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SUMMARY/RESUM

Avian influenza (Al) has become one of the most important challenges that ever emerged
from animal reservoirs. The constant outbreaks detected worldwide in domestic and wild bird
species are of concern to the economics of the poultry industry, wildlife conservation, and animal
and public health. Susceptibility to Al viruses (AlVs) varies deeply among avian species, as well as
their possible role as sentinels, intermediate hosts or reservoirs. To date, several experimental
studies and natural infections have assessed the susceptibility of numerous major and minor avian
species to diverse highly (HPAIV) and low (LPAIV) pathogenic AlVs. Gallinaceous poultry are
considered to be highly susceptible, whereas waterfowl have long been recognized as natural
reservoirs. However, scarce information concerning the infection dynamics of AlV in the red-legged
partridge (Alectoris rufa), European quail (Coturnix c. coturnix), and gyr-saker hybrid falcon (Falco
rusticolus x F. cherrug) exist so far. Such non-conventional avian species may be of great interest in
particular geographical regions, including the Iberian Peninsula. These species not only belong to the
autochthonous wildlife, but they are also raised (normally within extensive farming systems) for

various human benefits, which leads to close contact with both humans and local wildlife.

With the aim to understand the dynamics of AIV infection in these three non-conventional
avian species, and their epidemiological role in an interspecies Al outbreak to better define
surveillance strategies, three experimental infections were undertaken which have been presented
in this dissertation. The pathogenesis of the infection with both LPAIV and HPAIV was determined in
the red-legged partridge (Study 1), European quail (Study Il), and gyr-saker hybrid falcon (Study IlI),
with special emphasis on describing the clinical disease, gross and microscopic lesions, together with
the presence of viral antigen in tissues. In addition, viral shedding pattern for each avian species and
each AIV was defined, and the likelihood of effective viral transmission among birds was assessed.
Study Il also represents a comparative study of infection dynamics of two different HPAIV subtypes
(H7 and H5). In Studies | and Il, special attention was paid on feathers as a potential origin of AIV
dissemination. Besides, in Study Il drinking water was investigated as for being a possible
transmission route. Finally, in Study Ill, the natural AlV infection route in falcons (i.e., by ingestion of
infected prey) was efficiently reproduced, and the influenza virus receptors’ pattern in this species

was elucidated for the first time.
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In Study I, HPAIV-infected red-legged partridges displayed the first clinical signs at 3 days
post-inoculation (dpi), and mortality started at 4 dpi, reaching 100% at 8 dpi. The presence of viral
antigen in tissues and viral shedding were confirmed by immunohistochemistry (IHC) and
guantitative real time RT-PCR (gRRT-PCR), respectively, in both HPAIV-inoculated and -contact
partridges. Neither clinical signs nor histopathological findings were observed in LPAIV-infected
partridges. In addition, only short-term viral shedding together with seroconversion was detected in
some LPAIV-inoculated partridges. Study | demonstrates that the red-legged partridge is highly
susceptible to the H7N1 HPAIV strain used, causing severe disease, mortality, and abundant viral
shedding, and thus, contributing to the spread of a potential local outbreak of this virus. In contrast,
our results concerning H7N9 LPAIV suggest that the red-legged partridge is not a reservoir species

for this virus.

In Study Il, severe neurological signs and mortality rates of 67% (H7N1/HP) and 92%
(H5N1/HP) were observed in HPAIV-infected European quail. Although histopathological findings
were present in both HPAIV-infected groups, HSN1/HP-quail displayed a broader viral antigen
distribution and extent of microscopic lesions. Neither clinical nor pathological involvement was
observed in LPAIV-infected quail. Consistent long-term viral shedding and effective transmission to
naive quail was demonstrated for the three studied AlVs. Drinking water arose as a possible
transmission route and feathers as a potential origin of HPAIV dissemination. Study Il demonstrates
that European quail may play a major role in Al epidemiology, highlighting the need to further

understand its putative role as an intermediate host for avian/mammalian reassortant viruses.

In Study Ill, falcons exhibited similar infection dynamics regardless the different routes of
exposure (i.e., nasochoanal route or by ingestion of infected prey), demonstrating the effectiveness
of in vivo feeding route. HSN1/HP-infected falcons died, or were euthanized, between 5-7 dpi after
showing acute severe neurological signs. Presence of viral antigen in several tissues was confirmed
by IHC and RRT-PCR, which was generally associated with significant microscopical lesions, mostly in
the brain. Neither clinical signs, nor histopathological findings were observed in any of the H7N2/LP-
infected falcons, although all of them had seroconverted by 11 dpi. Avian receptors were strongly
present in the upper respiratory tract of the falcons, in accordance with the consistent oral viral

shedding detected by RRT-PCR in both HS5N1/HP- and H7N2/LP-infected falcons. Study IlI
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demonstrates that gyr-saker hybrid falcons are highly susceptible to HSN1/HP virus infection, as
previously observed, and that they may play a major role in the spreading of both HPAIV and LPAIV.
For the first time in raptors, natural infection by feeding on infected prey was successfully
reproduced. The use of avian prey species in falconry husbandry and wildlife rehabilitation facilities
could put valuable birds of prey and humans at risk and, therefore, this practice should be closely

monitored.

