfluenza virusesn mammals Antibodies to HA
are protective anbdlock the HA binding site for its receptor preventing attachment of the
virus to the cel(441, 442) Additionally, antibodies against the other major surface
glycoprotein NA can also be protecti{#43) Vaccine producers have fadon the
surface glycoprotein because bétprotective role of antib@esthat recognize these
molecules.

Not all vaccines produce detectahkmagglutination inhibitionHl) antibody

titers, but can still prevent disease in ducks. Vaccination with an inactivatadugion
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vaccine against HPAI H5N1 from recombinairus resulted in complete protection, but
some ducks did not have detectable HI antibody or virus neutralization(15&)s
Ducks were protected from infection with a HPAI H5N1 virus after receivinigalent
H5N9H7N1 inactivatedrirus oil emulsion vaccin¢ghatwas boosted 3 weeks later,
although thg did nothave detectable HlI titers to th#?Al H5SN1virus(444). This
vaccine prevented illness but did not prevent shedding in all birdecanbinantiuck
enteritisvirus vaccine expressing H5 resulted in prevention of clinical signs, although
one duck shed virugl45). This vaccine resulted in detectable Hl titers in five out of six
ducks at two weeks post vaccination.

Somevaccines result in low antibody titers that only rise to high levels following
a booster.In one study, a group of 30 day old Pekin ducks inoculated with an inactivated
oil emulsion vaccine created using a LPAI H5W2is developed an antibody titer of
log2 GMT 2.69(446). Only after a second vaccination the titer reached 7.69 log2 GMT.
This vaccination prevented both illness and viral shedding. These results were mirrored
in another study using Muscovy ducks whaitial vaccination with an inactivated oil
emulsion vaccine resulted in an Hl titer of ©42 that was boosted to a titer of To§2
(447). In comparison a fowlpexectored recombinant vaccine expressing the H5 of an
HPAI H5N1 isolate produced an initial antibody titer of B&2, which was boosted to
3.4log2. Both vaccines prevented illnebst did not prevent shedding of virus. A
reverse genetic derived inactivated H5N3 oil emulsion vaccine created with the H5 from
a HPAI H5N1 that was boosted 3 weeks following the initial administration of the
vaccine resulted in titers that ranged froto &4, with the majority of ducks having a

titer of 32(444) This vaccine prevented illness and shedding in all birds.
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In another study the kinetics of HlI titers following vaccination in ducks anth
inactivated oil emulsion vaccine containingl5N1 virus created by reverse genetics
was examine@448). Antibodies were detectable at 1 week following vaccination and
were 3 log2. The peak HI antibody titer was at 4 weeks following vaccination and was 8
log2. Thre antibodies declined to 4 log2 14 weeks following vaccination. A booster
vaccination increased titers to 10 log2. This vaccine prevented illness and shedding of
virus. Thevariable response of ducks to vaccinatgainstHPAI H5N1 indicates
further research needs to be performed to create a vaccine that reliably produces a high
antibody responsand that is protective. A recombinant subunit vaccine in Chapter IV,
which is used as a means of assessing maternal antibody transfer, may prove through
furtherresearcho be a reliable duck vaccine for HPAI.

In vitro studies suggest that influenza viruses are capable of replicating in avian
macrophages and disrupting their funct{gd9, 450) CD8+ T lymphocytes érm
chickens infected with LPAI HON®irus provided a degree of crepsotection to
infection by HPAI H5N1virus (451, 452) Changes in NP haveen shown to increase
the pathogenicity of HPAI H5Nih chickens andarrelates withan increase in alpha
interferon, gammanterferon, Mx1 and iINO$367). In comparing two H5N1 viruses
and their ability to cause disease in chickens it has been demonstrated that residue Alal49
in NS1 resulted in high pathogenicity and caused an inhibition of interferon response in
cell culture(259). Interferon also restricts the replication of avian influenza viruses in
chicken embryo culture cel{g53). RIG-| has been proposed as a key molecule in innate
immunity that allows HPAI infections in ducks to be asymptomatic, while the absence of

RIG-1 in chickens results in high pathogenidigp4). RT-PCR of cytokine gene
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expression in mononuclear cells of chickens and ducks indicates a difference in response
to LPAI. The chicken response was characterizeih¢reased levels of HL", IL-6 and
IFN-". (455) Levels of these cytokines were nearly unchanged in ducks whlenihs
strongly increased. There was an increase in botH IlANd IFN%in both chickens and
ducks, but chickens had a greater increase in%-N

Similar towhat has been observed wiiinds, antibodies to HA and NA are an
important component of the immune response to influenza viruses in h(t@ans
Cytotoxic T lymphocyte$CTL) have been shown to recognize argklgells containing
the influenza internal proteins PB1, PB2, PA and K&b). Mice studies have shown
that theNP is the mgor target molecule recognizeg bytotoxic T cells, although CTL
can also recognize H&57, 458) Influenzainfection in mammalian cells has been
shown to inducé¢he IFN! /" responsé459) Interferon caralso protect mammalian
cells from influenza infectio(d59). Different NS1 genes have been shown to result in
different inductiornof host interferon responses in lung epithelial qdléO) The
increased pathogenicity due to NS1 is associated with an enhanced ability to antagonize
IFN-! /" and inhibit the dsRNA activatioof NF-#" and IRF3 (386). The Mx1 protein
of mice inhibits transcription of influenza viral MRNwhile MxA protein of humans
prevents viral MRNA from being transcrib@tbl) Mx appeas to have little to no effect
on Al replicationin duck and chicken studi¢462)

The pathogenicitattributed to H5N1 itnuman cases is believed to be caused
partby a proinflammatory cytokine inductioresulting in a cytokine stormit hasbeen
shown thaHPAI H5N1 induces a strong TNFandIFN-" response in human

macrophage&360). As compared to a seasonal HIN1 virus isolate, HPAI HbNS
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infectionsproduced a more potent response ofipfammatory cytokines as measured

by IP-10,IFN-", RANTES and IL6 in pulmonary ephelial cells in culturg463). In

human cases it has been shown there are increases in serum cyickneEven

though the cytokine responsethe HPAI H5N1 virus has been suggested to be

responsil@ for the morbidity and mortality, mice deficient in@,. TNF! or CC

chemokine ligand 2 or who have their cytokine response suppressed with corticosteroids
are not protected from deg64). Recombinant swine IFN, IFN-%TI'NF-! do not alter

viral infection in swine lung epithelial cell cultu(260).
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CHAPTER Il
DETECTION OF H5N2 AVAN INFLUENZA VIRUS IN MALLARD FECES UNDER
DIFFERENT ENVIRONMENTAL CONDITIONS

INTRODUCTION

It has been postulated that some of the spre#ttediighly pathogenic avian
influenza (HPAI)H5N1 virus from Asia to the Middle East, Europe, and Africa occurred
due to migrating waterfowB4, 154, 155, 46475). Others have argued that waterfowl
have a lesser role in the spreadi@&HPAI HS5N1 virus (476-480). At the momentthere
is not enough information to determine the rdiena@yration in the spread tfie HPAI
H5N1 virus but a strong argument can be made for a sensible research approach to
examining the possibilit{480-483). Waterfowl are able to asymptomatically carry the
infection under normigratory conditions in the wild and in the laborat@®$, 467, 475)
TheHPAI H5N1 virus is now endemic in poultry in Southeast Asia, representing a
constant source for possible transmission to nogyataterfowl(143, 467) Long
distance migrants have been shown to have a higher prevalence of infedtan by
pathogenic avian influenz&RAl) viruses most likely due to an increase in exposure to
susceptible idividuals during migration allowing for the perpetuation of the infection
throughout a populatio{84, 484) The presence of a constant source of exposure for
migrating waterfowl and the known role waterfowl playthe spread of LPAI viruses
indicates that there is a possibility that wild birds will spread HPAI viruses. Regardless
of the current biology of HPAI H5N¢irus infection there is a constant risk for the
adaptation of the virus making it more likelydpread to migratory birds. The lack of

certainty about the risk of spreadtbé HPAI HSN1 virusin migratory waterfowl and the
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known ability of these birds to asymptomatically carry the virus makes it prudent to
monitor these species for early detectdrmhe virus in new regions.

The pattern of infection of LPAI viruses in North American waterfowl peaks just
prior to fall migration and decreases as the birds head &iL@h485488). Of concern,
is the scenarithat birds migrating from Asia may transrhie HPAI H5N1virus to North
American waterfowl species in the Arctic. The virus would then spread along fall
migration routes. To confront this risk, the United State Department of Agriculture
(USDA), Animal Rant Health Inspection Service (APHIS), Wildlife Services has
partaken in a strategic plan for the early detection of HPAI HBNE focusing on
migrating waterfowl and shorebir@89) From April 2006 through March 2009, this
surveillance program collected 261,946 samples from wild birds and 101,457 fecal
samples, representing a large commitment in resources by the USDA and other agencies
(490). Collecting fecal samples is more appealing than capturing wild birds because it
potentially requires fewer resources and avoids the stress of handling the birds.
Similarly, the reed for the ease of environmental sampling has resulted in the
development of a method to detect HPAI H5NKUs by concentrating the virus from
surface water on erythrocytes before isolation in embryonated chicke(8dys

LPAI viruses replicate in the intestinal mucosa of dy@&25). This results in
the shedding of LPAI virses in large quantities in the fe¢25). Transmission occurs
between wild birds via the fecal oral reumost likely from contaminated wai(@5, 27,
492). LPAI viruses remain infective and can be detected in feces from the environment
as well as under laboratory conditions for up to 30 days a(26(27) Previous work

has been done only with an AT virus to examine the viability at different temperatures,
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but without examining the relative humidi®5). From 2006 and into early 2009, the
USDA limited their fecal sampling only to fresh feces. The USDA stopped collecting
fecal samples as of April 2, 2009 because the w@l@mvironmental sampling by fecal
swabs under different conditions compared to cloacal swabs of captured waterfowl is
unknown. The resultof this studysuggest environmental sampling of fecal material
may be a valuable tool in surveying migratory bifmisavian influenza viruses.

AIMS: This studywas undertaken testablish thefficiency of detecting avian
influenza viruses by swabbing feces under diffeengironmental conditions. The first
aimwasto demonstratéhat detection of abPAl virus infresh fecal samplagfleced
that of cloacal swabat days 3 and 4 post infectioBecondly the studgoughtto
compareefficiency ofdetection of virugrom fecesby reattime RT-PCR and virus
isolation undediffering environmental conditions eémpeature and relative humidity

HYPOTHESES: Redime RT-PCR detection of PAI virusin fecal material
will accurately predicinfection in mallardsat days 3 and 4 post infectioRost
defecation timgambient temperature and relative humiaill notaffect the detection
of LPAI virus by realtime RT-PCR in fecal material. In contrasggtdefecation time
ambient temperature and relative humidiiyl affect the detection dafPAI virus by
virus isolation from fecal material.

