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Abstract

Influenza A virus infects a wide range of avian and mammalian species,
including humans. In poultry species, two clinical presentations of the disease
are recognized. The first one that do not cause clinical signs or produce only
mild localised infections limited to the respiratory or gastrointestinal tracts is
caused by low pathogenic avian influenza (LPAI) viruses. The second is caused
by highly pathogenic avian influenza (HPAI) viruses which are able to produce a
severe acute fatal disease as a consequence of systemic replication. Besides,
HPAI viruses frequently induced central nervous system (CNS) lesions in birds.
These CNS lesions observed in poultry species infected with HPAI viruses are
thought to occur by haematogenous invasion of the virus into the CNS.
However, the mechanism that leads to this clinical presentation has not been
completely elucidated, neither have been evaluated the possible routes of entry
of the virus into the brain. In this thesis, three studies were undertaken in order
to provide knowledge about the mechanism of pathogenesis and the
neurotropism of the H7N1 HPAI virus, as well as to establish the route and
mechanism of entry into the CNS.

In the first study, the pathogenesis of the infection with a H7N1 HPAI
virus strain in specific pathogen free (SPF) chickens intranasally inoculated with
decreasing concentrations of virus: 10>° ELDsg (G1), 10°*° ELDso (G2) and 10*°
ELDso (G3) was carried out in order to establish the animal model. Disease
progression was monitored over a period of 16 days and sequential necropsies
and tissue samples were collected for histological and immunohistochemical
(IHC) examination. Viral ribonucleic acid (RNA) loads were also quantified in
different tissues, blood, oropharyngeal, and cloacal swabs using quantitative
real-time reverse transcription-polymerase chain reaction (RT-qPCR). Clinical
signs of depression, apathy, listlessness, huddling and ruffled feathers were
recorded in G1 and few G2 birds, whilst neurological symptoms were only
observed in chickens inoculated with the highest dose. Gross lesions of
haemorrhages were observed in the unfeathered skin of the comb and legs,

skeletal muscle, lung, pancreas and kidney of birds inoculated with 10> ELDs



and 10%° ELDs, doses. Microscopic lesions and influenza viral antigen was
demonstrated in cells of the nasal cavity, lung, heart, skeletal muscle, brain,
spinal cord, gastrointestinal tract, pancreas, liver, bone marrow, thymus, bursa
of Fabricius, spleen, kidney, adrenal gland, and skin in G1 and some G2 birds.
Besides, viral RNA was detected by RT-gPCR in kidney, lung, intestine, and
brain samples of G1 and G2 birds. However, in birds infected with the lowest
dose, viral RNA was detected only in brain and lung in low amounts at 5 and 7
days post-inoculation (dpi). These results demonstrate the high neurotropism of
this virus because even in chickens infected with low doses, viral RNA is found
in the brain. Viremia was detected at one dpi in animals of G1 suggesting that
the bloodstream could be the pathway of viral entry and spreading to the brain.
Additionally in this study, viral shedding was observed in oropharyngeal and
cloacal swabs in correlation with the inoculation dose. It was concluded that
although an adequate infectious dose is critical in reproducing the clinical
infection, chickens exposed to lower doses can be infected and shed virus
representing a risk for the dissemination of the viral agent. Besides, the chicken
model was finally set up that correspond to SPF chickens inoculated with the
10°° ELDso dose, which allow to reproduce the disease observed in the field
and also experimentally with other HPAI viruses.

In the second study, the topographical distribution of the viral antigen was
determined in the brain of chickens inoculated with the H7N1 HPAI virus (10°
ELDsy dose) during the first dpi. The main objective was to elucidate the
pathway of viral entry into the brain. For this purpose, blood, cerebrospinal fluid
(CSF), nasal cavity and brain tissue samples were obtained from 1 to 4 dpi from
infected and control chickens. Viral antigen topographical distribution, presence
of influenza A virus receptors in the brain, as well as, the role of the olfactory
route in virus CNS invasion were studied using different IHC techniques.
Besides, viral RNA load in CSF and blood was quantified by means of a RT-
gPCR. Viral antigen was observed widely distributed in the CNS, showing
bilateral and symmetrical distribution in the nuclei of the diencephalon,
mesencephalon and rhombencephalon. Viral RNA was detected in blood and
CSF at one dpi, indicating that the virus crosses the blood-CSF-barrier (BCSFB)

early during infection. This early dissemination was possibly aided by the



presence of Siaa2,3Gal and Siaa2,6Gal receptors in brain vascular endothelial
cells, and Siaa2,3Gal receptors in ependymal and choroid plexus (Chp) cells.
No viral antigen was observed in olfactory sensory neurons (OSN), while the
olfactory bulb (OB) showed only weak staining, suggesting that the virus did not
use this pathway to enter into the brain. The sequence of virus appearance and
the topographical distribution of this H7N1 HPAI virus indicate that the viral
entry occurs via the haematogenous route, with early and generalized

spreading through the CSF.

In the third study, the general mechanism of entry of the H7N1 HPAI
virus to the CNS was determined, providing evidential support to the hypothesis
of the blood brain barrier (BBB) disruption induced by HPAI viruses. Three
different methods were used to determine the time course of BBB disruption in
fifteen day-old chickens inoculated with a H7N1 HPAI virus (10° ELDs, dose).
Basically, the permeability of the BBB was evaluated by means of the detection
of Evans blue (EB) extravasation, determining the leakage of the serum protein
immunoglobulin Y (IgY) and assessing the stability of the tight-junctions (TJs)
proteins zonula occludens-1 (ZO-1) and claudin-1 at 6, 12, 18, 24, 36, and 48
hours post infection (hpi). Co-detection of EB and IgY extravasation with
influenza viral antigen was evaluated using a double-staining
immunofluorescence (IF). The onset of the viremia was evaluated in blood
samples taken from all chickens at these same time points. Influenza A virus
antigen was detected as early as 24 hpi in brain tissue samples, whereas, viral
RNA copies were detected from 18 hpi onward in blood samples. EB
extravasation was noted at 48 hpi, whereas IgY leakage was detected at 36 and
48 hpi. Both were observed as multiple foci mainly located in the telencephalic
pallium (Pall) and cerebellum (Cb). Besides, viral antigen was observed in
correlation with foci of EB extravasation and IgY leakage. Loss of integrity of the
TJs was also observed at 36 and 48 hpi, which was evidenced by the

disorganization or loss of the ZO-1 staining.