The present dissertation highlights the importance of studying the susceptibility, infection
dynamics, and transmission likelihood of AlVs in host avian species at the domestic-wild interface.
Such knowledge is crucial to effectively perform surveillance efforts, develop appropriate preventive

measures, and successfully manage Al outbreaks when different avian species are involved.






SUMMARY/RESUM

La influenga aviaria (l1A) s’ha convertit en un dels reptes més importants que mai hagi sorgit
del reservori animal. Els constants brots que s’han detectat arreu del mén en aus domestiques i aus
salvatges afecten en gran mesura a I'economia de la industria avicola, a la conservacié de les aus
salvatges i a la sanitat animal i publica. El grau de susceptibilitat als virus d’IA (VIA) és
extremadament diferent entre les espécies aviaries, igual que succeeix amb la seva possible funcié
com a sentinelles, hostes intermediaris o reservoris. Fins ara, diversos estudis experimentals i
infeccions naturals han avaluat la susceptibilitat de nombroses espécies aviaries menors i majors a
diferents VIA d’alta patogenicitat (VIAAP) o de baixa patogenicitat (VIABP). Es considera que els
gal-liformes son altament susceptibles, mentre que les aus aquatiques es consideren reservoris
naturals. Tanmateix, existeix molt poca informacié sobre la dinamica d’infeccié de la IA en la perdiu
roja (Alectoris rufa), en la guatlla europea (Coturnix c. coturnix) i en el falcé hibrid sacre-grifo (Falco
rusticolus x F. cherrug). Aquestes espécies aviaries no convencionals poden suscitar un gran interés a
regions geografiques determinades, com ara la peninsula Ibérica. Les especies esmentades no
només pertanyen a la fauna autoctona, siné que també es crien (normalment en sistemes agricoles
extensius) en benefici dels humans, la qual cosa comporta un estret contacte tant amb humans com

amb la fauna local.

Amb la fi de comprendre la dinamica de la infeccié pel VIA en aquestes tres espécies aviaries
no convencionals, aixi com la funcié epidemiologica que exercirien en un brot interespécie d’IA per
tal de definir millors estrategies de vigilancia, es van realitzar tres infeccions experimentals, les quals
s’han descrit en aquesta tesi. La patogénia de la infeccié tant pel VIAAP com pel VIABP es va
determinar per a la perdiu roja (Estudi 1), la guatlla europea (Estudi ll) i el falcé hibrid sacre-grifo
(Estudi 111), posant especial @mfasi en la descripcidé de la malaltia clinica, les lesions macroscopiques i
microscopiques, i la presencia de I'antigen viric als teixits. A més, en aquest treball s’ha descrit el
patré d’excrecié virica de cada espeécie aviaria i cada VIA, i s’ha avaluat la probabilitat d’'una eficag
transmissid virica entre animals. L’Estudi Il també representa un estudi comparatiu de la dinamica
d’infeccid en dos subtipus diferents de VIABP (H7 i H5). En el cas dels Estudis 1 i Il, es va prestar
especial atencié en les plomes com a possible origen de propagacié del VIA. A més, a I’Estudi ll es va
investigar I'aigua com a possible ruta de transmissié. Finalment, a I'Estudi Il es va reproduir amb
eficiencia la infeccid natural pel VIA en falcons (és a dir, mitjancant la ingestié de preses infectades) i

es va dilucidar per primera vegada en aquesta espécie el patré dels receptors del virus de la grip.
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A I'Estudi |, les perdius roges infectades pel VIAAP van presentar els primers signes clinics a 3
dies post-inoculacié (dpi); a partir de 4 dpi van comengar a morir i a 8 dpi ja no restava cap
espécimen viu. Per mitja d'immunohistoquimica (IHQ) i de PCR quantitativa a temps real (PCRg-TR),
es va confirmar la preséncia de I'antigen viric en teixits i I'excrecio del virus, respectivament, tant en
perdius inoculades amb el VIAAP com contactes. No es van observar ni signes clinics ni troballes
histopatologiques a les perdius infectades pel VIABP. A més, a algunes perdius inoculades amb el
VIABP, només es va detectar I'excrecié del virus a curt termini, juntament amb seroconversié.
L’Estudi | va posar de manifest que la perdiu roja presenta una elevada susceptibilitat a la soca del
VIAAP H7N1 que es va utilitzar, la qual va causar greu malaltia clinica, alta mortalitat i excrecio virica
abundant. Per conseglient, aquesta au podria contribuir a la propagacié d’un possible brot local del
virus. En canvi, els resultats que es van observar pel VIABP H7N9 indicarien que la perdiu roja no és

un reservori d’aquest virus.