MATERIALS AND METHODS
Animals, Housing and Infection

A mixture of male and female juvenile mallards (n=15) were kept under animal

biosafety level 2 conditions. Five groups of three ducks were housed uncaged in a room

with ad libitum feed and water. Ducks were labelet5lby placing colored zigiies
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loosely around one legAll ducks were humanely euthanized following the experiment.
The duckswere infectedwith 1 ml of brairheart infusion broth (BHI) containing 1 x %10
pfu/ml of A/Mallard/MN/346250/0Q.PAI H5N2, which was dministered by
distributing the inoculum ocularly, intranasally and orally.
Collection of Samples
Feceswvere collecteabn days 3 and 4 post infectionmith that timingbased on
preliminary data indicating that mallards would reliably shed virus on thgse(data
not shown). On the night prior to days 3 and 4 post infection, feed was removed from the
duck rooms. In the morning feed was placed back in with the ducks for half aartbur
the ducks were then placed individually in cages and checked evenyrilies for
defecation. Feces were collected from underneath the cages on wax paper and split into
two samples in a weigh boat. Although the fecal matter was split, it was not mixed in
order to maintain a sample similar to what might be encounteréd gntvironment.
Immediately after collection, the fresh feaesre placed in weigh boats and
cloacal swabs were obtained from each diitlie weigh boats with fecal material were
placed in environmental chambers under one of the following conditions: B26IR¥9
320C/50%RH, 320C/20%RH, 4.50C/50%RH, 4.50C/20%RH and 00C/50%RH.
Temperatures were chosen to reflect conditions during migration where waterfowl move
South before freezing temperatures. The high temperature of 324C was chosen to
represent the conains the birds may encounter at their warm wintering grounds. Feces
were swabbed at 12h, 24h, 48h, 72h, 5d, 7d, 14d and 21d, or until all feces were removed
due to sampling. Swabs were placed in 2ml of brain heart infusiondmotining

50,000 U/ml paicillin, 2.5 ug/ml streptomycin, 100,000 U/rpblymyxin B, 2,500 U/mi
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nystatin and 10Qg/ml gentamicin The swabs were removed and the broth was split
into 2 cryovials for eithevirus isolation or realime RT-PCR and stored frozen &0;C.
Assays for Al virus

The presence of infectious virr@m cloacal and fecal swab samplessassayed
by inoculation of embryonating chicken eggs. Each sample had been slowly thawed at
room temperature and centrifuged at 400 x g for 5 minutes to remove particatete m
from the solution. Fertile specific pathogiae chicken eggs (Sunrise Farms, Inc,

Catskill, NY) were incubated at 3#°C with 80% relative humidity for-A1 days in

GQF 1502 Digital Sportsman Cabinet Style Incubator (GQF Manufacturing Company,
Sawannah, GE) and candled to determine their viability; infertile or dead eggs were
discarded. Immediately prior to inoculation, the air pocket of the egg was located and
marked, and a small hole was drilled into the shell through whiclull®Oswab sample

fluid was inoculated into the allantoic fluid using a 25 gauge needle. The hole in the shell
was sealed using ElmerOs glue. Three eggs were inoculated with each sample to detect
infectious Al virus. The eggs were then incubated for 3 days after iniocvlehilled

overnight and allantoic fluid was harvested and tested by hemagglutination.

Chicken erythrocytes suspended in AlseverQOs solution were purchased (Lampire,
Biologic Products, Pipersville, PA), washed by repeated centrifugation and resuspension
in PBS,and therdiluted in PBS to make a 0.5% solution. A screening hemagglutination
assay was performed by placing @f allantoic fluid and 5Qul of 0.5% chicken
erythrocyte solution into each well of a-@@ll V-bottom microtiter plate. The plates
were allowed to incubate at room temperature for 30 minutes and wells were examined

for the presence of hemagglutination. A lack of hemagglutination was confirmed by
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tilting the plates and observing a Otear driErunning of the erythrocyte pellet agp

the bottom of the well. Each sample was assayed in duplicate and a sample with stock
virus and allantoic fluid from a neimoculated egg were included in each assay as
positive and negative controls.

In order to detect the presence of VRRAA in fecal samplesreattime, RT-PCR
was performedViral RNA was purified fronfecalswab fluid using MagMa®6 AlI/ND
Viral RNA Isolation Kit (Applied Biosystemg;oster City, CA). Redime RT-PCR was
performed using a matrix specific primer and prob€4@8) Thedetection limit of the
assay has been determined by Spackman et al. to be 1,000 copies of RNA or 0.150% egg
infectious dose of Al virusAll real-time RT-PCR analysis was performed at the
Colorado State University Veterinary Diagnostic Laborat@amples were considered
positive if the Ct value was less than 35.

RESULTS
Comparison of Cloacal Swab with Fresh Fecal Swabs

Cloacal swabs of all ducks were positive viaus isolation and redlme RT-PCR
on days 3 and 4 post infection. Additionally, all s&alb fresh feces on days 3 and 4
post infection were positive for virus isolation and +ig@e RT-PCR. Thigndicatedan
association between the detection of virus from cloacal swabs and fresh feces.
Isolation of Virus from Feces Under Different Environmental Conditions

A summary of the virus isolation resultpiesentedn Figure2-4. The imited
amount of feces prevented sampling at some later time points. Bidutepictsthe
proportion of positive samples for the relative humidity settings @& 32'he proportion

of positive samples decreased at@re rapidrate than for the colder temperature settings
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(Figures2-1, 2-2). The longest time period at which a sample was positive for virus
isolation was day 21 for Mallard 6, day 4 collection &/60%RH. The harshest

condition was 320C/50%RH where only one sample tested positive at 12 hours.

—32C 20%RH
= = 32C 50%RH
------- 32C 90%RH

Proportion of Positive Fecal Swabs

0 50 100 150 200
Time in Hours

Figure2-1. The proportion of fecal samples testing positive for virus isolation at 324C
with differing relative humidity level. The presence ahfectiousvirus was tested by
swabbing feces and injecting 10Dof swab fluid into embryonated chicken eguxl the
resulting #antoic fluids weretested for hemagglutination.
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Proportion of Positive Fecal Swabs
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Figure2-2. The proportiorof fecal samples testing positive for virus isolation at 4.50GC
and 00C with differing relative humidity level§he presence ahfectiousvirus was
tested by swabbing feces and injecting L006f swab fluid into embryonated chicken
eggsand the resultip dlantoic fluids weretested for hemagglutination.

The difference in average lengthin€ubationtime for positive samples between
320C and the colder 4.50C and 00C conditions was statistically signyicawatysis of
variance using TkeyOs HS[p»&0.05, Figure2-3). When calculating the average length
of time of virus presence, for colder temperatures only samples where the virus was at
high enough concentrations to be detected at 12 hours were used. There was also a
significant difference between3iC/50%RH and 4.50C/90%RH. The difference between
the two relative humidities maybe also due to the growth of bacteria and enzymatic
degradation of the viral particles. Colder and dryer temperatures preserve the virus in

feces over longer periods of tnallowing for viral isolation.
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Average Duration of Positive Samples
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Temperature Humidity Combinations

Figure2-3. The average duration for virus isolation from fecal samples at different
temperature relative humidity combinations. Means with different letters are significant
at p < .05, accouimg for multiple tests using TuckeyOs HSD.

Detection of Virus by Real-Time RT-PCR

Realtime RT-PCR was performed on all fecal samples and cloacal savaples
on collection days. The following samples did not test positive for the presence of viral
RNA: Mallard 3 collection day 4 320C/50%RH days 7, 14 and 21 as well as Mallard 4
collection day 4 00C/90%RH day 21 (Fig@ré). Deection of virus by realime RT-
PCR does not indicate the presence of infectious material, but only the presence of viral
RNA. Although in old samples of feces infectious virus may no longer be present, they

may remain a useful tool for surveying waterfowl populations for influenza infections.
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32{C/20%RH

Du ck Day Post Infection Oh 12h  24h  48h 72h 5d 7d 14d  21d
Mallard 7 3 +/+|+/+| -/ |/ /A
4 +/+|-/+ |-/ | -/+ |+ /| -/+|-/+ |-/ | -/+
Mallard 8 3 +/+|+/+|+/ |/ A/
4 +/+|-/+ |-/ |/ |/ -/ |-/ |/ | -/
Mallard 9 3 i Lkl kel e e Ve Vel VA ks
4 +/+|+/+ |-/ | -/+ |+ /- |-/ /| -/
32jC/50%RH
Du ck Day Post Infection Oh 12h  24h  48h 72h 5d 7d 14d  21d
Mallard 10 3 +/+-/+ -/ -/ -/ -/ /-
4 +/+|-/+ |-/ |-/ |-/ |-/ |-/+ |-/ |-/t
Mallard 11 3 +/+|+/+| -/ |/ /- -/ /]
4 +/+|-/+|-/+|-/+ |-/ |-/ |-/ ]|-/+ ]| -/+
Mallard 12 3 +/+| -/ -/ /]
4 +/+|-/+ |-/ -/+ |-/ |-/ |-/+]|-/+ ]| -/+
32;C/90%RH
Du ck Day Post Infection Oh 12h  24h  48h 72h 5d 7d 14d  21d
Mallard 1 3 +/+|-/+ |+/+|-/+|-/+]|-/+|-/+ | NS | NS
4 +/+|+/+|+/+ |+ /|- /| -/
Mallard 2 3 +/+|+/+|-/+ | -/+|-/+|-/+ [ NS | NS | NS
4 +/+|+/+|+/+ |+ /|| -/
Mallard 3 3 +/+|+/+|-/+|-/+]|-/+]-/+] Ns | NS [ NS
4 +/+|+/+|+/+ |+ /- /- /- -/

Figure 24. Detection of LPAI H5N2 virus in fecal samples by virus isolatiorFCIR.

NS indicates no sample for that time point
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4.5]C/50%RH

Du ck Day Post Infection Oh 12h  24h  48h 72h 5d 7d 14d 21d

Mallard 13 3 +/+|+/+ |/ |/ A/ /]
4 +/+|-/+ | -/+ -/ |/ |-/ -/ /| 4+
Mallard 14 3 +/+|+/+ |/ |+ /A /| /] -/
4 +/+|+/+|+/+ |+ /+ |+ /| |/ /] -+
Mallard 15 3 +/+|+/+ |/ |+ /A /] -/
4 + /+|+/+|+/+ |+ /+ |+ /| |/ /] -/

4.5;C/90%RH

Du ck Day Post Infection Oh 12h  24h  48h 72h 5d 7d 14d 21d

Mallard 1 3 +/+|+/+|+/+ |+ /+ |+ /+[+/+]-/+ [ NS | NS
4 +/+|+/+|+/+ |+ /+ |+ /+|+/+]|-/+ ]| -/+ | NS
Mallard 2 3 +/+|-/+ | -/+|-/+|-/+[-/+ | NS [ NS | NS
4 + /+|+/+|+/+ |+ /+ |+ /| |/ -+
Mallard 3 3 +/+|+/+|+/+|+/+|+/+|+/+]|+/+]| NS | NS
4 + /+|+/+|+/+ |+ /| /| |/ /|
0iC/50%RH
Du ck Day Post Infection Oh 12h  24h  48h 72h 5d 7d 14d  21d
Mallard 4 e BN e Rl e R e R A B A

3

4 +/+|-/+ |-/ |-/ |/ |-/ |-/ |-/ | -/
Mallard 5 3 +/+|-/+ |-/ |/ /- -/ /] -/

4

3

+/+|+/+ |-/ |+ /| |/ -/ /] -/
+/+|+/+|-/+|+/+]|-/+|-/+| NS | NS | NS
4 +/+|+/+|+/+ |+ /| /| /]|

Mallard 6

Figure 24 Continued. Detection of LPAI H5N2 virus in fecal samples by virus
isolation/RFPCR. NS indicates no sample for that timenpoi

DISCUSSION
The results of this stly demonstrate that reaine RT-PCR can accurately detect
shedding oL PAl virus in fresh feces and fecal mats¢éored forup to 21 days old.