In conclusion, the H7N1 HPAI virus used in this study is able to infect the
endothelial cells of the BBB at early time points (24hpi) and enter into the brain
by disrupting the TJs of the BBB, as demonstrated by the detection of serum



proteins (IgY) leakage at 36 hpi. These data underlines the main function of the
endothelial cells in the neuroinvasion by this H7N1 virus, however, more studies

will be necessary to discern the molecular mechanism that lead to the damage

in the TJ s of the BBB.



Resumen

Los virus de influenza tipo A infectan una gran variedad de especies de aves y
mamiferos. En las aves de corral, es bien sabido que hay virus de influenza
aviar de baja patogenicidad (IABP) que no causan signos clinicos o producen
anicamente solo infecciones localizadas leves que se limita al aparato
respiratorio 0 gastrointestinal. Pero también existen virus de influenza aviar de
alta patogenicidad (IAAP), que son capaces de producir una enfermedad
severa aguda y fatal como consecuencia de la replicacion sistémica del virus.
Ademas, estos virus de IAAP con frecuencia inducen lesiones en el sistema
nervioso central (SNC) de las aves. Estas lesiones del SNC observadas en las
aves infectadas, indican que posiblemente la invasion del virus ocurre desde el
torrente sanguineo. Sin embargo, el mecanismo que conduce a este cuadro
clinico no se ha dilucidado, asi como tampoco se han estudiado las posibles
vias de entrada del virus en el cerebro de las aves. En esta tesis, se llevaron a
cabo tres estudios con el fin de proporcionar conocimientos sobre el
mecanismo de la patogénesis y neurotropismo del virus de IAAP H7N1, asi

como para establecer la ruta y mecanismo de entrada en el SNC.

En el primer estudio, la patogénesis inducida por una cepa de IAAP
H7N1 fue estudiada en pollos libres de patdégenos especificos (SPF, por sus
siglas en inglés) con el fin adicional de establecer el modelo de infeccién en
pollos para estudios subsiguientes. Con este fin, los pollos fueron inoculados
por via intranasal con concentraciones decrecientes de virus: 10°° ELDs (G1),
10%° ELDso (G2) y 10 ELDso (G3). La progresién de la enfermedad fue
evaluada durante un periodo de 16 dias, en los cuales se realizaron necropsias
secuenciales y se tomaron muestras de tejido para su estudio histolégico e
inmunohistoquimico. La carga de acido ribonucleico (ARN) viral se cuantificd
en diferentes tejidos, sangre, hisopados de orofaringe, e hisopos cloacales
utilizando una técnica de reaccion en cadena de la polimerasa en tiempo real
con transcriptasa inversa cuantitativa (RT-gPCR, por sus siglas en inglés). Los
signos clinicos de depresion y apatia fueron registrados en algunas aves de los

grupos G1y G2, mientras que los sintomas neurolégicos se observaron sélo en



los pollos inoculados con la dosis mas alta. Lesiones graves de hemorragias
fueron observadas en la piel sin plumas de la cresta y las patas, musculo
esquelético, pulmon, pancreas y los riflones de las aves inoculadas con las
dosis de 10°° y 10*° ELDs,. Las lesiones microscépicas y el antigeno viral
fueron demostrados en las células de la cavidad nasal, pulmén, corazon,
musculo esquelético, cerebro, médula espinal, tracto gastrointestinal, pancreas,
higado, médula 6sea, el timo, bolsa de Fabricio, bazo, rifién, glandula adrenal,
y la piel. Ademas, el ARN viral fue detectado por RT-gPCR en muestras de
rinon, pulmon, intestino y cerebro de aves de los grupos G1 y G2. En las aves
que recibieron la dosis mas baja sélo se detect6 el ARN viral en el cerebro y los
pulmones en pequefias cantidades a los 5y 7 dias post infeccion (dpi). Esto
también demuestra que el virus de IAAP H7NL1 tiene un alto neurotropismo, ya
incluso en los pollos inoculados con dosis bajas, el ARN viral se encuentra en
el cerebro. Adicionalmente, la viremia se detect6 a un dpi, lo que sugiere que la
sangre podria ser la via de propagacion de virus en el cerebro. Ademas, en
este estudio, se observd excrecion de ARN viral en hisopados orofaringeos y
cloacales y esta excrecion disminuyé de manera proporcional a la dosis del
in6culo. Finalmente, en este primer estudio se pudo concluir que a pesar de
que la dosis infecciosa es de suma importancia para reproducir la infeccién
clinica, los pollos expuestos a dosis mas bajas pueden infectarse y eliminar
virus representando un riesgo para la diseminacién del agente viral. Ademas,
se pudo instaurar el modelo de infeccién en pollo, utilizando el inéculo de 10°°
ELDso, el cual permite reproducir la enfermedad observada en el campo y

también experimentalmente con otros virus de IAAP.

En el segundo estudio, la distribucion topografica del antigeno viral fue
estudiada en el cerebro de los pollos inoculados con el virus de IAAP H7N1
durante los primeros dpi y utilizando una dosis de 10° ELDso. El objetivo
principal fue determinar la via de entrada del virus en el cerebro. Con este
objetivo, se obtuvieron muestras de sangre, liquido cefalorraquideo (LCR),
cavidad nasal y tejido cerebral de 1 a 4 dpi, en los pollos infectados y control.
La distribucion topografica del antigeno viral, la presencia de receptores para el
virus de influenza A en el cerebro, asi como, el papel de la via olfactoria en la

invasion del SNC fueron estudiadas mediante diferentes técnicas de

Vi



inmunohistoquimica (IHC). Ademas, la carga viral de ARN en el LCR y sangre
fue cuantificada por medio de una RT-gPCR. El antigeno viral se observo
ampliamente distribuido en el SNC, donde mostraba una distribucion bilateral y
simétrica en los nucleos del diencéfalo, mesencéfalo y rombencéfalo. EI ARN
viral se detectd en la sangre y LCR a un dpi, lo que indica que el virus cruza la
barrera sangre-LCR temprano durante la infeccion. Esta difusién temprana es
posiblemente favorecida por la presencia de receptores virales de tipo
Siaa2,3Gal y Siaa2,6Gal en las células endoteliales vasculares del cerebro y
receptores Siaa2,3Gal en las células del plexo coroideo y ependimarias. No se
observo antigeno viral en las neuronas sensoriales olfatorias, mientras que en
el bulbo olfactorio sélo hubo una débil positividad, lo que sugiere que el virus no
utiliza esta via para entrar en el cerebro. La secuencia de aparicion del
antigeno viral y la distribucion topografica del virus de IAAP H7N1, indican que
la entrada del virus se produce por via hematdgena, y rapidamente después se
disemina de forma generalizada a través del LCR.