A I'Estudi Il, es van observar greus signes neurologics i una taxa de mortalitat del 67 %
(H7N1/AP) i del 92 % (H5N1/AP) a les guatlles europees infectades pel VIAAP. Tot i que van
apareixer troballes histopatologiques en ambdds grups infectats pel VIAAP, les guatlles infectades
amb VIAAP H5N1 van mostrar una distribucié d’antigen viric més amplia i lesions microscopiques
més intenses. No es va observar afectacid clinica o patologica a les guatlles infectades pel VIABP.
Pels tres VIA investigats es va demostrar una excrecio virica consistent i de llarg termini i una
transmissié efectiva a les guatlles susceptibles. L'aigua va sorgir com a possible ruta de transmissio, i
les plomes com a possible font de propagacié de VIAAP. L’Estudi Il posa en relleu que la guatlla
europea pot tenir una funcié important en I'epidemiologia de la IA, la qual cosa fa ressaltar la
necessitat de conéixer amb més profunditat la seva possible funcié com a hoste intermediari en el

cas dels virus recombinants d’aus/mamifers.

A I'Estudi lll, els falcons van mostrar una dinamica d’infeccié similar tot i les diferents rutes
d’exposicio (és a dir, ruta nasocoanal o a partir de la ingestié de preses infectades), fet que va
demostrar l'efectivitat de la ruta d’alimentacid in vivo. Els falcons infectats pel VIAAP H5N1
mostraven greus signes neurologics aguts i van morir, o van ser sacrificats, entre 5i 7 dpi. Mitjancant

IHQ i RRT-PCR es va confirmar la preséncia de |'antigen viric a diferents teixits. Aquest antigen
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s’associava normalment a lesions microscopiques, sobretot a I'encefal. No es van observar ni signes
clinics ni lesions histopatologiques a cap dels falcons infectats pel VIABP H7N2, encara que tots els
especimens havien seroconvertit a 11 dpi. Es va detectar forta preséencia de receptors aviaris al
tracte respiratori superior dels falcons, en concordanca amb |’excrecid virica detectada per RRT-PCR
tant als falcons infectats per VIABP com per VIABP. L’Estudi Ill mostra que falcé hibrid sacre-grifé
presenta elevada susceptibilitat a la infeccié pel VIAAP H5N1, tal com s’havia observat préviament, i
gue podria jugar un paper rellevant en la propagacié tant de VIAAP com de VIABP. Per primera
vegada en el cas dels rapinyaries, es va reproduir amb éxit la infeccid natural a partir de la ingestid
de preses infectades. L'Us d’aus de presa a la falconeria i a centres de recuperacié de fauna podria
posar en risc rapinyaires de gran valor i humans i, per tant, seria convenient realitzar un seguiment

intensiu d’aquesta practica.

La present tesi posa en relleu la importancia d’estudiar la susceptibilitat, la dinamica
d’infeccid i la probabilitat de transmissié del VIA en hostes aviaris de la interficie domestic-salvatge.
Adquirir aquest coneixement és vital per realitzar tasques de vigilancia eficaces, desenvolupar
mesures preventives adequades i gestionar amb éxit els brots d’IA quan es veuen afectades

diferents espeécies aviaries.
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GENERAL INTRODUCTION

1.1. AVIAN INFLUENZA INFECTION

1.1.1. HISTORY OF AVIAN INFLUENZA

Avian influenza (Al) was first identified as a distinct disease entity of poultry in
1878, in Italy. It was called “fowl plague” and was defined as a highly lethal, systemic
disease of chickens [177]. From the 1870s into the early 1900s, fowl plague spread from
Northern Italy into the rest of Europe, and by the 1930s it was endemic in parts of
Europe and Africa [194,226]. Likewise, in the United States the disease was reported in
1924-1925 and 1929 [226]. Into the mid-twentieth century, fowl plague had been
diagnosed in North Africa, South America, North America, and much of Europe
[4,226,245]. Over that time, in 1933, the agent causing the human influenza was
discovered, together with the successful isolation of the swine influenza virus, in 1931
[200,208]. Prior to that, one of the most devastating influenza pandemics in human
history, the “Spanish Flu” (HIN1 subtype), hit the population in 1918, causing thousands
of deaths [253].