Environmental conditions greatly affected virus isolation over timenbutre detection
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rate of reattime RT-PCR. The LPAI H5N2 virus remained viable for longer periods of
time under colder conditions. The proportion of positive fecal swabs that tested positive
fluctuated up and down for 320C/20%H and 0GC/50%H. Thiegslikely because fecal
matter is not a homogenous mixture. Depending on where the swab was placed may
influence the probability of detecting the virus. Regardless of the individual samples; on
the whole, the presence of infectious virus dissipatedjaicker rate at higher
temperatures.

At 32;C virus could be isolated for shorter periods of time at 90%RH compared
to 50%RH. One may have predicted that high relative humidity would have prevented
the feces from desiccating as quickly as other sanapl@20C, thus preserving the
integrity of the virus. Fecal material consists of a heterogeneous mixture of enzymes,
chemicals and bacteria. Moisture may allow enzymes to retain their function, bacteria to
propagate and the overall sample to mix. An HER2I virus mixed into chicken
manure lost infectivity 80x more quickly than virus maintained in allantoic fluid under
the same condition@94) The virus lost infectivityas assayed by inoculation into
embryonated chicken egagien mixed within manure under a week atgenature
conditions ranging from :20°C. This suggests that there are inactivating properties in
bird feces.

The use of mallards for this study was particularly pertinent because of their role
in the biology of influenza viruses and their susceptibibtthe HPAI HSN1virus.

Mallards are species of duck most frequently studied and most often detected in the wild
to be infected with influenza compared to other waterfowl, except the closely related

American black duck34, 486) An interagency strategic surveillance plan of shorebirds
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and waterfowl over 2008008 in the United States found that the highest frequency of
detection of H5 viruses was in mallg@b5) The most frequently detectetd virus
over this period was of the subtyg®&N2, which is the same subtype used in these
experimentg495, 496) Additionally, nearly all subtypes of influenza virus have been
isolated from mallard&97). In Europe, LPAI viruses closely related to recent outbreaks
of HPAI circulate in the wild in mallardg97). Laboratory passage of the HPAI H5N1
virus in domestic mallards results in the selection of viruses that are not pathogenic to
ducks, but remains pathogenic to chick@f¥?) This suggestthat domestic ducks and
possibly their closely related wild counterparts could maintain the HPAI H5N1 virus in a
form that remains pathogenic to other species. Domestic mallards are capable of
shedding virus for prolonged periods of time; in one study shed virus up to 17 days
(402). Mallards experimentally infected with HPAI H5N1tus excrete high quantities
of virus with few clinical signg55, 475) This informatiorsuggests that mallards may
have the abilityto spread HPAI H5N1 over their long distance fall migration.

This studydemonstratethat infectious virus can be maintained in feces at
different temperature relative humidity combinations for periods of dagses may be
an important environmental source for the virus. Contamination on shoes or other
equipment may spread the virus. Therefore, care should be taken to prevent transfer of
fecal material when at a study site. Additionally, influenza virusgsreraain viable in
feces until rains or floods result in fecal contamination of water bodies. Environmental
contamination is recognized as an important part of the biological cyéleinfections.
Modeling predicts that waterborne transmission of lathpgenic influenza viruses is

critical in explaining the incidence and periodicity of infection as well as persistence of
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influenza viruses within a populatigd98-500). Avian influenza viruses have been

shown topersist for extended periods of time under different environmental conditions in
water (temperature, salinity, pH) with longer persistence at colder tempe(2yréd1

505) In aprevious studyt wasshown thathere is little difference in viability over time
between LPAI H5 and H7 influenza viruses compared to other isolates, but the HPAI
H5N1 viruses persist for shorter periods of ti{5@4). It is important to note the lack of
difference in the persistence of H5 and H7 viruses because only Al viruses of the H5 and
H7 subtype have been documented to have the potential of becoming highly pathogenic
to poultly (175, 348) Influenza viruses may persist in their avian reservoir by being
maintained in the water environmdbR). This may be applicable in the difference in the
prevalence of certain Al viruses in different species, as surface feeders like mallards have
a higher prevalence of infecti¢h6, 34, 506)

Waterborne transmission has been identified as the cause of infection in farmed
domestic duckg507). In some casdsPAl viruses have been isolated from surface water
(392, 508, 509) It is thought that in AlaskAl viruses can persigtinature in both water
and ice over winter while migratory ducks are absent and infect ducks upon their return
(503). Sentinel ducks have become infected when placeens hat allowed for contact
with wild birds and local pond waté487, 508) LPAI outbreaks in poultry have
correlated with the presence of the virus in wéséi7, 509)

Water is not the only environmental source for influenza viruses. In the instance
of an outbreak of H13NRirusin 1991, itwassuggested that turkeys contracted the virus
directly from fecal material excreted by gulls or a contaminated water 4&1:@g

Another research group demonstrated that a 1997 isolate of HPAI HaNtemains
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infective longer uder moist and cooler conditio395) HPAI H5N1 fecal material

maintained in phosphate buffered saline°&@ demained infective for 40 days.

Comparatively, feces allowed to desiccate at room temperature 25jGfémsivity by

24 hours. Feces maintained in PBS at room temperature remained infective for 4 days.

Feces kept at 3& in PBS lost infectivity after 48 hours. HPAI H5N1 RNAashbeen

detected by redime RT-PCR in the hot humid climate of Cambodiatad2 days after

an influenza outbreak in environmental samples including: mud, pond water, water plants

andsoil swabg511) The virus could not be isolated from any of them@ples further

demonstrating the difference between the presence of infectious material and viral RNA.
One limitation of this studyasthat in contrast to LPAI viruse$JPAI H5N1

virus appears to be primarily a respiratory tract infection in water{®%l 152, 400, 402,

475) As a result, the fecalral route of contamination may not by the primary mode of

spread. This would make it more difficult to detect the virus in feces. Additionally, it

would be impatant to perform oral swab on ducks to detect HPAI HSMds. This

does not prevent fecal swabs from being useful. Adaptation of HPAI KMibEmMay

result in a tropism in ducks for the intestinal tract, thus making fecal swabs a good

method for detectim Fecal swabs can be pooled allowing for surveying larger numbers

of waterfowl increasing the opportunity to detect the virus. Another limitatasthat

the effects of ultraviolet light were not examined. All samples were kept in the dark

inside theenvironmental chambers. This stutlyes providen initial estimate on the

longevity of viral genetic material and viability that would be useful during overcast

weather when ultraviolet light would have a minimal effect.
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The results from thistudyalsosuggest thasissay ofecal material can be a
useful method for surveying wild duck populations for the presence of influenza viruses
without stressing birds during capturBresh fecal material is representative of infection
by a LPAI H5 virus when comped to fecal swabat 3 and 4 days post infectioit
would be more useful to take fecal samples when environmental conditions are known to
be colder. Although infective virus cannot be isaldtem all samples, redgime RT-
PCR can detect the presemdesiral material in older samples. This methodology would
be useful not only for the detection of HPAI H5Mtus from Asig but detect possible
future HPAI viruses and gain a better understanding of the prevalence of LPAI viruses in
their natural resenir.

SUMMARY

Theinfluence of environmental temperature and humidity on detectiarLPAI
H5N2virus in mallard feces was evaluated. Feces was collectedliféxhH5N2 virus
infected mallards on days 3 and 4 post infection and kept in environmentdiexisaior
21 days under the following conditions: 32{C/20%RH, 32;C/50%RH, 32;C/90%RH,
4.5;C/50%RH, 4.5{C/90%RH, and 0;C/50%RH. Detection of virus in fresh fecal
material was equivalent to cloacal swétnsdays 3 and 4 post infectioMime of
incubationdid notaffect detection by redgime RT-PCR. In contrast, wrus could be
isolated for longer periods of time under cold conditions. High relative humidity also had
a negative effet on virus isolation at 4.5;C, but not at warmer temperatures.

Environmenal conditions did noaffect detection by redime RT-PCR.
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CHAPTER Il
SEQUENTAIL INFECTIONS OF LOW PATHOGENIGAVIAN INFLUENZA
SUBTYPES H3N8 AND HS8I2 IN MALLARD DUCKS

INTRODUCTION

One of the hallmarks of influenza A viruses is their antigenic diyersit
Currently, there are 17 defined hemagglutinin (HA) and 9 neuraminidase (NA) types
which, when shuffled via reassortment of gene segments can potentially lead & a larg
number of viraubtypes Except for the H17 HA recently discovered in {at), all
other 16 HA types have been identified in waterfowl and shorebirds, both of which are
considered to be the primary reservoir for all influenza A vir(&2s Understanding the
ecology of avian influenza (Al) viruses and how sany subtypes are maintained in
waterfowl populations present critical challenges to understanding these pathogens.
There is yeato-year variation in which subtypes circulate in waterf(4d9) and some
subtypes are detected only infrequeii9). Isolation of Al viruses from waterfowl is
typically common prior to the beginning of migration in the fall, but the rate of isolation
decreases as the birds head s@8@) Al viruses are infrequently isolated from
waterfowl on their wintering ground80). It is unknown how the viruses are maintained
in the population to rnfect birds the following fall. Uderstanding this seasonal cycle
would be especially valuable ifghly pathogenic (HP) Al virus H5NWere to appear
and potentially become established in North American waterfowl.

Additionally, the viruses circulating through waterfowl constitutes a pbol
potential viruses that can infect and cause disease in poultry. Viruses of both H5 and H7
low pathogenic (LP) Al subtypes are also frequently found in d#8%). As presently

known, only viruses of the H5 and H7 subtypes have the potential to become highly
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pathogenic in poultry and cause high morbidity, mortality and economic loss. These
viruses can alsogtentially be transmitted directly to other hosts or contribute genetics to
influenza viruses present in other species.

One feature of Al virus ecology in waterfowl that has received scant attention, but
may be of great importancis crosssubtype immuity. With few exceptions, the
protective effect engendered by infection with one subtype on infection with a different
subtype is unknown. One relevant study reported sequential infections of ducks with Al
viruses using subtypes infrequently found indapbpulations of ducks (H7N7 and
H5N2) (512) In this experiment, ducks weeadso reinfectedwith the primary virus
before infecting them with the secondary subt{gikE?) Additional studies have
examined ranfection with the same wiis (26) or focused on the effects of a prior
homosubtypic and heterosubtypic LPAI infection on a HPAI H5N1 infe¢baB, 514)
The studies presented here were designed to determine how successive infection of
mallard ducks wth two different subtypes of LPAI virus altered virus shedding and
whether or not demonstrable cross protection was induced between the two viruses. In
contrast to previous studies, a LPAI H3N8 virus was chosen because psawnivis
identified H3N8 a®ne of the most prevalent subtypes in North American waterfowl. In
one study it was determined that H3N8 viruses accounted for 22.8% of Al virus isolates
from duck samples collected between 1976 and 2001 in North Anf2géira
Interestingly, H3N8 and other common subtype viruses have been observed only
infrequently in ceinfections(515), suggesting perhaps that they induce a broadly-cross

protective immunity against Al viruses ohet subtypes.
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Conversely, viral subtypes that are detected infrequiathg beemdentified
more commonly as emfections(515). It has been postulated this occurs because these
viruses are less well adapted to their avian host and therefore gain an advantage when
infecting a duck Although Al viruses of the HSN&ubtype are rarely detedteH5N2
viruses haveot been observed causing aiefection (29, 515) A survey of samples
taken over 15 years in Alberta Canada, revealed thgfections are a relative rare
event(515) Therefore, sequential infections may be a more common means of
perpetuating the variety of subtypes of avian erfiza observed in nature. An H5N2
virus was chosen for this study because of the potential for these viruses to convert to a
HP phenotype. The mallard was chosen for these experiments because they are the most
abundant duck present in North America, Egrapd Asig469, 516) Additionally,
within North Americaavian influenza viruses are most frequently isolated from mallards
(14).