El objetivo del tercer estudio fue determinar el mecanismo general de
entrada del virus de IAAP H7N1 en el SNC, y proveer soporte a la hipétesis de
la disrupcion de la barrera hematoencefalica (BHE) inducida por el virus. Tres
métodos diferentes fueron utilizados para determinar el curso temporal de la
disrupcion de la BHE en pollos de 15 dias de edad inoculados con el virus de
IAAP H7N1 (dosis de 10° ELDsp). Basicamente, la permeabilidad de la BHE se
evaluo por medio de la deteccion de la extravasacion del azul de Evans (AE), la
filtracion de la proteina de suero inmunoglobulina Y (IgY) y la evaluacién de la
estabilidad de las uniones estrechas intercelulares (TJs, por sus siglas en
inglés) utilizando marcadores para la proteina ZO-1 y claudina-1 a los 6, 12, 18,
24, 36 y 48 horas post-infeccion (hpi). La co-deteccion de AE y de la
extravasacion de IgY con el antigeno viral fue evaluada mediante una tincién
de inmunofluorescencia (IF) doble. La aparicion de la viremia se evalué en
muestras de sangre de todos los pollos a estas mismas hpi por medio de una
RT-gPCR. El antigeno del virus de influenza se detectd a las 24 hpi en
muestras de tejido cerebral, mientras que se detectaron copias de ARN viral a
partir de 18 en muestras de sangre. La extravasacion de AE se detect6 a las 48

hpi y la difusién de IgY fue observada a las 36 y 48 hpi, ambas se detectaron
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como multiples focos principalmente en el pallium telencefalico y el cerebelo. El
antigeno viral co-localizaba con los focos de extravasacion de EB y IgY.
También se observo pérdida de la integridad de las TJs a las 36 y 48 hpi, lo
cual se evidenciaba por la desorganizacion y pérdida del marcaje para las TJs

detectadas con un anticuerpo contra la proteina ZO-1.

En conclusion, el virus de IAAP H7NL1 utilizado en este estudio es capaz
de infectar a las células endoteliales de la BHE en fases tempranas de la
infeccion (24hpi) y entrar en el cerebro por medio de la alteracidon de las TJs de
la BHE, como se demuestra por la deteccion de la proteina sérica IgY a los 36
hpi. Estos datos ponen de relieve la funcion principal de las células
endoteliales, durante el proceso de neuro-invasion por el virus de IAAP H7N1,
sin embargo, seran necesarios mas estudios para determinar el mecanismo
molecular que conduce al dafio de las TJs de la BHE por parte de los virus de

influenza.
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1.1.Avian influenza

1.1.1. History of influenza

Influenza outbreaks have been described and recorded throughout history. The
first epidemics consisting of rapidly disseminated acute catarrhal fevers in
humans were described by Hippocrates in 412 BC [1]. However, the name of
influenza was not coined until 1387 in Florence, when a severe epidemic
affected the whole of Italy, who attributed the cause to some celestial influence,
using the expression “ex influential colesti”. Later, the term was modified to
influenza by Villaini and Segui. After that, many reports of influenza were made

through the years in Europe and Asian countries [2].

In poultry species, avian influenza was first reported in Italy 1878, when
Perroncito described the presence of a highly lethal systemic disease in birds,
which was called “fowl plague” [3]. In 1880, as the disease was confused with
the acute septicemic form of fowl cholera, Rivolto and Delprato could
differentiate both diseases based on clinical and pathological features. In 1901,
Centanni and Savonuzzi determined that the disease was caused by a filterable
agent. By the mid-1930’s , “fowl plague” was already an endemic problem in
many parts of Europe [3,4]. Likewise, in the United States the disease was
reported in 1924-1925 and 1929 [3].

Around the same time, in 1933, the agent causing the human influenza
was discovered. This was achieved by Wilson Smith, Christopher Andrews, and
Patrick Laidrow who indentified the virus thanks to the finding of a suitable host
for propagation. This happened alongside the successful isolation of the swine
influenza virus by Shope in 1931 [5,6]. Prior to that, there was one of the most
devastating influenza pandemics in human history, the “Spanish Flu” (H1N1
subtype) which hit the population in 1918, causing thousands of deaths [2,7].
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In 1955, the virus which caused “fowl plague” was also classified as
influenza A virus [4]. Besides, the relationship between avian and mammalian
influenza viruses was also demonstrated [8]. In fact, two of the most severe
pandemics of influenza virus in humans were recorded in 1957 (H2N2) and
1968 (H3N2) [2] and emerged when the human influenza virus acquired a novel
haemagglutinin molecule from an avian influenza virus, for which a significant
number of the population was immunologically naive [9]. This demonstrated the
important role of the avian influenza viruses in the emergence of new

reassortants or pandemic viruses in the human population [10].

Around the middle of the twentieth century, epidemiological studies in
birds allowed the identification of a milder form of this viral infection. In fact, the
first isolate of a low virulent influenza virus was obtained from a chicken in 1949
in Germany [11]. Based on epidemiological and virological studies, it was
observed that all the pathogenic viruses were from the H5 and H7 subtypes
[12]. Consequently, in 1981 in the “First International Symposium on Avian
Influenza”, the most severe forms of disease were officially designated as
“highly pathogenic avian influenza”. The milder forms were not designated as

“low pathogenicity avian influenza” until 2002 [13,14].