Even if Centanni and Savonuzzi [41] had already demonstrated the existence of a
filter-passing agent, the viral etiology of fowl plague was unknown until 1955, when the
disease was determined to be caused by influenza A virus [195]. It is worth highlighting
that the original Al infections in poultry were only associated with severe clinical disease,
and they were serologically linked to two subtypes defined by their hemagglutinin (HA):
H5 and H7 highly pathogenic Al viruses (AlVs) (HPAIVs) [56,229]. Nevertheless, mild
clinical forms of Al, characterized by respiratory disease and drops in egg production,
were first recognized in 1949 in chickens and, subsequently, in several domestic poultry
species [57]. These forms of Al were designated at the Fifth International Symposium on
Avian Influenza as low pathogenicity Al (LPAI) [62]. Therefore, since 1971, H5 and H7
viruses have been isolated and characterized not only as HPAIVs but also as LPAIVs

[16,57,209].

Although wild birds were already suspected to participate in fowl plague
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transmission, it was not until 1961 that the first proof of AlV infection in wild birds arose,
in an outbreak in South Africa affecting common terns (Sterna hirundo) with high
mortality [17]. Since then, and particularly during the recent past decades, numerous
surveys have been conducted in migratory waterfowl, confirming asymptomatic
infection by AIV in healthy wild aquatic birds, especially in the orders Anseriformes and
Charadriiformes [83,220]. These surveys have demonstrated the presence of thousands
of LPAIVs of all 16 HA and 9 neuraminidase (NA) subtypes from asymptomatic wild birds
[158,229], as well as several HPAIVs [17,131].

Since the 1950s, when consistent diagnostic and control strategies were
developed, 26 epidemics or limited outbreaks of HPAIV (either of H5 or H7 subtypes) in
birds have been documented worldwide [229]. It was not until 1997 that Al became
considered a disease not only of birds, when the occurrence of fatal disease in poultry
and humans in Hong Kong was associated with the H5N1 strain of HPAIV [48,277]. This
episode increased the international interest in HPAIV among the veterinary community
and public health, because it was the first indication that H5N1 AlVs could potentially be
the precursor to a human pandemic virus [203]. Indeed, over the next decade, H5N1
HPAIV in poultry spread across three different continents with unprecedented
socioeconomic consequences. These concerns were amplified because of the potential
reassortment with a human influenza A virus, which could create a new virus capable to

produce the next human influenza pandemic [229].

1.1.2. ETIOLOGY

1.1.2.1. Classification

The AIV belongs to the Orthomyxoviridae family of segmented negative-sense RNA
viruses. Viruses of this family are divided into five different genera, including influenza
types A, B, and C, Isavirus, and Thogotovirus [229]. Avian influenza viruses are classified

within type A, which widely infects bird and mammalian species, including humans.
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Types B and C influenza viruses are human pathogens that rarely infect other species

[161].

Besides, AlVs are categorized based on serological typing of the two surface
glycoproteins, being 16 HA and 9 NA different subtypes described so far [65,245,276]. In
addition, AlVs can be further classified into two different pathotypes (LP and HP) based
on the ability to produce disease and death in the major domestic poultry species, the

chicken (Gallus domesticus) [248].

1.1.2.2. Morphology and Molecular Organization

All influenza A viruses are spherical to pleomorphic enveloped viruses of
approximately 100 nm in diameter [66]. Influenza A virus has eight different gene
segments that encode at least 10 different viral proteins, which can be divided into
surface proteins, internal proteins, and nonstructural proteins (Figure 1). The surface
proteins include the HA, NA, and membrane ion channel (M2) proteins. The internal
proteins include the nucleoprotein (NP), the matrix protein (M1), and the polymerase
complex composed of the polymerase basic proteins 1 (PB1) and 2 (PB2), and
polymerase acidic protein (PA) [161]. The nonstructural proteins 1 (NS1) and 2 (NS2) are
also known as the nuclear export proteins (NEPs) [160]. One protein that is not present
in all type A influenza viruses is the PB1-F2 protein, which is thought to be involved in

apoptosis of host cells, but its role in pathogenesis is still being defined [45].
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Figure 1. A. Structure of influenza A virus. B. Surface proteins are: HA (consisting of trimmers), NA (which
forms tetramers), and M2 (a tetramer which forms ion-channels). The M1 protein is found inside the viral
membrane and the viral genome which consists of eight negative-stranded RNA segments that are
packaged into the viral particle as a vVRNP in complex with NP and the viral polymerases PA, PB1, and PB2.
C. The eight segments of influenza A virus codify 11 proteins: segment 1 (PB2), segment 2 (PB1 and PB1-
F2), segment 3 (PA), segment 4 (HA), segment 5 (NP), segment 6 (NA), segment 7 (M1 and M2), and
segment 8 (NS1 and NS2) (lllustration modified from [101]).