AIMS: There were three main aims of this project to characterize how mallard
ducks respond to sequential influenza virus infections during the same season. The first
was to determine whether pirdectionwith an H3N8 LPAI virus limieéd sheddingafter
infection withan H5N2 LPAI virusand vice versa. A second aim washaracterizehe
antibody response &equential infections with H3N8 and H5N2 virused determine
whethercrosssubtypehumoral immunity was induced that could be detected using a
standarchemagglutination inhibitiomssay. Finally, these experiments sought to
determinewhethertherewasa temporal difference in protectiém Al infectionbetween

14 and 28 day®llowing the initial Al infection. Day 14 was chosen because it
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represents thearliest time point for a subsequent infection when the duckslikaiye
clearedthe intial virus, while day 28 was chosen as a later time point for comparison.

HYPOTHESES: Wéypothesizd that prior infection with a heterosubtypic virus
would result indecreased shedding of the second infection, but to a lesser degree than
prior infection with a homologous virus. Additionally, it was speculated that prior
infection with both the homologous and heterosubtypic viruses would boost the antibody
response ttoth the initial and secondary viral subtypes. Finally, we hypothesized that
secondary infection at the earlier time point (14 days) would result in less viral shedding
than when secondary viral infection was induced at a later time point (28 days).

MATERIALS AND METHODS

Virus Strains

Both viruses used in these studies were kindly provided by Dr. David Stallknecht,
College of Veterinary Medicine, University of Georgia, Athens, GA. The H3N8 subtype
virus was A/RingNecked Duck/Minnesota/SG0066/2007 anthe H5N2 subtype virus
wasA/Mallard/MN/346250/00 Stocks of both viruses were obtained by inoculation of
10 day old specific pathogen free chicken eggs and harvest of allantoic fluid following 3
days ofincubation. Allantoic fluids were frozen in mylke aliquots and titrated by
plaque assay using Madin Darby Canine Kidney cells for the H5N2 virus and egg
infectious dos€EIDsg) for the H3N8 virus.
Animals

A mixture of male and female juvenile mallards (n=25) were kept under animal
biosafety level 3 caditions. Duck were purchased from a local game farm and were 12

weeks of age at the time of purchase. The ducks were allowed to acclimate to their new
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surroundings for a period of seven days. Prior to use, all ducks were tested negative for
antibodieso H3 and H5 Al viruses via hemagglutination inhibition assay (described
below). Ducks were labeled25 and were identified by colored zip ties placed
comfortably around their legs. At the end of the study, ducks were humanely euthanized
with an intrav@ous overdose of pentobarbital and carcasses were incinerated. All
experiments were approved the Institutional Animal Care and Use Committee at
Colorado State University.

Challenge and Collection of Samples

Two experiments were conducted using a studigdedepicted in Figure-2. In
both cases, ducks inoculated with different viruses were housed in separate rooms.
Duckswere infected by inoculation of 1€ 10 pfu of A/Mallard/MN/346250/00 H5N2
or 10> EIDsp Duck/Minnesot&G-00066/2007 H3N8 virusesThe inoculum was
distributed intranasally, conjunctivally and orally.

Blood was collected weekly via the brachial vein starting at day 0 and extending
through four weeks following the second challenge. Blood was allowed to clot and
centrifuged at 2000 g for 10 minutes, and serum was decanted from the blood clot and
frozen at20°C.

Cloacal swab samples were collected to evaluate viral shedding. All ducks were
swabbed daily from day 0 through 7 following the first inoculation, then twice a week for
arother seven days post infection. Swabs were twirled into 2 ml of brain heart infusion
broth with antibiotics as previously described (Chapter 1l). The swabs were removed and

the broth was split into 2 cryovials and frozer8§j;C until assay.

66



Ducks 4
H5N2 Inoculation

Ducks 17
H3N8 Inoculation

\ Ducks 57
H3N8 Inoculation
Study 1
Ducks 810
/ H5N2 Inoculationy
Ducks 813
H5N2 Inoculation \ 1113
ucks
H3N8 Inoculation
Primary Infection Secondary Infection
28
-7 H 0 14 56
Acclimation Day:
Secondary Infection
Ducks 1416
=] H5N2 Inoculation
Ducks 1419
H3N8 Inoculation
Ducks 1719
H3N8 Inoculation
Study 2

Ducks20-22
=>| H5N2 Inoculation

Ducks 2025
H5N2 Inoculation

Ducks 2325
H3N8 Inoculation

Figure 3-1. Experimental Design
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Assay for Al Virus

Al viruses from cloacal swab samples were assayed by inoculation of
embryonating chicken eggs as described in Chapter II. Fertile specific pathogen-free
chicken eggs (Sunrise Farms, Inc, Catskill, NY) were incubated at 36-39°C with 80%
relative humidity for 9-11 days in GQF 1502 Digital Sportsman Cabinet Style Incubator
(GQF Manufacturing Company, Savannah, GE). Three eggs were inoculated with100 ul
of swab sample fluid into the allantoic fluid using a 25 gauge needle; the hole in the shell
was sealed using Elmer’s glue. The eggs were then incubated for 3 days after
inoculation, chilled overnight and allantoic fluid was harvested and tested by
hemagglutination.

A screening hemagglutination assay was performed in duplicate by placing 50 ul
of allantoic fluid and 50 ul of 0.5% chicken erythrocyte solution into each well of a 96-
well V-bottom microtiter plate. The plates were allowed to incubate at room temperature
for 30 minutes and wells were examined for the presence of hemagglutination or a pellet
of erythrocytes at the bottom of the well. A lack of hemagglutination was confirmed by
tilting the plates and observing a “tear drop” running of the erythrocyte pellet along the
bottom of the well. A sample with stock virus and allantoic fluid from a non-inoculated
egg were included in each assay as positive and negative controls.
Hemagglutination Inhibition Assay

Humoral immune responses to Al virus infections were assessed using a
hemagglutination inhibition assay as described previously (349, 517). Chicken
erythrocytes were prepared as described in Chapter II for the hemagglutination assay.

Briefly, serial two-fold dilutions of duck serum were prepared in a 96 well V-bottom
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microtiter plate, leaving a volume of 25 pl in each well. The duck serum was not pre-
treated with receptor destroying enzyme because no non-specific inhibition was detected.
In these wells 25 pl containing 4 hemagglutinating units of either the HSN2 or H3N§
virus was pipetted. Each assay contained a virus back titration, and positive and negative
control sera. The virus and serum samples were allowed to incubate at room temperature
for 30 minutes, then 50 pl of 0.5% chicken erythrocytes were added. The samples were
gently mixed and were allowed to incubate again for 30 minutes at room temperature.
The hemagglutination inhibition (HI) titer is defined as “the highest dilution of serum
causing complete inhibition of hemagglutination of 4 HAU of antigen” (517).
Hemagglutination inhibition was determined by the presence of a button of red blood
cells and a “tear drop” of erythrocytes running when the plate was tilted. All samples
were assayed in duplicate and antibody titer was defined as the reciprocal of the highest
dilution of serum in which hemagglutination was not observed.
Statistical Analyses

The major parameter evaluated in this study was the duration of virus shedding.
In order to determine if prior infection with a heterosubtypic virus provided some
immunity to subsequent infections, comparisons were made between the mean duration
of shedding. Analysis was conducted using SAS version 9.2. Repeated measures were
analyzed using Proc Mixed. The response variable was duration of shedding. The
model included fixed effects corresponding to virus combination (H3xHS5, H3xH3,
H5xHS, H5xH3), secondary inoculation date (14 or 28 days), primary or secondary shed
information plus all two and three way interaction effects. The model also included a

random duck effect to account for repeated measures (primary and secondary shedding
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was measured on each duck). Ducks are nested within the combination of virus
combination and secondary inoculation date. Contrasts were used to estimate and test
various mean differences in duration of shed (Table 3-1). Least squares means were used
to estimate mean shedding duration for various groups when comparisons were made
using repeated measures ANOVA.

Direct comparisons between two means were based on Student’s two-sample or
paired t-tests (one-tailed). A paired t-test was used for the comparison of primary versus
secondary mean shed duration for ducks initially infected with either the H3 or H5 virus.
Two-sample t-tests were performed to compare mean duration of secondary shed for
homologous and heterosubtypic infections. A two sample t-test was also used to compare
secondary shedding for ducks either initially infected with the H3 or HS virus.

RESULTS
Virus Shedding During Primary and Secondary Infections with Al virus

In experiment 1, all ducks inoculated initially with either H3N8 or HSN2 viruses
had detectable shedding of virus, indicating an active infection (Figure 3-2). Four ducks
infected with H3N8 virus shed for up to 10 days post infection, while 2 ducks infected
with H5N2 shed virus up to 10 days. The earliest day that virus was detected from
cloacal swabs was day 1 post-inoculation for both HSN2 and H3N8 virus infected ducks.
The range of time for which ducks shed virus was 3 to10 days for those inoculated with
H3NS virus and was 3 to 9 days for those inoculated with the HSN2 virus.

Ducks initially infected with H3NS virus and then challenged 14 days later with
the heterosubtypic HSN2 virus, shed virus 1 to 4 days following secondary infection. For

the duck that shed for only a single day, the inoculum passing through the intestinal tract
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may have been detected because virus was only isolated 24 hours following the
inoculation. The ducks initially infected with H3N8 virus and challenged with the
homologous virus all shed virus for 4 days.

Ducks initially infected with HSN2 virus and re-challenged with the same HSN2
virus 14 days later shed virus for a range of 1 to 6 days. In these birds, virus was detected
24 hours after the infection in all three birds, but not detected again until 5 and 6 days
later in two birds. Therefore, the initial virus detection may be a result of infectious virus
passing through the gastro-intestinal tract. The birds may in fact have only shed for 0-1
days. In contrast, when ducks previously infected with HSN2 were subsequently infected

with the heterosubtypic virus H3N8, shedding of that virus was detected from 3 to 7 days.
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Figure 3-2. Proportion of duck shedding virus after primary infection on day 0 and
secondary infection on day 14. (a) Primary infection with H3N8 virus, (b) primary
infection with H5SN2 virus.
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In experiment 2, the initial inoculation of either an H3N§ or H5SN2 virus was
followed by shedding of virus in all ducks, confirming infection (Figure 3-3). Ducks
infected with the H3NS virus shed virus for 4 to 7 days post-inoculation, where as ducks
infected with the HSN2 virus had detectable shedding for a range of 2 to 8 days, similar
to what had been observed in Experiment 1. Prior infection with H3N8 virus followed by
infection 28 days later with the heterosubtypic HSN2 virus resulted in a range of
shedding from 1 to 4 days. In contrast, secondary infection with the homologous H3N§
virus resulted in shedding from only one of three ducks and lasted for 2 days. In
comparison, ducks in study 1 that were re-infected with the H3NS virus at 14 days post
initial challenge all shed virus.