More recently, the importance of the avian influenza virus has been
highlighted with the emergence of the H5N1 in 1997, in Asia. This virus
consisted of a complete avian influenza virus that can be directly transmitted
from birds to people [15]. This outbreak produced much concern regarding the
facility of interspecies transmission of the avian influenza virus and its

adaptation to a new host [16].
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1.1.2. Etiology

1.1.2.1. Classification and nomenclature

Avian influenza viruses belong to the Orthomyxoviridae family that includes
RNA viruses with segmented negative-sense single stranded genome. Viruses
of this family are divided into five different genera on the basis of the matrix and
nucleocapsid antigens [8], including the type A, B, and C influenza viruses,
Isavirus and Thogotovirus [12]. Avian influenza viruses are classified within the
type A. This type affects a wide range of bird and mammal species, including
humans [12]. Influenza B is related with epidemics of mild respiratory disease in
humans, whereas, influenza C viruses cause slight respiratory symptoms in
humans but do not produce epidemics. Sporadic cases of infection in animals
have been reported for influenza B (seals and ferrets) [17,18] and C (pigs and
dogs) [19,20,21].

Influenza A virus are further subtyped, according to the antigenic
characteristics of the haemagglutinin (HA) and neuraminidase (NA) surface

proteins. At present, 16 HA and 9 NA have been reported [8].

A standard international nomenclature for the designation of influenza
virus strains has been established. The naming of the influenza virus includes:
1) antigenic type or genera, 2) host origin, 3) geographical location, 4) strain
reference number, 5) year of isolation; and 6) the HA and NA subtypes [12]. For
example: A/Chicken/Italy/5093/99 H7N1.

1.1.2.2. Morphology and molecular organization

All influenza A viruses are spherical to pleomorphic enveloped viruses of
approximately 100nm in diameter that contain segmented, negative sense viral
RNA genome (VRNA) [22]. Influenza A virus has eight different gene segments
that encode for 11 viral proteins (Figure 1). Three of them, correspond to
surface proteins that include the HA, NA, and the membrane ion channel (M2)
protein. The internal proteins include the matrix protein (M1), and the core of

9
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viral ribonucleoproteins (VRNP). The core consists of helical vVRNP containing
VRNA that is wrapped up around the nucleoprotein (NP), and the polymerase
complex. This complex is composed of the polymerase acid protein (PA), the
polymerase basic protein 1 (PB1), and the polymerase basic protein 2 (PB2).
Additionally, some human and avian influenza A virus posses an extra protein,
known as PB1-F2 [23]. There are two additional proteins forming the nuclear
export protein (NEP). These include, the non-structural protein 1 (NS1) and
non-structural protein 2 (NS2) [12,24].

Figure 1. Schematic figure showing the structure of influenza A virus (A). Surface proteins
are: the HA, consisting of trimers, NA which forms tetramers and the M2 protein (that is a
tetramer which form ion-channels) (B). The M1 protein is found inside the viral membrane and
the viral genome which consists of eight negative-stranded RNA segments are packaged into
the viral particle as a VRNP in complex with NP and the viral polymerases PA, PB1 and PB2.
The eight segments of influenza A virus codify by 11 proteins (B), that are: 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
reference [25]).

10
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1.1.2.3. Replication cycle

Influenza virus binds to sialic acid (Sia) receptors found in the surface of host
cells by means of the HA protein [26]. The Sia receptors are nine-carbon
monosaccharides, consisting of N-acetylneuraminic (NeuAc) or N-
glycolylneuraminic (NeuGc) types, and are bound to glycoproteins and
glycolipids, by an a-2 linkage [27]. The conformation of this linkage determines
the species affinity of the viruses. Thus, avian influenza A viruses show
preference by the a-2,3 linkage, whereas, human viruses prefer the a-2,6
linkage [26,28,29]. Once attached, the viral HA has to be cleaved in order to be
infectious. The HA cleavage into HA1 and HA2 subunits depends on the
presence of host proteases, which allow the virus to enter into the cells by
clathrin mediated endocytosis [30,31,32] or macropinocytosis [33]. The HA2
portion mediates the fusion of the virus envelope with the cell membrane, while
the HA1l part contains the receptor binding and antigenic sites [34,35]. The
cleavage of the HA is induced by the low pH of the endosome that is triggered
by the activity of the M2 protein. This protein functions as an ion channel,
enabling entry of hydrogen (H+) ions into the virion and consequently, the
uncoating of the virus [35,36,37] (Figure 2).

Once the endosomal membrane has fused with the virus membrane, the
VRNP can be released into the cytoplasm and transported to the nucleus where
replication takes place [38]. This transport is mediated by viral protein’s nuclear
localization signals (NLSs), which import the vVRNP and other viral proteins into
the host cell nucleus [39]. In the nucleus, the VRNA is transcribed by the viral
RNA-dependent RNA polymerase 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 VRNA that will form the virions [31]. Whereas, the
MRNA has to be polyadenylated and capped in order to be translated into
proteins, in a process knows as “cap snatching”, where the virus PB1 and PB2
proteins “steal” 5’capped primers from host pre -mRNA transcripts [31,40].

After that, the mRNA migrates from the nucleus to the cytoplasm, where it

11
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serves as a template for the synthesis of viral proteins using the host cell
machinery. Here, the NS1 protein regulates this splicing and the nuclear export
of the cellular mRNA, as well as, stimulates the translation [10]. A negative
sense small VRNA is also produced which is thought to regulate the switch from
transcription to replication [41,42]. Some of the newly synthesized viral proteins
are transported to the nucleus where they bind to VRNA to form RNPs. Other
newly synthesized viral proteins are processed in the endoplasmic reticulum
and the Golgi apparatus where glycosylation occurs (HA, NA, M2). 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 [31]. At this point, the M1 protein together with the NS2, function as a
bridge between the lipid membrane and the viral core of NP, vVRNA and the
polymerase complex [12,38]. 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 [38]. Also, the integral
membrane proteins HA, NA and M2 proteins are important for virus assembly
[43].

Virus assembly is a highly inefficient process, where greater than 90% of
the virus particles are non infectious with packing of too few or excessive viral
gene segments [44,45]. In the end, the NA which holds a receptor’s destroying
activity, cleaves the terminal Sia residues of the cell surface glycotopes
preventing aggregation and binding of the new viral particles in the cell surface
[46,47].