1.1.2.3. Virus Life Cycle

Virus replication cycle is schematized in Figure 2. The first step in viral infection is
the attachment of the viral HA protein to the host cell receptor sialic acid. Sialic acid
molecules are often classified as to how they are linked to the underlying sugars by the
a-2 carbon, being a-2,3 and a-2,6 the most common linkages [235]. These different sialic
acid linkages result in different conformations of the host receptor that affects virus
binding. The viral HA, based on amino acid sequence, has strong specificity for either the
a-2,3 or a-2,6 linkage, likely being a factor in host specificity. Thus, the a-2,3 sialic acid is
typically expressed in avian species, whereas the a-2-6 sialic acid is classically expressed
in humans [49,188,189]. However, human and at least some avian hosts express both

types of sialic acid, although with different tissue distributions [50].

Once viral attachment has occurred, the virus is endocytosed. The acidification of
the endosome triggers the fusion domain of the HA protein to become active, and the
viral RNA is released into the cytoplasm [224]. The M2 protein plays a key role in this

triggering process; it is an integral membrane protein that allows H' ions to enter into
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the virion, which causes a conformational change of the HA at the lower pH to allow the
fusion domain to become active [180]. The fusion of the viral membrane and the
endosomal membrane allows the release of the viral RNA-polymerase complex into the
cytoplasm, which is then actively transported to the nucleus by nuclear localization
signals [159]. Once in the nucleus, the negative-sense viral RNA is copied by the
polymerase complex (PB1, PB2, PA, and NP proteins) into two positive-sense RNA
species: a messenger RNA (mRNA) and a complementary RNA (cRNA). The cRNA serves
as template from which the polymerase transcribes more copies of negative-sense,
genomic viral RNA (VRNA) that will form the virions [22]. The mRNA has to be
polyadenylated and capped in order to be translated into proteins in a process known as
“cap snatching”, where the viral PB2 protein steal a 5’ capped primer from host pre-
MRNA transcripts [112]. The positive-sense viral mRNA then migrates from the nucleus

to begin viral protein translation in the cytoplasm using the host cell machinery [229].

It is believed that M1 and NEP are crucial for trafficking of viral proteins to and
from the nucleus [21]. Some of the newly synthesized viral proteins are transported to
the nucleus, where they bind to vVRNA to form ribonucleoproteins (RNPs); others are
processed in the endoplasmic reticulum, where glycosylation of the three integral
membrane proteins (HA, NA, and M2 proteins) occurs [13]. These modified proteins are
transported to the cell membrane, where they stick in the lipid bilayer. Part of the viral
mMRNA is spliced by cellular enzymes so that finally viral proteins, such as M1 and NS2,
can be synthesized without any further cleavage [22]. At this point, M1-NS2 compound
functions as a bridge between the lipid membrane and the viral core of NP, vRNA, and
the polymerase complex. Therefore, the nuclear localization of M1 and NS2 proteins is
essential for the migration of the VRNP out of the nucleus and assembly into progeny
viral particles in the cytoplasm [160]. Also, HA, NA, and M2 proteins are important for
virus assembly [13]. The viral assembly is a highly inefficient process, where more than
90% of the viral particles are noninfectious because they are defective of viral gene
segments [55,60]. Finally, the NA protein removes sialic acid from the surface HA

proteins, which prevents aggregation of new viruses at the cell surface [140,198].
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Figure 2. Influenza virus cycle. 1. Binding to Sia receptors and entry into the host cell. 2. Endocytosis. 3.
Fusion after acidification of the endocytic vesicle. 4. Entry of vVRNPs into the nucleus and release of vVRNP
complexes. 5. The (-) stranded vRNA is copied by virion RNA polymerase into mRNA. 6, 7. Export of mRNA
from the nucleus to the cytoplasm for translation and production of viral proteins. 8. The mRNA codifying
for the viral surface proteins are translated by ribosomes bound to the endoplasmic reticulum, 12. where
they experience glycosylation. 10. The PA, PB1, PB2 and NP proteins are imported into the nucleus, 9.
where they participate in the synthesis of full length (+) strand RNAs and (-) strand RNA. 11. The M1 and
NS2 are also transported to the nucleus. 13. The M1 binds to the new synthesized (-) strand vRNA,
shutting down the viral mRNA synthesis. M1 and NS2 induce the export of progeny nucleocapsids to the
cytoplasm 14, 15. and then to the cell surface in regions of the cell membrane containing NA and HA
proteins. 16. When the assembly is complete, the new virions are bud from the plasma membrane
(Mustration modified from [63,101]).