Similar results were observed with ducks initially infected with the HSN2 virus
and then re-challenged 28 days later. When challenged with the heterosubtypic H3N§
virus, all 3 ducks shed virus for 2 to 7 days and when challenged with the homologous

H5N2 virus only 1 of 3 ducks shedding virus for a single day.
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Figure 3-3. Proportion of duck shedding virus after primary infection on day 0 and
secondary infection on day 28. (a) Primary infection with H3NS virus, (b) primary

infection with H5N?2 virus.
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No statistical difference was noted for the shedding duration of either the H3NS§
or H5N2 viruses during the primary infection (statistical analysis is presented in Table 3-
1). Therefore, it was assumed that infection with these two different viruses were
comparable. We hypothesized that a prior infection with heterosubtypic virus would
provide a degree of cross-protection for subsequent infections. We found that there was a
statistical difference between the shedding duration for the primary infection in
comparison with the shedding duration for secondary infections with both the
heterosubtypic and homologous viruses. This indicated that a prior infection with a
heterosubtypic virus provided a degree of immunity to the subsequent infections. A
difference was also noted between the heterosubtypic and homologous virus infections at
day 28. This suggested that over time an increase in adaptive immune responses to the
previous homologous virus increased creating greater immunity for when the virus was
encountered at a later time point. Whether a mallard was initially infected with an H3 or
HS5 virus did not make a difference in the duration of shedding for the secondary
infection.

We also hypothesized that there would be decreased shedding of virus at the
earlier time point (14 days) in comparison to an infection at 28 days. We had believed
that non-specific immunity would be active when the ducks were challenged with the
secondary virus at an earlier time point. A statistical difference was encountered when
comparing the primary to the secondary shedding durations at both 14 and 28 days
indicating that a prior infection provided a degree of immunity to subsequent infections.
Contrary to our hypothesis, the duration of virus shedding for ducks infected at day 28

was significantly shorter than the duration of shedding for ducks infected at 14 days.
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When examining the data by comparing specific primary and secondary virus
combinations for 14 and 28 days the only statistical difference was noted for ducks
challenged with the homologous virus. This suggested that subtype specific antibodies
may have been responsible for this increased level of protection at the later time point.
The longer time period may have allowed the ducks to develop memory B cells that are

ready for the second encounter of the homologous virus.
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Table 3-1. Statistical analysis examining the difference in mean duration of shedding following either primary or secondary infection
with either the LPAI HSN2 or H3NS viruses. T-tests were performed when simple, direct comparisons were made, while repeated
measures ANOVA were used in other cases. Sequential infections are represented as primary virus X secondary virus. SE indicates
the standard error. Statistically significant comparisons are shaded grey (p<0.05).

Group Group 2 Group 1 Mean + SE | Group 2 Mean + SE p value
Primary infection: H3 (n=13) Primary infection: H5 (n=12) 6.2+0.6 52+0.6 0.250"
Primary infection: H3 or HS (n=25) Secondary infection: H3 or H5, 14 or 28 days post- 5.7+04 28+04 <0.001*
primary infection (n=25)
Primary infection: H3 or HS (n=13) Secondary infection: H3 or H5, 14 days post- 6+0.8 3.840.4 0.034"
primary infection (n=13)
Primary infection: H3 or HS (n=12) Secondary infection: H3 or HS, 28 days post- 54+0.5 1.84+0.6 0.028"
primary infection (n=12)
Secondary infection: H3 or H5, 14 days post- Secondary infection: H3 or H5, 28 days post- 3.8+04 1.8+ 0.6 0.007*
primary infection (n=13) primary infection (n=12)
Primary infection: H3 or HS (n=25) Secondary Homologous Infections: H3 or HS, 14 57+04 2.34+0.6 <0.001"
or 28 days post primary infection (n=12)
Primary infection: H3 or HS (n=25) Secondary Heterosubtypic Infections: H3 or HS, 5.7+04 34405 0.001"
14 or 28 days post primary infection (n=13)
Secondary Heterosubtypic Infections: H3 or Secondary Homologous Infections: H3 or HS, 14 34+05 23+0.6 0.080"
HS, 14 or 28 days post primary infection or 28 days post primary infection (n=12)
(n=13)
Secondary Heterosubtypic Infections: H3 or Secondary Homologous Infections: H3 or HS, 14 3.7+0.6 4.0+0.7 0.380"
HS, 14 day post primary infection (n=7) day post primary infection (n=12)
Secondary Heterosubtypic Infections: H3 or Secondary Homologous Infections: H3 or HS, 28 3.0+ 0.9 0.5+0.3 0.011"
HS, 28 days post primary infection (n=6) day post primary infection (n=12)
Secondary infection, H3 or HS following Secondary infection H3 or H5 following primary 25404 33+0.7 0.273%
primary infection with H3 (n=13) infection with H5 (n=12)
Secondary infection: H3xHS, Day 14 (n=4) Secondary infection: H3xHS5, Day 28 (n=3) 3.0+0.7 2.0+0.6 0.486"
Secondary infection: H3xH3, Day 14 (n=3) Secondary infection: H3xH3, Day 28 (n=3) 40+0 0.7+0.7 0.035"
Secondary infection: HSxH5 Day 14 (n=3) Secondary infection: HSHS Day 28 (n=3) 40+1.5 03+03 0.021*
Secondary infection: H5xH3 Day 14 (n=3) Secondary infection: HSxH3 Day 28 (n=3) 4.7+0.9 40+ 1.5 0.664"

A _ repeated measures ANOVA. '

— t-test.
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Serologic Responses of Ducks Following Primary and Secondary Infection with Al
Virus

The antibody response to the initial infection to the H3N8 virus did not reach
what is considered by the World Organization for Animal Health (OIE) to be a positive
serum HlI titer of 1§517)in 5 of the 7 ducks by day 14 (Tabl€B An additional duck
had a titer of 16 by 21 days post primary infection, but that was 7 days following the
secondary challenge with the HS5N2 virus. It is unlikely that the HSN2 gititnulated
the increase in the titer because antibedo the HSN2 virus were ndetected until 14
days following the secondary infection. The two ducks with a positive titer only had a
titer of 16. The HI titer of ducks initially infected with thé&N2 virus was only
marginally higher. Four ducks had an Hl titer of 16 and one had a titer of 32. Infection
with the homologous virus at 14 days boostered the titer of ducks that were challenged
with either the H3N8 or H5N2 viruses. The HI titers statteslowly wane by 28 days
post infection. None of the ducks produced a positive antibody titer to the heterosubtypic
infection.

Only four ducks in study 2 produced positive antibody titers to the virus they were
initially challenged with prior to theecondary challenge (Table33. Challenge with the
homologous virus at 28 days post infection resulted in boostering of the HI antibodies.
Antibody titers peaked at 128 for H3N8 virus and 256 for H5N2 virus, which is higher
than that seen in study lin®lar to study 1, none of the ducks developed positive Hl

antibody titers following challenge to the secondary heterosubtypic virus.
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Table 3-2. Hemagglutination inhibition testing for mallards in study 1 for both H3N8
and H5N2. Primary infection occurred on Day 0; secondary infection occurred on Day
14. The detection limit is an HI titer of 4. — Indicates an HI titer <4, which is below the
limit of detection.

Duck HI Day 0 | Day7 | Day 14 | Day 21 | Day 28 | Day 35 | Day 42
Infection' Test

Duck 1 H3 HI — 8 8 8 — — 4
H3xH5 HS5 HI — — — — — — —
Duck 2 H3 HI — 8 8 — — 4 —
H3xH5 HS5 HI — — — — — — —
Duck 3 H3 HI — 4 8 16 8 8 4
H3xH5 H5 HI — — — — 4 4 8
Duck 4 H3 HI — 8 16 16 8 8 8
H3xH5 H5 HI — — — — 4 4 4
Duck 5 H3 HI — 8 16 32 16 16 8
H3xH3 HS5 HI — — — — — — —
Duck 6 H3 HI — 8 12 24 8 8 8
H3xH3 HS5 HI — — — — — — —
Duck 7 H3 HI — 8 8 16 8 8 8
H3xH3 HS5 HI — — — — — — —
Duck 8 H3 HI — — — — — — —
H5xHS5 H5 HI — 8 16 32 16 16 16
Duck 9 H3 HI — — — — — — —
H5xHS5 H5 HI — 8 16 32 24 16 16
Duck 10 H3 HI — — — — — — —
H5xHS5 H5 HI — — 16 — 24 8 16
Duck 11 H3 HI — — — — — — —
H5xH3 HS5 HI — — 4 16 — 8 4
Duck 12 H3 HI — — — — — — —
H5xH3 H5 HI — — 32 16 16 16 16
Duck 13 H3 HI — — — — — — —
H5xH3 H5 HI — 16 16 4 8 8 8

! Primary infection X secondary infection

79



Table 33. Hemagglutination inhibition testing for mallards in study 2 for both H3N8 and
H5N2. Primary infection occurred on Day 0; secondary infection occurred on Day 28.
The detection limit is an HlI titer of bIndicatesan Hl titer<4, which is below thémit

of detecion.

Duck Hl Test | Day | Day Day Day Day Day | Day | Day | Day
Infection* 0 7 14 21 28 35 42 | 49 56
Duck 14  H3HI N 64 24 16 16 16 16 16 8
H3xH5 H5 HI N N N N N 4 4 4 N
Duck 15 H3 HI N N N N N 8 8 4 4
H3xH5 H5 HI N N N N N N 4 N 8
Duck 16 H3 HI N N N N N N N 4 4
H3xH5 H5 HI N N N N N \ 8 8 N
Duck 17 H3 HI N N N N N 32 32 64 16
H3xH3 H5 HI N N N N N N N N N
Duck 18 H3 HI N N N N N 128 32 64 32
H3xH3 H5 HI N N N N N N N N N
Duck 19 H3 HI \ \ N N N 64 16 32 16
H3xH3 H5 HI N N N N N \ N N N
Duck 20 H3 HI N N N N N N N N N
H5xH5 H5 HI N N 16 8 12 192 64 32 32
Duck 21 H3 HI \ \ N N N N N N \
H5xH5 H5 HI N N N N N 64 24 16 16
Duck 22 H3 HI N N N N N N N N N
H5xH5 H5 HI N N N N 6 256 192 96 64
Duck 23 H3 HI N N N N N N N N N
H5xH3 H5 HI N N N N N N N N 8
Duck 24 H3 HI N N N N N N 8 8 4
H5xH3 H5 HI N N 16 8 8 16 6 12 32
Duck 25 H3 HI N N N N N N 4 4 4
H5xH3 H5 HI N 16 16 12 8 6 4 4 8

1 Primary infection X secondary infection
DISCUSSION

Prior infectionwith a LPAI virus decreased the length of shedding of a
subsequent infection by a secdrf@lAl virus. The duration of shedding for the primary
infection in this study was similar to previous reports that ducks regularly shed virus in
feces up to 7 days poafection(26). Ducks can infrequently and sporadically shed
virus after the 7 days post infecti@6). The length of shedding for a secondary
infection was shorter than a primary infection when data from both subtypes were

combined. This is in agreement with our hypothdsas & prior heterosubtypic infection
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would result in partial immunity to a secondary challenge resulting in decreased
shedding. We believed that a rgpecific immune response as well as some antibody
crossreactivity would result in this protection. Thaek of antibodies that reacted across
subtype suggests that a pgecific immune response plays the primary role in the
decreased shedding duration.