12
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Figure 2. Influenza virus cycle: Binding to Sia receptors and entry into the host cell (1).
Endocytosis (2). Fusion after acidification of the endocytic vesicle (3). Entry of vVRNPs into the
nucleus and release of vVRNP complexes (4). The (-strand) VRNA is copied by virion RNA
polymerase into mRNA (5). Export of mRNA from the nucleus to the cytoplasm for translation
and production of viral proteins (6,7). The mRNA codifing for the viral surface proteins are
translated by ribosomes bound to the endoplasmic reticulum (8), where they experience
glycosylation (12). The PA, PB1, PB2 and NP proteins are imported into the nucleus (10),
where they participate in the synthesis of full length (+) strand RNAs and (-strand) RNA (9). The
M1 and NS2 are also transported to the nucleus (11). 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 (13) and then to the cell surface in regions of the cell
membrane containing NA and HA proteins (14, 15). When the assembly is complete, the new
virions are bud from the plasma membrane (16) (lllustration modified from references [25,48]).
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1.1.2.4. Antigenic diversity of strains

Due to the segmented genome of the influenza A virus and the lack of a
proofreading mechanism of replication, influenza viruses may experience
important changes in their genome giving rise to the vast viral diversity that
characterizes this group of viruses. Basically, two mechanisms can provide
diversity to the viral population: the changes can be gradually acquired by point
mutations (antigenic drift) or they can be acquired by genetic reassortment
(antigenic shift). These methods provide the opportunity for the virus to rapidly
change and adapt, giving rise to new viruses which could re-infect the same

host population or infect new host species [12].

Antigenic drift is mainly caused by the immunological pressure over
the HA and NA, which produce great diversity on these genes [12]. The HA
molecule is the most frequently affected with antigenic drift, specially the most
antigenic sites which are exposed to the immunological pressure. The antigenic
variation in a single gene codifying by the HA, cause changes in the structure of
the glycoprotein [49,50,51], resulting in a virus strain that can no longer be
neutralized by previous host antibodies [31]. This results in viruses which can
replicate more efficiently and mutants that are transmitted more easily [12]. The
antigenic drift is evidently observed in humans, as a result of the selective
pressure imposed by the use of vaccines to protect the population [52]. For this
reason, it is necessary to obtain sequence information of the circulating viruses
every year to produce effective vaccines [12]. Another clear example of
antigenic drift occurs in poultry species, in which viruses that are circulating for
long time in the field, evolve increasing their adaption and virulence through
mutations in the viral HA by mechanisms such as site mutations, nucleotide
insertions and duplications. In the following table is provided a list of virulent
viruses for which the mechanism of emergence from low virulent viruses is well
documented (the proposed mutational changes in the HA are also given) (Table
1, was taken from Ref [53]).

14
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Alchicken/Pennsylvania/  Alchicken/Pennsylvania/2l  (PQRETR*G)—PQRKKR*G Site mutation

1370/83 H5N2 525/83 H5N2 (+loss of CHO)
Alturkey/Ontario/7732/  Alturkey/Ontario/6213/ (PQRETR*G)— g‘:"l‘;”:itlziu i
66 H5N9 66 H5N9 PQRRKKR*G . g .
insertions
. . . Tandem
Alchicken/Jalisco/14588-  Al/chicken/Quetaro/7653/95 (PQRETR*G)— duplication/
660/94 H5N2 H5N2 PQRKRKRKR*G . P .
—_— insertion
Alchicken/Chile/176822/  Alchicken/Chile/4977/ (PEKPKTR*G)— RNA/RNA
02 H7N3 02 H7N3 PEKPKTCSPLSRCRETR*G  recombinant

Table1. Examples of antigenic drift events observed in poultry and proposed genetic
changes in the HA cleavage site.

On the other hand, the antigenic shift is the reassortment of genes from
two different influenza virus subtypes that infect a single cell or host, resulting in
a virus with new antigenic proteins [31]. Also, the transfer of a whole virus from
one host species to another and the reemergence of previously non circulating
virus strain are considered an antigenic shift. Usually, when shifted viruses
emerge, they rapidly spread among the population due to the lack of previous
protective immunity, causing severe outbreaks or pandemics, such as the 1957
(H2N2) and 1968 (H3N2) pandemics in humans, caused by viruses that
emerged by reassortment and acquisition of a new HA [12].

1.1.2.5. Viral pathotypes

The pathogenicity of all influenza virus depends of the presence of a precise
combination of genes which provide to each virus strain with advantageous
conditions in which to replicate, within a specific host [16]. In poultry species,
the avian influenza viruses cause a range of clinical presentations that goes
from asymptomatic to a severe acute systemic disease with mortality rates that
can reach up to 100% [54].

Based on their ability to cause disease the avian influenza viruses can
be classified into two groups: low pathogenic avian influenza (LPAI) and high
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pathogenic avian influenza (HPAI) viruses. This difference is mainly
determined by the mutations of the most variable region of the virus (HA gene),
which allow the virus to have multiple replication cycles and produce infection.
Specifically, the virulence is linked to the presence of multiple basic amino
acids (arginine (R) or lysine (K)) in the HA cleavage site. As a result, most LPAI
viruses show only a basic amino acid (monobasic) in its HA cleavage site,
whereas, the HPAI viruses acquire an increased number of basic amino acids
(R or K) in their proteolytic cleavage site [54] (see table above). As a
consequence, the LPAI viruses can only be cleaved by trypsin-like proteases
produced by the epithelial cell of the respiratory and gastrointestinal tract.
Therefore, these viruses cause only mild symptoms restricted to these organs
[55,56,57,58,59,60,61]. In contrast, the presence of multibasic cleavage sites in
the HA of HPAI viruses make them more accessible to ubiquitous proteases of
the furin enzyme family [34,58,62,63,64]. This differential cleavage of the HA in
HPAI viruses allow their replication in a larger number of tissues, including
brain, heart, pancreas, adrenal gland and kidney, among others [12], causing
an extremely severe systemic disease with high fatality rates [12,14]. This
characteristic is only present in viruses of H5 and H7 subtypes, although most

of H5 and H7 subtype viruses are of low virulence [14].

It is also worth mentioning that viruses of these subtypes have been able
to infect humans, causing severe and fatal infections such as the reported with
the Asian HPAI virus H5N1, and flu-like symptoms and conjunctivitis as with H7

viruses [65].