1.1.2.4. Antigenic Diversity

Influenza viruses have two primary mechanisms of diversity within the viral
population: a high mutation rate (antigenic drift) and the ability to reassort gene
segments (antigenic shift). Both methods provide an opportunity for the virus to rapidly
change and adapt, which contributes to the ability of AlV to establish infections in new

host species [229].

10
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Antigenic drift

It is generally accepted that the highly error-prone RNA polymerase of influenza
viruses may introduce mutations during replication [166,223], especially in the HA
antigenic sites [229]. One of the primary selective factors on the HA protein is believed
to be the antibody pressure from the host, either from previous exposure to the virus or
by vaccination [182]. In practice, these changes in the antibody specificity can result in a
better ability of the virus to escape from the immune system, and thus, in a reduction of
the protection induced by influenza vaccines over time [229]. The antigenic drift is
clearly observed in humans, as a consequence of the selective pressure implemented by
the use of vaccines to protect the population [272]. For this reason, human vaccines
need to be evaluated yearly to determine if they produce neutralizing antibodies to the
currently circulating field strains [229]. Antigenic drift is much more complicated to take
place in poultry species [229], yet it is believed to occur in countries where Al
immunization has been continuously and extensively implemented [249], as in Mexico
[123]. Regardless of vaccination, viruses that are circulating for long time in the field
evolve increasing their adaption and virulence through mutations in the viral HA by
diverse mechanisms such as site mutations, nucleotide insertions, and duplications [169]
(Table 1). As a consequence of these mutations while circulating in poultry, LPAIVs can

become HPAIVs [229].

Table 1. Examples of antigenic drift events observed in poultry and proposed genetic changes in the HA
cleavage site [169].

Proposed genetic change in the HA
cleavage site

A/chicken/Pennsylvania/1 A/chicken/Pennsylvania/2 (PQRETR*G) - PQRKKR*G (+ loss
370/83 H5N2 1525/83 H5N2 of CHO)

A/turkey/Ontario/7732/66  A/turkey/Ontario/6213/66

LPAIV precursor

Likely molecular mechanism

Site mutation

(PQRETR*G) - PQRRKKR*G Accumulated single

H5N9 H5N9 nucleotide insertions
A/chicken/Jalisco/14588- A/chicken/Quetaro/7653/9 " " Tandem

660/94 H5N2 5 H5N2 (PQRETR*G) > PQRKRKRKR*G duplication/insertion
A/chicken/Chile/176822/0 A/chicken/Chile/4977/02 (PEKPKTR*G) - .

2 H7N3 H7N3 PEKPKTCSPLSRCRETR*G RIS BRALE ek ol

11
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Antigenic shift

Having eight different gene segments as genome confers to influenza viruses the
capability to reassort genes from two different influenza virus subtypes infecting a single
cell, which results in a virus with new antigenic proteins [22]. Other situations, like the
transfer of a whole virus from one host species to another and the reemergence of
previously non circulating virus strains, are also considered antigenic shift. The lack of
protective immunity allows the new virus to rapidly spread within the new host
population. Interestingly, the short production life of most commercial poultry has
prevented antigenic shift to a large degree [229]. Regardless, there are land-based
poultry species that harbor both avian (a-2,3) and mammal (a-2,6) influenza receptors
[50], and thus, might reflect a potentially decisive factor in the emergence of reassortant
viral strains. Previously, Guan et al. [71] suggested that the H5N1 influenza viruses
isolated from mammals (including humans) and poultry in Hong Kong in 1997 possessed
internal genes phylogenetically related to those of the quail influenza virus quail/Hong
Kong/G1/97 (H9N2). Experimentally, Japanese quail (Coturnix c. japonica) were
confirmed to support efficient replication and transmission of H9N2 avian/swine

reassortant viruses [173].

1.1.2.5. Determinants of Virulence

Virus factors

As previously mentioned, AlVs can be categorized as LP or HP according to their
ability to produce disease and death in chickens [248]. The pathogenicity of AlV is clearly
due to a polygenic effect [269]. One of the main determinants of virulence is the
sequence of the HA cleavage site. Influenza viruses must cleave the HA protein into the
HA1 and HA2 subunits in order to become infectious. Normally, trypsin-like proteases
cleave the HA protein by recognizing a single arginine, which defines LPAIVs [69,121].
Typically, these trypsin-like proteases are present in the respiratory and enteric tracts,

greatly limiting LPAIV distribution in the host within these organs [108]. However, when

12
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multiple basic amino acids (lysine and arginine) are present at the HA cleavage site,
which is characteristic of HPAIVs, the cleavage site becomes accessible to furin or other
ubiquitious proteases that are found in most cells of the body [225] (Table 1). This allows
HPAIVs to highly replicate in a number of different cell types, including cells in critical
organs such as the brain, heart, and pancreas, causing damage and leading to the death
of the host [176,241]. In addition to the HA cleavage site, diverse studies in chickens and
ducks indicate that the NS1, PB1, PB2, NP, and M2 proteins are important contributing
factors in the increased virulence of AlVs in chickens [40,92,129,131,269].