Theresultsfrom our experimentare similar to a previous study, whiported
decreased levels ofiedding of virus following both a secondary (21 days post primary)
homologous and tertiary heterosubtypic infection (14 days post seco(@Ezy) The
results presented reeand previous studies suggest that there may be some heterosubtypic
immunity provided by a previous Al infection. The study by Jourdain é€@10
assessed shedding by RTCR, but not by examinintlpe presence of infectious virus
(512). Thisstudy may have found even shorter shedding periods if only infectiass vi
was examined since RFCR detects viral RNA rather tharactinfectious virions. The
tertiary infection with the H5N2 virus resulted in detectable shedding in only 4 out of 6
birds(512). This is in contrast to the present study where all ducks shed virus during the
secondary heterosubtypic challenge. There may have been a benefit of exposing birds to
the same virs twice causing an overall increase in immune system activity.

We found most ducks +iafected with the same virus shed virus pdsallenge
regardless of whether ducks werantected at 14 days or 28 days post primary infection
and regardless of stype. Some ducks that were infected with the homologous virus at
the later time point did not shed virus, while all ducks at the earlier time point did shed
virus. This isn contrast to previous experiments where none of these birds shed virus in

theirfeces following ranoculation with a LPAI H7N{26). Birds were protected up to
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96 days post infection from re-infection in that study. The research presented here
suggests shedding of virus from ducks infected following secondary exposure to the same
LPAI virus may be strain dependent.

Since birds are not fully protected from a secondary heterosubtypic Al infection at
short time periods, this may help to explain perpetuation of Al viruses in nature. Ducks
congregate in northern nesting areas prior to migration where isolation of Al viruses is
highest (12). This congregation may result in birds being exposed to numerous subtypes
of Al viruses over a short period. As a result, the birds may shed different viruses for
short periods of time following an initial infection allowing for multiple viruses to be
maintained. As the birds migrate south the detection of Al decreases. The birds may
continue to be exposed and shed virus, but due to prior infections they would only shed
for a short duration. These short time periods may make it difficult to detect all of the
circulating viruses in a population. These short durations of shedding may explain why
some viruses are isolated more frequently, why there seems to be a yearly periodicity to
the subtype isolated and the lack of isolation in southern migratory locations.

Ducks challenged with a secondary infection at 28 days following the primary
infection shed virus for a shorter period of time than ducks challenged at 14 days. We
initially hypothesized that shedding would be shorter for the secondary infection at the 14
day time point in comparison to the 28 day time point, believing that activation of the
non-specific immune response would curb the secondary challenge at the earlier time
point. At the later time point we believed that this response would have waned. Instead,
the duration of shedding was significantly shorter for ducks challenged at 28 days. The

shorter duration of shedding at the 14 day time point, which was not statistically different
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between homologous and heterosubtypic infections suggests that non-specific immunity
plays a role in partially protecting ducks from sequential infections at short time intervals.
At the 28 day time point, the homologous infection was significantly shorter than the 14
day infection, suggesting that the ducks had time to develop a humoral immune response
that played a greater role in protecting the duck at longer time points.

Other studies focused on the difference in morbidity and mortality of ducks
previously infected by a LPAI virus then challenged with an HPAI H5N1 virus. One
study examined wood ducks (4ix sponsa) previously exposed with homosubtypic LPAI
H5N1 and H5N2 viruses and heterosubtypic LPAI HIN1 virus 21 days prior to HPAI
H5N1 virus exposure (513). The study found that there was a significant level of
protection by prior exposure to homosubtypic H5 virus infection. Protection was
afforded to the 5 birds infected with the LPAI H5N1 virus that did not develop a
detectable humoral immune response by HI. The infection resulted in an increase in HI
titer to the initial virus. In comparison, there was not a significant decrease in mortality
by prior exposure to the HIN1 virus. In the ducks previously infected with the HIN1
virus, mortality was a moderate 60% in comparison to the naive ducks, which was 100%.
Further demonstrating that there may be some cross protective effects by prior infection
with a heterosubtypic virus, wood ducks that sero-converted to the initial HIN1 virus,
only one third died. In another paper, mallards were infected with LPAI H4N6 or HSN2
viruses and 7 weeks later were inoculated with an HPAI H5N1 virus (514). Prior
infection with heterosubtypic H4N6 virus resulted in decreased morbidity and mortality.
Prior infection with an LPAI HSN2 virus resulted in no clinical signs when ducks were

later infected with the HPAI H5N1 virus. The morbidity/mortality results were mirrored
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by the results of viral shedding. There was decreased viral shedding in the group that
received the H4NG virus, while only a few ducks in the study that were previously
infected with the HSN2 virus shed. Cross-protection from a LPAI virus to HPAI HSN1
has also been noted in chickens (518). These findings strengthen the role of prior
infection with a heterosubtypic Al providing a degree of protection to ducks later infected
with another Al virus.

Infection did not induce antibodies that cross-reacted between H3 and H5 subtype
viruses. Although antibodies were not detected in many ducks in study 2 following the
initial challenge, there most likely was an immune response that resulted in activation of
B cells with antibodies to the HA. Ducks challenged with the homologous virus
developed a strong immune response as determined by HI antibodies only seven days
following the secondary infection. None of the primary infections resulted in this robust
of an antibody response. Therefore, these results suggest the presence of memory B cells
that responded to the secondary infection. Potentially, the Al virus can be cleared from
the GI tract before a detectable humoral immune response is necessary. As a result,
detectable HI titers do not occur.

Other previous studies noted a lack of antibody response in ducks to LPAIL In
one study, primary infection in ducks with an H7N7 virus did not result in an HI antibody
titers greater than 20, while secondary infection resulted in antibody titers greater than 20
in only four out of 6 birds (512). In the same study these birds received a tertiary
challenge with an HSN2 virus, resulting in HS specific antibodies detected by ELISA in

only 1 out 6 birds and none of the six birds had HI HS titers greater than 20.
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An unknown factoin this study is whether or not a cell meditamune
response is involved in crossibtype protection. Humans have CD8+ T cells that may
provide a degree of cross protection by recognizing M1 and NP, which are more highly
conserved than the surfacg@gbproteins HA and NA519-522). It has been suggested
that multiple infections of influenza viruses of different antigenicity results in selection
for cross protective CD8+ T cel(523). The presence of CD4+ T cells that respond to
M1, NP and NA proteins of HPAI H5N1 virus have been demonstrated in humans that
have only been exposed to seasonal influenza vi(626s 521, 524) Whether or not
these immune cells provide a degree of csgection to humans infected with HPAI
H5NL1 virus is unknown. The difference in rate of symptomatic infections in adults
versus children during the 1957 H2N2 influenza pandemic suggests thata deg
crossreactive immunity from previous infection with seasonal HIN1 may have existed in
adults(525). In chickens, CD8+ T lymphocytes provided a degree of gagection to
infection by HPAI H5N1 virus, but this may not hold true for du@ksl, 452)
Mitogen/antigen stimulation assays have suggested that infection with a LPAI virus
results in suppression of duckc€lls(526). Therefore, the cellular mediated arm of the
immune system may play less of a roll in influenza infections in ducks compared to
mammals. The initial study to look atirgection of ducks with a LPAH7N7 virus
found a similar weak humoral immune respor(@&3. In that study two out of three
duck exhibited antibody titers of 1:16 at time points 14 (1 duck) and 21/28dpi (both
ducks). An additional 10 ducks wereindected with the same virus at intervals from 21
84 days (initially very little antibody response). Only one duekoeulated before 28

days exhibited an HI titer of 16 at 7 days post infection. Dudkfeeted at 46 and 56
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days post initial had peak antibody titers of 256. This mirrors findings from the current
study where the HI antibody titers were frequently low or undetectable.

The research presented here suggests that sequential infections of ducks with Al
viruses may result in shedding of the secondary virus for only short durations. Although
the longer the period of time between infections results in a shorter duration of shedding
due to re-infection with homologous virus, this does not hold true for heterosubtypic
viruses. Therefore, the short period of time the ducks may shed virus during secondary
infections may interfere with surveillance of waterfowl by mitigating detection of Al
viruses in ducks as they migrate south. The lack of complete immunity of ducks to a
secondary infection with a heterosubtypic viruses resulting in a short shed duration may
allow for their continued circulation through overwintering populations without
detection. The lack of cross-subtype antibodies suggests that this partial immunity is
mediated by an innate immune response. Modeling for the potential introduction of the
HPAI H5N1 virus in North American waterfowl should take into account the short
duration of virus shedding caused by prior infection with other Al virus subtypes.

SUMMARY

Prior infection with a LPAI virus altered the length of shedding of virus in the
feces. Shedding was significantly shorter for ducks infected with either a homologous or
heterosubtypic virus. Shedding was also significantly shorter when the secondary
infection occurred 28 days following the initial infection compared to 14 days. No
difference in shedding rates for the secondary infection were noted based on the viral
subtype causing the initial infection. As seen in previous studies, low to no HI antibody

titers were noted following the initial LPAI infection. A cross-reactive antibody response
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wasnot detected following the secondary infection. Prior infection with a heterosubtypic
virus did not appear to improve the antibody response to the second virus. A second
infection with the homologous virus was capable of bogghe antibody response.
Therefore, the innate immune response may be responsible for the shorter duration of
viral shed in ducks infected with the heterosubtypic virus. The short duration of viral
shedding following a secondary infection may allow/A® viruses to be maintained
overwinter in populations of waterfowl without being detected. When developing models
of Al in nature, consideration must gzento the probable effects sequential

infections and how they alter viral shedding in subsegunections.
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CHAPTER IV
TRANSFER OF MATERNALANTIBODIES TO HIGHLY PATHOGENIC H5N1
AVIAN INFLUENZA FROM MALLARD HENS TO DUCKLINGS

INTRODUCTION

At the time of birth or hatch, neonates from a majaritgpecies lack antibodies
butreceive passive immuwgifrom their dam via maternal antibodies (MABYIABs aid
in protectng neonatefrom pathogens experienced by their dam, which greatly assists in
protecting them until they start producing their own adaptive immune resb23¢s
While MAB for several pathogens have been demonstrated to be passed through yolk to
chicks in a variety of birds, currently there is no infoiorabn MAB against avian
influenza virus in mallard duckslfas platyrhynchos). The research describbdre
demonstrates the passage of MAB against highly pathogenic avian influenza virus
(HPAI) from vaccinated mallard hens to ducklings.