In view of the fact that HPAI viruses emerge from LPAI viruses and their
relevance in animal and human health, all HPAI viruses and LPAI viruses of H5
and H7 subtypes, have been classified as notifiable avian influenza (NAI)
viruses by the World Organization for Animal Health (OIE) [13].

The OIE has dictated standard or official criteria to confirm the detection
of these NAI viruses. This criteria is based on an in-vivo test and also on the

molecular determination of the cleavage site of the HA. The in-vivo test involves
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the inoculation of a minimum of eight susceptible 4- to 8-week-old chickens with
an infectious virus. Strains are considered to be HPAI virus isolates if they
cause more than 75% mortality within 10 days or have an intravenous
pathogenicity index (IVPI) greater than 1.2. All HPAI virus isolates
accomplishing this criteria, as well as, H5 or H7 viruses with an amino acid
sequence in the HA cleavage site similar to any of those that have been
observed in virulent viruses are identified as notifiable HPAI (HPNAI) viruses.
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
LPAI (LPNAI) viruses [13].

1.1.3. Epidemiology

1.1.3.1. Host range

Influenza A virus infect a wide range of avian and mammal species, including
humans [66] (Figure 3). Phylogenetic studies have made possible to identify
lineages that are species-specific and others that are shared by different
species. By means of these studies, it was possible to confirm that all influenza
viruses come from aquatic birds, in which the viruses have achieved an
evolutionary stasis and are optimally adapted, demonstrated by the low
mutation rate [66,67,68]. In these birds it is possible to find all the 16 HA and 9
neuraminidase subtypes [69]. The range of wild birds infected is not completely
known, but influenza A viruses have been reported in free-living birds from
more than 100 species in 12 avian orders [68,70,71]. However, epidemiological
studies indicate that the most consistently infected are birds from the
Anseriformes and Charadriiformes orders. Anseriformes birds include ducks,
geese, swans, although the most frequently infected are dabbling ducks, such
as mallards, pintails, and teals. Charadriiformes birds, such as, shorebirds,
terns and gulls, are less commonly infected [12,68]. In waterfowl, influenza
viruses replicate preferentially in the intestinal tract, where high titers of virus
are produced and disseminated in the environment [72,73,74].
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In contrast, the number of virus subtypes found in mammals are limited
[10]. This is mainly due to the requirement of long periods of time needed for
host adaptation and to become endemic in the population. In general, influenza
A viruses could cause infections in mammals in three situations: 1) endemic or
enzootic infections caused by host adapted viruses, such as swine, equine and
human influenza virus strains, and more recently the canine influenza A virus,
2) epizootic infections, such as the cases of infection with LPAI viruses of
poultry origin which affected a large number of minks, seals, whales, and some
pig and humans, and 3) sporadic infections, such as the recent cases of
infection with the H5N1 HPAI virus, which promptly affected tigers, leopards,
house cats, dogs, civets, stone martins, pigs and humans [75].

Endemic influenza A virus infections that have became established in
humans, emerge from the reassortment of avian influenza viruses and host
adapted influenza A viruses. At present, three HA and two NA subtypes are
circulating in humans (H1, H2, H3, N1 and N2). Sporadically, avian influenza
viruses of the H5, H7, and H9 subtype have been transmitted from birds to
humans, causing disease and also mortality [15,65,76,77,78,79,80,81]. In
horses, the classic influenza A virus strain is the H7N7 subtype, although the
most common nowadays is the H3N8 subtype, which was first reported in the
early 1950s [82,83]. In dogs, the H3N8 subtype has become the predominant
after its first appearance in the early 2000s, when it was detected in racing
greyhounds [84,85,86,87]. Regarding pigs, it was observed that under
experimental conditions they can support the replication of all avian influenza
virus subtypes. However, in nature, only the H1, H3, N1 and N2 subtypes, have
been isolated [88]. Occasionally, self limiting infections with HLIN7, H4N6, and
HION2 LPAI viruses have been reported in swine [89,90]. The possibility of
direct contact with humans and birds, and their susceptibility to avian and
human viruses have led to them being considered as “mixing vessels”, where
genetic reassortment can take place [91]. Likewise, viruses genetically and
antigenically related to avian viruses have been isolated from minks (H10N4
and H10N7) [92,93], seals (H7N7, H4AN5, H3) [94,95,96,97] and whales (H1N1,
H13N2, H13N9) [97,98].
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Figure 3. Host range. Wild aquatic birds are the reservoir for all influenza A virus, which are
transmitted to poultry species, and occasionally to pigs, horses, sea mammals. Rarely, wild
birds or poultry transmits influenza A viruses to cats or minks. Pig viruses could be transmitted
to humans (and vice versa) and sporadically poultry species transmit influenza viruses to
humans (Dashed lines indicate sporadic and rare transmission of influenza A virus between

species) (lllustration modified from Ref [54])

Regarding poultry species, Influenza A virus can infect: chickens (Gallus
domesticus), turkeys (Meleagris gallopavo), Japanese quails (Coturnix coturnix
japonicas), Bobwhite quails (Colinus virginianus), pearl guineafowls (Numida
meleagris), ring-neck pheasants (Phasianus colchicus), chukar partridges
(Alectoris chukar) and zebra finches (Taeniopygia guttata). From these species,
turkeys and chickens are the most frequently affected by disease outbreaks

[10].
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1.1.3.2. Transmission and shedding

Transmission of influenza A virus is a very complex process that depends on
the virus strain, the species of bird, and environmental factors. The exact
mechanism that allows an influenza virus to cross the interspecies barrier

causing infection in another species is still poorly understood [99].

It is known that wild aquatic birds (waterfowl and shorebirds) are the
reservoir of influenza A viruses, which is effectively disseminated through
faecal/oral route [66,70,100]. As the virus mainly replicates in the intestinal
tract, a high concentration of infectious virus could be excreted in their faeces
which enable to perpetuate the influenza virus in their habitats and the nearest
zones of poultry and swine production [74,101]. Experimentally, it has been
observed that waterfowl birds, such as Muscovy ducks (Cairina moschata) can
shed an estimated 1x10'° mean 50% embryo infectious doses (EIDsg) of avian
influenza viruses within a 24-hour period [101]. Besides, prolonged viral
shedding has been demonstrated in some wild birds, such as Pekin ducks
which are able to shed virus for more than 28 days [70]. Also, the ability of
influenza virus to persist in water for long periods of time (6 months) provide an
environmental reservoir [68,102,103], because, the contaminated water may
result in faecal/oral or faecal/cloacal transmission. Then, it is thought that the
virus is maintained in the wild bird population and is carried long distances by
migratory movements of these birds which could be naturally resistant to
disease [68,102,103]. How this virus is maintained in nature has still to be
determined [103].