Host factors

Host variables such as the age and species can affect the AIV virulence [40,247].
Increased virulence in younger animals may be due to the immaturity of the immune
response, although virulence can be greater in older birds or birds in egg-production
[84,120,163,233]. Besides, HPAIVs by definition cause high mortality in chickens [156],
but that does not necessarily provide a predictor for disease in other species. The

species factor is discussed in more detail in section 1.1.3.4. (Species Susceptibility).

1.1.2.6. Viral Pathotypes

For reasons that are not readily apparent, HPAIVs have been restricted so far to
the H5 and H7 subtypes, even if most H5 and H7 AlVs are of LP [229]. Typically, HPAIVs
arise from H5 and H7 LPAIVs after having circulated in gallinaceous poultry for extended
periods of time. Thus, the replication of LPAIV in gamefowl! birds like chickens, turkeys

(Meleagris gallopavo), and quail is a critical part of the process [36,90].

Bearing in mind this fact, all AlVs of H5 and H7 subtypes (both LPAIV and HPAIV)
are classified as notifiable AlVs (NAIVs) by the World Organization for Animal Health
(OIE) [156]. The OIE has dictated two official criteria to confirm the detection of NAIVs:
1) an in vivo intravenous pathogenicity index (IVPI) greater than 1.2, which defines an

AlV as HP if the inoculation of a minimum of eight 4- to 8-week-old chickens results in
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more than 75% mortality within 10 days; and/or 2) a sequence analysis of the HA
cleavage site being characteristic of HPAIV. All HPAIVs accomplishing these criteria are
identified as notifiable HPAIVs (HPNAIVs). All H5 and H7 isolates that are not pathogenic
for chickens and do not have multiple basic amino acids in the HA cleavage site are

identified as notifiable LPAIVs (LPNAIVs) [156].

1.1.3. EPIDEMIOLOGY

1.1.3.1. Wild Bird Reservoir

A species is considered a natural reservoir if infection can be maintained within
the species population without needing periodic reintroduction [217]. Wild birds,
particularly those belonging to the orders Anseriformes (waterfowl, i.e., ducks, geese,
and swans) and Charadriiformes (gulls and shorebirds), have long been recognized as the
natural host and reservoir for all type A influenza viruses [3,102,207]. Since their first
isolation from wild birds in 1961 [17], influenza A viruses of all 16 HA and 9 NA have
been isolated from more than 100 wild bird species belonging to more than 25 families
[7]1, which confirms that AIV have a global distribution within free-living avian
populations. However, complex relationships between species and viruses have been
further defined. For instance, migration connects many wild bird populations in space
and time at common breeding and wintering areas, during migration or at stopovers.
Thereby, Anseriformes species’ assemblages may define more realistically the reservoir
rather than a concrete duck species alone [217]. Another example of the Al reservoir
complexity is the unique prevalence of H13 and H16 subtypes evidenced in gulls and

terns, which has lead these viruses to evolve into a separate lineage of LPAIVs [65,102].

HPAIVs are not normally present in the wild bird host reservoir [190]. However,
during the past years such epidemiologic situation has changed due to the emergence of
the panzootic H5N1 HPAIV. This virus was first detected in geese in Guandong (China) in
1996 [277] and then spread and evolved in poultry populations in several Southeast

countries from 1997 [48,70,202,234] to 2003/2004 [61,89,128,259]. The presence and
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spread of H5N1 in Southeast Asia is believed to be the result of the virus becoming
endemic in domestic Pekin ducks (Anas platyrhinchos domestica), with their rearing in
open-range paddy fields as a possible contributing factor [93,228]. In 2005, a large
number of migratory aquatic birds died in Qinghai lake (Northeast China) due to H5N1
HPAIV infection [43,44,131]. Since then, continuous outbreaks among wild birds have
been reported in Asia and Europe [93,117,126,138,228]. Furthermore, such evolved
viruses are highly pathogenic in domestic and wild Anseriformes under experimental
conditions [133,163], which is unusual for HPAIV [5,6]. It is worth mentioning that these

viruses have been able to infect humans, causing severe and fatal infections [48].