Passive transfeof MAB has been demonstrated to be important for the survival
of offspring from a variety of avian speci@R27) This fnenomenon has been studied
most extensively in chickens, whdgg, comparable to IgG in mammals,transferred
from the dam to the offsprintprough yolk(528). A survey of eggs at a broiler farm
found transfer of MABs for the following pathogens: avian encephalomyelitis virus,
avian influenza virus, chicken anemia virus, infectious bronchitis virus, Newcastle
disease virus, infectious bursal disease virus, laryngotracheitis Miydsplasma
gallisepticum, Mycoplasma synoviae andreovirus(529). MABs weretransferredo
chicks following irfectionof henswith adenovirus BC14, a causative agent of egg drop
syndromg530)and MAB was demonstrated in yolks of experimental inoculation of hens

with an H7N2, HE6N2 and H7N2 avian influenza (Al) virugg31, 532) MAB transfer
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following vaccinatiom of hens has been demonstratedrit@ctious bronchitis virus,
infectious bursal diseasBewcastle diseasayian leukosis virus/Rous associate virus
andavian reovirug533552) Turkey poults receive protectivevels of MAB against
hemorrhagic enteritis and MABSs that are not protective to rhinotracf&Es8s555)
Vaccination of Pekin duck®fas domesticysvith a DNA based hepadnavirus vaccine
resulted in the passagf MAB in yolk (556) A common finding from many dhese
studies was: direct correlation betweehe level of antibody in the damOs serum to that
in yolk and in the chickOs ser{®28, 539) although he relative efficiency ofransfer of
MAB varies greatly by pathgen(529). It is thereforemportant to examine each disease
agent and avian species tachcterize the ability of a dam to pass MAB in the yolk to
her offspring.

Among wild birds, passive transfer of MAB has been most extensively studied for
Flaviviruses Wild bird chicks and eggs have been found to have MABs to Eastern
equine encephalitidEEEV), Western equine encephalitis (WEEV), St. Louis encephalitis
(SLEV), Japanese Encephalitis (JEV), Murray Valley encephalitis and West Nile (WNV)
viruses(557-564). Field studies indicated the presence of MABainst WNV in a wide
range of species representing numerous families of birds. Birds for which nestlings have
been demonstrated to have MABs to WNV include CooperOs haedigiter cooperi),
redtailed hawks Bubo virginanuy great horned owlBubovirginanug, blackcrowned
night heronsNycticorax nycticorakx cattle egretsBubulcus ibi$, doublecrested
cormorantsPhalacrocorax auritul great egretsArdea albg, yellow-legged gulls
(Larus cachinnanys greater flamingosRhoenicoperus rubgand glossy ibis Plegadis

falcinellug (562-564). The presence of MAB to WNV in chicks has also been
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demonstrated in naturally infected captive populations of rock pigeon (Columba livia)
and Eastern screech owls (Megascops asio) (565, 566). Additionally, experimental
infection of chickens with WEEV, SLEV, JEV and WNYV, as well as doves with WEEV,
SLEV and EEEYV resulted in demonstrable transfer of maternal antibodies to chicks (558-
560, 567, 568). House sparrows have been shown to pass MABs to chicks against SLEV
and WNV (569, 570).

Little research has been conducted to examine the importance of MAB in ducks
and particularly in mallards. Similar to chickens, IgY is the primary antibody passed
from mother to duckling through the yolk sac (571). Considering the important role of
passive immunity in protecting young birds from diseases experienced by adults, it is
important to characterize the dynamics of passive transfer of antibodies to influenza
viruses in mallards. There are currently many questions surrounding the ecology of Al
viruses in the wild and a better understanding of the role of MAB in protecting ducklings
from these viruses is important in modeling and predicting future outbreaks of Al.
Similarly, an enhanced understanding of passive immunity to Al in ducks may be critical
to developing more effective vaccination strategies, particularly for domestic ducks in
countries where highly pathogenic avian influenza (HPAI) virus is endemic. Finally,
devising vaccination programs for ducks requires a more precise knowledge of the decay
of passive immunity in order to better recommend vaccination times that avoid
interference via the presence of passive antibody.

AIMS: Determine the immunogenicity of a recombinant H5 hemagglutinin
vaccine in adult ducks and characterize the transfer of maternal antibodies to this protein

to both egg yolk and ducklings, as well as the decay of antibodies in ducklings over time.
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HYPOTHESES: Mallards will develop a strong immune response as determined
by a high antibody titer to vaccination with the HS subunit vaccine. The rise of antibody
titers in the mallard’s serum will mirror the detectable levels observed in the yolk.
Maternal antibodies will be present in the ducklings’ serum and the half-life will be
similar to that seen in other studies of passive immunity in birds.

MATERIALS AND METHODS
Animals

Four eleven month-old mallard hens and one drake were purchased from Field
Trial Game Birds (Wellington, CO). The birds were identified by placing colored zip-
ties loosely around one leg. On arrival, the hens were tested negative for antibodies to
HPAI H5N1 by hemagglutination inhibition and were housed for the duration of the
experiment under BSL-1 conditions in a horse stall. The birds were given straw hay for
bedding, which also allowed them to build nests for laying eggs. They were fed a
commercial wild game bird diet ad libitum and freely had access to water. In addition,
the birds were given crushed shell for calcium supplementation once a week. The birds
were placed under 16 hours of artificial lighting to stimulate egg laying. At weekly
intervals, each hen’s cloaca was swabbed with a specific food coloring to determine
which egg came from each bird. The eggs were dappled with the corresponding color to
the hen when laid. Unfortunately, this could not be done daily because of concern over
inducing excessive stress and affecting their laying rate.

Starting two weeks post-vaccination, eggs were collected every day and kept in a

dark and dry location at room temperature. Eggs were placed into an egg-incubator twice
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weekly until five weeks post vaccination. The eggs were incubated betw&HGat
80% relative humidity for 28 dayin GQF 1502 Digital Sportsman Cabinet Style
Incubator (GQF Manufacturing Company, Savannah, GE). Two days prior to hatching,
eggs were moved from the rotating shelf to the bottom of the incubator. On the day of
hatch the incubator was checked for dirgkd every four hours. Although some eggs
were labeled with the food coloring dye, the mobility of the precocious ducklings
prevented determining with confidence which duckling hatched from which eggs.
Following hatch, ducklings were transferred to rulthbs with wood shavings for
bedding and a heat lamp at one end. Ducklings were identified by coloreeszntaced
in combinations around each leg and hddibitrum access to gamebird feed and water.
When the ducklings grew larger they were moved &six foot diameter metal stock
tank. At the end of the study, all birds were humanely euthanized using with an
intravenous overdose of pentobarbital and carcasses were incinerated.
Vaccine

A recombinant H5 protein was provided by Dr. Joe Riningétrofein Sciences,
Inc. This protein was expressed from transformed Drosophila cells and was equivalent
to the H5 protein from A/Vietnam/1203/200#us. Once the birds were laying eggs
routinely, 18 days following being placed under artificial lightitiggy were vaccinated a
single time. Each hen was injected intramuscularly with a totalaj 80theH5 protein
in a volume of 200l containing 50% Fruend's incomplete adjuvé@igma Chemical,
Inc). The vaccine was administered as two 0.inpattiors intoeachtheleft breast

muscle and left thigimuscles.
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Collection of Specimens

Blood from each mallard hen was drawn from the brachial vein at weekly
intervals starting at day 0 through day 35 post-vaccination. Blood was drawn from the
jugular vein of ducklings on the day of hatch and at 2, 4, 6, 10, 14, 18 and 22 days post-
hatch. Blood samples were allowed to clot and centrifuged at 2000 x g for 10 minutes.
Serum was decanted from the blood clot and frozen at -20;C until assayed.

Eggs were collected at weekly intervals until day 28 post-vaccination for
examination of antibodies in the yolk. Since hens do not lay eggs on a daily basis, the
egg laid nearest to the seven-day interval was collected and used for antibody analysis.
Hens had stopped laying eggs regularly by day 35 and therefore collection of eggs for
yolk analysis after that time point was not possible. The yolk was separated from the
eggs and frozen at -20j C until assayed.

Hemagglutination Inhibition Assay

The hemagglutination inhibition assay was performed as described in chapter II.
Briefly, two-fold dilutions of serum were prepared in a V-bottom 96 well and each well
was then inoculated with 4 HAU of BPL-inactivated A/Vietnam/1203/2004 virus. For
each assay, a column was used for back titration of the virus and for titration of a positive
control antiserum. The virus and serum samples were allowed to incubate at room
temperature for 30 minutes, followed by addition of 0.5% chicken erythrocytes. The
samples were gently mixed and allowed to incubate for 30 minutes at room temperature.
Hemagglutination inhibition was determined by the presence of a button of red blood

cells and a “tear drop” running of erythrocytes when the plate was tilted. All samples are
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assayedn duplicate and artibdy titer was determined as the highest dilution serum to
cause inhibition of hemagglutination.

To assay antibody in eggs, yolks were thawed and 0.5 ml aliquots were mixed
with 0.5 ml of PBS in a 15ml centrifuge tube. The diluted yolk samplesseeited for
one minute, then mixed vigorously with an equal volume of chloroform and centrifuged
at 6000 x g for 15 minutg$72). The supernatant was decanted and tested by
hemagglutination inhibition.

The halflife of anttH5 MABs was calculated using ten ducklings with the
highest antibody levels. The two time points used weoedays poshatching, to
account for continued yolk absorption following hatching, and six dayshatsting
since most ducklings still had detectable antibodies at this point. Thigdaths
calculated using the following equation that has beeviqusly described for radioactive
decay(573) ( HI indicates hemagglutination inhibition antibody titer):

(dayselapsed x log,, 2

Initial HI
log,o( %:inal HI)

RESULTS

half - life =

All hens seroconverted by Tys poswaccination (Figure-4). Three mallard
hens had detectable antibody levels by day 7 post vaccination with the Hghest
antibody titer being 32. The titers for all four ducks peaked 14 pagt vaccination then
declined before leveling off at 28 days post vaccination. Hens 3 and 4 had the Highest
antibody titers of 124 at 14 days post vaccination. Hhantibody titers remained at 32

for hens 3 and 4, and 16 for hens 1 and 2 at $5 past vaccination.
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Figure 4-1. Hemagglutination inhibition antibody titers against A/Vietnam/1203/2004
influenza virus using sera from vaccinated mallard hens.

MAB was detected in the yolk of eggs that were collected from all of the mallard
hens (Figure 4-2). Unfortunately, the ducks ceased laying eggs at five weeks post
infection, most likely due to the stress of frequent handling for the project. Anti-HS
antibody could first be detected on day 9 post infection in an egg laid by hen 1. The
results of the HI antibody titer for the egg yolks mirrored that of the hens. Mallard hens 3
and 4, which had the highest serum HI antibody titers, also had the highest levels of
antibodies in the egg yolks. The highest antibody titer was recorded from Mallard 4 on
day 28 post-vaccination. Egg yolk antibody titers for hens 1 and 2 peaked approximately
three weeks post vaccination. Egg yolk antibody titers were highest on the last day

measured, four weeks post vaccination.
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Figure 4-2. Hemagglutination inhibition antibody titers against A/Vietnam/1203/2004
influenza virus using egg yolk from vaccinated mallard hens.

Eggs were collected for hatching once it was determined that hens had mounted a
strong antibody response 14 days post vaccination. Ducklings were combined into three
groups; those that were from eggs laid between 15 and 20 days post infection, from eggs
laid between 22 and 27 days post-infection and those laid between 29 and 34 days post
infection. The first group included 7 ducklings, the second group included 15 ducklings
and the third group included 16 ducklings. Due to small veins, blood was unable to be
drawn from one duckling in group 2 at day 0 and day 2 as well as one duckling in group 3
on day 2. A duckling in group 2 was found dead 12 days post hatching. Two ducklings
lost their identification bands on day 10 post hatching in group 3 and one duckling in
group 2, 15 day post hatching, and sera from these ducklings was not included in the

analyses. Before the decision had been made to group sets of hatchling by the week they
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were born, blood was not drawn on 3 ducklings in group 1 day 18 and 6 ducklings in
group 2 day 18All ducklings had MABspresent in the serum (Figure3J.