Transmission of avian influenza viruses from wild birds to poultry
depends on several factors, being some of the most important the level of
biosecurity and the concentration of poultry around the zone of initial outbreak
[99]. The introduction of viruses to the poultry population can occur by five
different means: 1) direct exposure to avian influenza infected wild birds, 2)
exposure to equipment or materials that are contaminated with infectious

respiratory secretions or faeces, 3) movement of people who carry the virus in
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their shoes and clothes, 4) contaminated water and 5) windborne spreading of
the virus [75]. The transmission of viruses from wild bird species to domestic
birds was until recently sporadic. Also, the introduction of LPAI viruses of H5
and H7 subtype in poultry leading to mutations and emergence of more virulent

viruses is occasional [99].

As it is difficult to determine when chickens infected naturally with LPAI
and HPAI viruses start to shed the virus, most of the data regarding viral
shedding comes from experimental infections [104]. Hence, chickens inoculated
with LPAI viruses by intranasally, intraoral and intratracheal routes can shed
virus in the faeces and respiratory secretions [105,106,107]. The onset of the
detection of virus shedding depends mainly on the virus strain [108]. In this
manner, the onset of the LPAI viral shedding in the faeces can be as early as
day 2 dpi [105,106,107] and in respiratory secretions 1 dpi [106,109]. The virus
strain also determines the site of replication and how the virus will be shed.
Accordingly, most of the studies have found that at least occasionally, the LPAI
viruses are shed by both routes [106,107,108,109,110]. LPAI viruses have not
been detected in meat, and then the risk of dissemination from this source is
considered minimum [104]. Likewise, LPAI viruses are rarely recovered from
eggs in spite of the fact that some LPAI viruses replicate in reproductive
organs, causing salpingitis and oophoritis [107,109,111,112,113,114]. However,
it is considered that eggs can be contaminated with ovarian tissues and that

also faecal contamination of the shell can occur in infected flocks [104].

HPAI viruses are shed by faeces and respiratory secretions in chickens,
in which viruses can be detected at 1 and 2 dpi under experimental conditions
[106,110,112,115,116,117,118]. Moreover, HPAI viruses cause systemic
infections, and the virus can be detected in meat in the first or second dpi
[106,116,118,119,120]. Although the isolation of HPAI viruses from meat in
natural infections has not been reported in poultry species, the Asian HPAI
virus H5N1 has been isolated from meat samples in naturally infected ducks
[121,122]. HPAI viruses have been isolated at 3 dpi from egg yolk and albumin
in birds intranasally inoculated with H5N2 HPAI viruses [123,124], however,
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other HPAI viruses cannot be isolated from this sample or from dead embryos
and live chicks that hatched [104]. Then, although viruses are found in gonads
[125], it is considered that the main source of contamination of eggs are the
infective faeces [104].

Once within the flock, the transmission of the virus will depends on
several factors that include the bird’'s breed, age, presence of previous
immunity to influenza viruses, concurrent infections and environmental factors
such as the stocking density, size of the room, temperature, and airflow
[110,126]. For example, it is known that the transmission of the virus occur
more slowly in caged flocks (birds separated in cages) than in loose-housed
flocks (flocks housed without barriers between birds) as demonstrated during
H5N1 and H7 HPAI viruses outbreaks [111,127,128,129] and in experimental
models of transmission [130,131]. Besides, some experimental studies
indicated that certain viral strains need close contact of the naive birds with
infected birds or faeces for transmission [81,117]. In contrast, other viruses
spread rapidly by contact or air borne transmission to the nearest cages
[105,132]. For example, the Asian H5N1 HPAI viruses are preferentially
transmitted from the respiratory route, requiring the direct contact among birds
to be disseminated [133,134,135,136]. In general, as the HPAI viruses cause
death rapidly after the infection in poultry species, it is considered that
proportionally little quantities of virus particles could be excreted during the
course of the infection [99,110,126,137]. For example, the Mexican HS5N2 LPAI
virus (A/chicken/Mexico/26654-1374/94) was not lethal for chickens and spread
efficiently by contact and airborne transmission in caged flocks, whereas, the
more virulent strains could not be isolated from uninoculated chickens sharing

the same cage [105].

22



Introduction

1.1.4. Clinical signs

In poultry species, LPAI viruses cause mild to inapparent clinical signs with
high morbidity (50%) but low mortality (5%), which could increase in the case of
secondary bacterial infections [54]. There are few studies in the literature
describing the onset of clinical signs in chickens infected with LPAI viruses
[104]. In experimental conditions, chickens inoculated intranasally with
A/chicken/Pennsylvania/83 (H5N2) and A/chicken/Chile/176822/02 (H7N3)
started to show clinical signs at 5 and 4 days post inoculation (dpi), respectively
[118]. The signs of disease basically consisted of coughing, sneezing, rales and
excessive lacrimation. Signs of decreased egg production and broodiness could
be seen in infected active layers and breeders. Unspecific clinical signs of
huddling, ruffled feather, listlessness, decreased activity, decreased feed and

water consumption, and diarrhoea could also be distinguished [14,54].

Regarding HPAI viruses, its incubation period cannot be determined in
the field, because chickens are frequently found dead during the outbreaks and
show few preceding signs. Moreover, the clinical signs are unspecific and their
frequency and type varies with the virus strain [12,104,138]. In experimental

studies, chickens start to show clinical signs from 1 to 5 dpi [119,120,139].