LPAIVs can be found in numerous other bird species [148], but it is unclear in
which of these species LPAIVs are endemic and in which the virus is a transient
pathogen. Whether there are other avian reservoirs outside of the Anseriformes and
Charadriiformes is a recurrent question that may help understand the role that other
species could play in the epidemiology of Al. Indeed, surveillance data reveals that a wild

bird reservoir for H5N1 AlV lineage has not been defined so far.

1.1.3.2. Maintenance and Transmission

It is believed that AV maintenance in nature relies on the combined effects of: 1)
continual bird-to-bird transmission (involving multiple species and different species’
assemblages on breeding and wintering habitats), which requires significant viral

shedding and low infective dose; and 2) environmental persistence [52,217,222].

In waterfowl, replication of LPAIVs predominantly takes place in the epithelial cells
of the gastrointestinal tract, with high amounts of infectious virus shed in feces during
prolonged periods. It has been reported that experimentally infected Muscovy ducks
(Cairina moschata) can shed an estimated 1x10™ mean egg infective dose (EIDso) of AIV
within a 24-hour period [274]. Prolonged viral shedding has also been demonstrated in
domestic Pekin ducks, which were able to shed virus for more than 28 days [85]. In

contrast to LPAIVs, the H5N1 HPAI viral shedding pattern in waterfowl seems relatively
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inefficient; it is predominantly oral, involves low viral titers, and is of short duration
[27,217,228]. Overall, contaminated lake or drinking water may result in infection of
aquatic bird populations by the fecal-oral route, or possibly by the fecal-cloacal route as
a result of “cloacal drinking” [7,86]. Thus, presence and persistence of AlIV in the

environment, particularly in water surfaces, has been a main subject of discussion so far.

It is generally thought that AIV shed by birds prior to fall migration could be
preserved in the water over winter, thereby providing a source of infection to birds
returning during the following spring [222,270]. Previously, AlVs have been isolated from
surface water in various environments, especially in Northern latitudes [85,97]. Initially,
wild-type LPAIVs were proved to remain infective for extended periods of time (months
or years) in water at different temperatures [222,274]. Later, the duration of infectivity
was seen to be dependent on temperature, pH, and salinity, being the longest
persistence in cold freshwater (172C, 0 ppt) with slightly elevated pH (8.2) [221].
However, responses to these variables are seen to vary between individual isolates [26].
In addition, although water assessments are limited to two Asian H5N1 HPAIVs, it is
believed that persistence of infectivity of HSN1 HPAIV is lower than that of wild-type
LPAIVs [30]. Interestingly, even if H5N1 HPAIVs seem to fall short concerning viral
shedding and environmental persistence, these factors may be offset by transmission via

a low infective dose [217].

While fecal-oral is the primary route described for transmission in aquatic birds,
non-reservoir birds may have prevalently other routes of AIV exposure. Experimental
studies in chickens have evidenced that LPAIVs are shed predominantly from the
oropharynx and in slightly lower quantity from the cloaca [242]. Similar dynamics occur
for HPAIV, although in higher amounts than LPAIV [242,244]. Consequently, higher
shedding titers for HPAIVs produce greater environmental contamination and greater
transmissibility than comparable LPAIVs [263], which may compensate the lower
environmental persistence that HPAIVs have compared to LPAIVs. Similarly to chickens,
wild gamefowl species have shown viral shedding primarily associated with the

respiratory rather than the alimentary tract infections. This seems to be the general

16



GENERAL INTRODUCTION

shedding pattern of the gallinaceous species, like the chukar partridge (Alectoris chukar),
Japanese quail or ring-necked pheasant (Phasianus colchicus), some of them recognized

as efficient shedders of HPAIV [192] and LPAIV [94,136].

Oral and cloacal secretions are the major environmental viral sources responsible
for transmission, but infected carcasses may also contribute to the contamination of the
environment and susceptible birds [31], either through feather picking of dead
individuals or, in certain species, through predation or cannibalization. Furthermore,
feathers have been identified as a location for viral replication and potential origin of
dissemination in H5N1 HPAIV infection in waterfowl [278,279,282] and H7N1 HPAIV

infection in chickens [31].

Despite the existence of such data, further studies are needed to identify the most

efficient routes of transmission for a variety of still-unknown bird species.

1.1.3.3. Host Range and Species Adaptation

The AIV can infect and replicate in a wide variety of host species other than their
reservoirs, including mammals and human beings [217,270] (Figure 3). However, the
infective dose for each host can vary greatly depending on the host adaptation of the
virus [260]. Interestingly, as it becomes fully adapted to a new