The highestHl antibody titer was 128 in ducks laid in group 1 on the day of
hatching. The lowest measurdtlantibody titer on the day of hatching was 8 in a
duckling from group 3. Antibodies were not detected in the majority of ducklings by 18
days posthatch. The calculated hdife of the MABSs for the ten ducklings with the

highestHI antibody titer was 2.3 days. The range for the-lfalfvas 1.64.0 days.
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Figure 43. Mean lemagglutination inhibition antibody titeegjainst
A/NVietnam/1203/2004nfluenzavirus in the sera of ducklings from vaccinated hens.
Group 1 includes ducklings from eggs laid2G days post vaccination, group 2 from
eggs laid 227 days post vaccination and group 3 from eggs lai8®28ays pds
vaccination.
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DISCUSSION

The Drosophila-derived H5 vaccine used in this study elicited antibody titers in
mallard ducks similar to or greater than those seen in other vaccine studies (158, 444,
446-448). The HI titers in these previous studies ranged from ducks having no detectable
titer to an average HI titer of 10 log2. These studies also indicate that HI antibody titers
are not indicative of prevention of viral shedding. Therefore, it will be important to
evaluate viral shedding of mallard hens vaccinated with the novel drosophila derived
vaccine following challenge with HPAI H5N1in future research. In this study, all hens
developed detectable antibody titers following vaccination. The average HI antibody titer
for the four mallard hens was 6.4 log 2 from a single vaccination. This study found an
antibody titer of 3.4 log2 one week post vaccination. Five days following vaccination,
the average antibody titer was 4.6 log2, which is similar to the HI antibody titer of
another study, 4 log2 14 weeks following vaccination (448). It would be important to
determine how long antibodies would be present in ducks following vaccination with the
novel drosophila derived vaccine. Additionally, it would be interesting to determine what
the antibody response would be following a booster vaccination. Although this study was
not designed as a vaccine trial, the strong immune response of the ducks suggests that the
vaccine deserves further evaluation.

The presence of antibodies to HPAI HS virus present in yolk is comparable to
other species and other diseases. Passage of MAB has been observed in the yolk of
WNV experimentally infected house sparrows (570). Chickens infected with WNV pass
antibodies through the yolk to their offspring (568). This has also been previously

observed with avian influenza antibodies. A field survey found MABs to Al virus in the
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egg yolks of wild Yellow-legged gulls (Larus michahellig(574). The passive transfer of
MAB to Al has been examined in chickens inoculated with an H7N2 or HON2 virus (531,
532).

Previous research demonstrated that detection of antibodies to an H7N2 LPAI
virus was consistent in egg yolks 14 days post infection in chickens (531). Although the
species are different, this is similar to the current study since antibodies were not
consistently detectable until 14 days post vaccination. During an outbreak of H7N2
LPAI sampling of egg yolks for maternal antibody was performed and it was concluded
that it could be a helpful method for monitoring for AI (575). The data from this
experiment suggests that egg yolks could be useful for monitoring Al infection in
commercial and wild flocks of ducks. Egg yolks could also be used to monitor the
efficacy of vaccination of ducks.

The peak antibody titer of yolks for two of the ducks was found a week following
the peak antibody titer of the serum, which is similar to previous results for chickens
infected with a LPATI H6N2 (532). Chickens, like the ducks in the current study,
developed serum antibodies to Al virus earlier than detectable levels of antibodies in
yolk. The serum titers in the infected chickens were also higher than that detected in egg
yolk. One dissimilarity in the studies was the time difference in peak antibody levels. In
chickens inoculated with LPAI H6N2 the peak antibody titer was 4 weeks post infections
and the peak titers in the yolks was 5 weeks post infection. Following vaccination, the
peak antibody titer in the mallard hens was 2 weeks post vaccination and the peak
antibody titer in the yolks was 3 weeks post vaccination for two of the mallards. The

difference in timing of peak antibody titer in the serum may be due to the difference in
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continued antigenic stimulation as a result of an active infection versus vaccination. The
HI titers in yolk were lower than those recorded for an Egyptian poultry farm that uses
Yebio H5N1 Re-1 vaccine where HI titers of yolk from day old chicks ranged from 10-
160 with a GMT 48 (576). The difference in HI antibody titers may be due to a
difference in preparation of yolk since Kim et al. 2010 did not use a chloroform
extraction and used horse red blood cells. The same samples were tested with chicken
red blood cells and no detectable HI titer was recorded. Finally, these eggs were
collected from a poultry farm rather than under strict experimental conditions. The hens
may have received more than one vaccination or there may have been circulating Al
viruses that increased the serum antibody titers of the hens.

In previous studies, the half-life of MABs to influenza virus and the rate of decay
of passive immunity were not calculated. The half-life for MABs against WNV for
house sparrows was slightly longer than that seen in this study (3 days versus 2.3) (570).
The ranges for the individual birds were similar (1.4-5.9 days versus 1.6-4 days). This
and other studies indicate that the half-life of MABs of birds is greatly shorter than that of
mammals (527, 570). There are likely two important reasons for the quick decay in
MABS in the duckling’s serum. First, mallard ducklings grow quickly resulting in a rapid
increase in circulatory volume (577). This in turn causes a dilution effect on the
concentration of antibodies in the serum. Secondly, studies in chickens suggest that the
high metabolic rate of birds results in a catabolism of MAB present in the serum (578).
One study indicated that MABs remain high from hatching until 5 days of age (571). We
found that the majority of ducklings in groups 1 and 2 had HI antibody titers that

remained at 16 or above by 6 days post-hatching. In several cases the individual antibody
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titer for a duckling increased after birth and peaked at day 2. This has been previously
described with duck antibodies peaking at 3-7 days of age due to continued absorption of
the yolk after hatching (571). It has been demonstrated that ducklings absorb the
majority of their yolk sac over the first 5 days of life (579). Transfer of MABs against Al
viruses may be an important means of protection of young ducklings since de novo
synthesis of antibodies by the ducklings were not detected until 20 days of age (571); this
result is surprising and bears re-evaluation.

The presence of maternal antibodies in ducklings does not indicate their
biological significance. In some instances, MABs may suppress responses to a pathogen.
MABs against St. Louis encephalitis virus have been shown to be passed in house
sparrows, but instead of protecting the chicks they appeared to result in viral
enhancement (569). MABs may also lack efficacy in protection of young animals from
disease. Vaccination of turkey hens with rhinotracheitis virus was associated with the
transfer of maternal antibodies, but they were not protective (554, 555). The protective
effects of maternal antibodies have been noted in some instances. Turkey poults were
protected until 6 weeks of age by MAB against hemorrhagic enteritis (553). Vaccination
of chickens with an inactivated reovirus vaccine resulted in the transfer of passive
immunity in the yolk and protection of chicks from challenge (548-550). MAB has been
shown to be protective in chicks and interfere with vaccination of chicks for infectious
bronchitis virus and infectious bursal disease as well as in poults for hemorrhagic
enteritis (533-540, 553). Maternal antibody to HSN1 HPAI virus in chicks from
vaccinated farms in Egypt was believed to inhibit the immune response to vaccination

(576).
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Additional areas of research on this topic should include vaccinating ducklings
that had MAB to determine if MABs to HPAI H5N1 prevents effective vaccination. The
strong immune response produced by the hens to the vaccine used in this study may
indicate that the vaccine may be able to overcome maternal protection. Additionally,
vaccinated adults and ducklings with MABs should be challenged with HPAI HSN1 virus
to determine the efficacy of the vaccine in ducks. Finally, to determine if MABs play a
role in Al in nature, challenging ducks with a live virus and demonstrating transfer of
MABS to ducklings would be useful. Additionally, harvesting eggs from nests of wild
ducks to test for maternal antibodies in yolk could demonstrate their transfer to ducklings
in nature.

SUMMARY

The focus of this study was to evaluate the magnitude of passive transfer of anti-
influenza virus antibodies in ducks and to determine the rate of decay of such immunity
after hatch. This is particularly important to know considering that ducks and other
waterfowl are the natural reservoir host for this type of virus. The subunit H5 vaccine
elicited antibody titers in adult mallard ducks similar to or greater than those seen in other
vaccine trials. The antibody titer peaked two weeks following vaccination with the
highest detected titer being 124. Although high antibody titers were detected, it is
unknown if they would prevent disease or shedding. MABs against HS HPAI can be
detected in the egg yolk of vaccinated mallard hens. Yolk antibody titers peaked three
weeks post vaccination for two hens, while the titers were still rising four weeks post
vaccination for the other two hens. The highest yolk antibody titer recorded was 32.

Testing duck egg yolks for Al antibodies may provide a means of testing for the presence
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of circulating Al in flocks or the efficacy of vaccination programs. The high levels of
MAB:S in recently vaccinated mallard hens may protect ducklings from infection, but may

also interfere with vaccination.
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PERSPECTIVE

One of the main mysteries about avian influenza virus is how it is maintained in
nature, because of the difficulty in detecting virus in waterfowl outside of fall migration.
As birds migrate south, the rate of detection of avian influenza decreases. Additionally,
there is great diversity in the subtypes of avian influenza virus and only a few subtypes
predominate in surveys. The chapters presented in this dissertation help to explain this
ecological conundrum.

The results of Chapter II indicate that under cold conditions live virus can persist
for up to two weeks in feces. Since ducks migrate in a pattern that follows near freezing
conditions, virus may persist in the environment for up to two weeks. Virus can be
detected even longer (up to three weeks) by real-time RT-PCR allowing for a less labor
and time intensive method for surveying wild waterfowl for the presence of avian
influenza. Further research should be pursued to determine if the virus that persists in
feces can infect ducks in order to demonstrate that feces may pose a source of infectious
virus in the nature.

Sequential infections with a heterosubtypic avian influenza viruses was shown to
result in a shorter duration of viral shed during the second infection compared to the
primary infection in Chapter III. No cross-reactive antibodies were detected by
hemagglutination inhibition between the viral subtypes. As a result, the decreased viral
shedding is believed to be due to the innate immune response. As ducks congregate and
migrate south, they are increasingly exposed to different avian influenza subtypes.
Surveys of wild ducks may not detect avian influenza virus due to the decreased duration

of viral shed. Even though avian influenza virus is detected at a low rate in ducks on
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wintering grounds, this may reflect the short duration during which the virus is shed
rather than an absence of circulating virus.

An experimental HPAI HS subunit vaccine was used in Chapter IV to test for
transfer of maternal antibodies to ducklings. Although not designed as a vaccine trial, the
strong antibody response elicited by the vaccine suggests that further evaluation for
commercial use may be fruitful. Other vaccines used in ducks do not always elicit
detectable antibodies although they are protective. A vaccine that can reliably stimulate
the production of antibodies would be useful to show that the vaccine elicited an immune
response and that there was not a vaccination failure. This study showed that it was
possible for maternal antibodies to be transmitted between hen and duckling although
there was rapid decay of the antibody titer in the ducklings. Further research should be
pursued to determine if these antibodies are protective and whether or not they may
interfere with vaccination. When models are created for the potential spread of the HPAI
H5N1virus in North American waterfowl, they should take into account the persistence
of virus in feces, the short duration of virus shed during secondary infections and the

presence of maternal antibodies in ducklings.
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