HPAI virus infections cause high morbidity and mortality that can affect
100% of the flock. The clinical presentation mainly depends on the HPAI virus
strain and species of bird affected. Generally speaking, there are two phases of
infection: a peracute phase that is observed in the first hours post infection
(hpi), when birds are found dead without showing clinical signs. Birds that
survive for 3 to 7 dpi, experience a second or acute phase, when severe signs
of central nervous dysfunction can be observed: tremors and incoordination,
inability to stand, loss of balance and recumbency with pedaling movements,
paresis, paralysis of the legs and wings, shaking of the head with abnormal
gait, torticollis, opisthotonus, nystagmus, excitation, convulsions, rolling and
circling movements, flapping movements of the wings and unusual position of

the head and wings. However, not all HPAI virus strains produce neurological
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signs. In this acute phase, it is also frequent to see less specific clinical signs,
such as: listlessness, reduced activity, low feed and water intake, reduced
sensitivity to stimuli and dehydration. Besides, infected birds can be found in
recumbency or in a comatose state. Diarrhoea can also occur, as bile and urate
loose droppings intermixed with mucus. Also, HPAI virus could cause
respiratory signs such as rales, sneezing, coughing, and excessive lacrimation
[54].

1.1.5. Gross and microscopic lesions

In poultry, LPAI viruses cause rhinitis and sinusitis that vary in character from
catarrhal, fibrinous to fibrinopurulent. The presence of purulent exudates is
associated with secondary bacterial infections [12]. The trachea usually show
oedema, congestion, and occasionally haemorrhage and presence of serous to
caseous exudates in the lumen. What’s more, when associated with bacterial
infection, fibrinopurulent bronchopneumonia could be present. Air sacculitis or
coelomitis of catarrhal, fibrinous of fibrinopurulent character could be found.
Lesions in the reproductive tract in adult birds include regression of the ovaries,
with presence of haemorrhages in the large follicles progressing to colliquation
and egg yolk peritonitis. Besides, catarrhal to fibrinous salpingitis can also be
seen. The eggs are fragile, misshapened, and show loss of pigment. In turkeys,
it is possible to observe fibrinous enteritis, typhlitis, proctitis, and paleness in

the pancreas [54].

Regarding microscopic lesions, LPAI viruses produce heterophilic to
lymphocytic tracheitis, bronchitis and ventromedial fibrinocellular to
peribronchiolar lymphocytic pneumonia. Rarely, pancreatic acinar necrosis is
observed, as reported in turkeys infected with a H7N1 LPAI virus in Italy during
the 1999 outbreak [111,140,141]. Chickens that die from LPAI virus infections
show lymphocyte depletion and necrosis of lymphocytes in the bursa of
Fabricius, thymus, spleen and in lymphoid associated tissues [54]. Viral antigen
iIs commonly detected in respiratory epithelium [14,142], renal tubule
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epithelium, pancreatic parenchyma, intestinal epithelium [142] and rarely in
lymphocytes [14].

Lesions observed in gallinaceous birds infected with HPAI virus reflect
the clinical presentation of the disease. Consequently birds that die in the
peracute phase may not show gross lesions. Whereas, birds in the acute stage
generally show ruffled feathers, sinusitis, oedema of the head, face, upper
neck, and legs, which may be associated with petechial to ecchymotic
haemorrhages in the unfeathered skin of the comb, wattles and legs. The
presence of cyanosis, petechial to ecchymotic haemorrhages and necrotic foci
in the comb and wattles is considered syndromic of a HPAI virus infection.
Lesions in internal organs vary with the strain, but generally include:
haemorrhages in the coronary fat and epicardium, pectoral muscle, and on the
serosa and mucosa of the proventriculus and ventriculus. More rarely,
haemorrhages are found on the inner surface of the sternum, cecal tonsils, and
Meckel's diverticulum [54]. The finding of multifocal areas of necrosis in the
pancreas is common [12,108,118,119]. In layer hens, breeders and turkeys, the
presence of free yolk in the coelomic cavity as a result of the rupture of ova has
been reported [54,138]. Necrotic foci have been frequently reported in the
heart, kidney and liver of chickens, pheasants, Chukar partridges, and turkeys
[108,119]. Urate deposition in the kidneys is seen in association with kidney
lesions. The lung may show congestion and haemorrhage [118,119,138]. In
young birds, the thymus and the bursa of Fabricius may be atrophic and show
haemorrhages [118]. Additionally, the spleen may become enlarged showing

pale necrotic foci in the parenchyma [54].

Microscopic lesions in chickens infected with HPAI virus vary with
individual virus strains, breed of the chicken, inoculum dose, route of
inoculation, and passage history of the virus. In agreement with the clinical
presentation and gross lesions, birds in the peracute stage may not show any
microscopic lesion, and show only mild and multifocal presence of viral antigen
in vascular endothelial cells and cardiac myocytes demonstrable by
immunohistochemistry (IHC). On the contrary, birds in the acute phase show
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lesions in multiple tissues and organs [54]: skin, brain, heart, pancreas, adrenal
glands, lungs, and primary and secondary lymphoid organs [14,119,138,143]
(Figure 4).
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Figure 4. Schematic image summarizing the main histological lesions observed in HPAI
virus infected birds (Information taken from Ref [54]).

Although the presence of microscopic lesions in the brain of HPAI virus
infected birds is common [108,125,135,144,145,146,147,148,149,150], few
studies have described in detail the neuropathogenesis of this infection. In
general, the neuropathological lesions induced by HPAI viruses may be divided
in two types or phases according to its presentation: 1) the acute necrotizing
encephalopathy, or non-suppurative encephalitis that occurs within the first 3
dpi, characterized by disseminated vascular degeneration, microgliosis and

26



Introduction

necrosis of the brain parenchyma, and 2) the ventriculitis and periventriculitis
that occurs between 4 and 7 dpi, and involve degeneration, vasculitis and mild
mononuclear infiltration around the brain vessels. Ventriculitis and
periventricular inflammation with necrosis is also observed in this phase, but the
mechanism through which it is developed has not been clarified
[111,118,127,136,138,144,149,150,151,152,153,154]. Another form of HPAI
virus infection in the CNS is observed in wild birds, in which there is no
evidence of vascular damage, or viral antigen on endothelial cells either [155].
A summary of the wild bird species suffering CNS influenza virus-associated

lesions is provided in annex 1.

1.1.6. Pathogenesis

To cause disease, influenza viruses have to be efficiently shed (by faeces and
fomites), find the adequate attachment site and be able to replicate into the
target cells of the new host. In poultry species, the nasal cavity is the main site
of replication of the LPAI viruses. There, the virus replicates and is released,
infecting other cells in the respiratory and intestinal tract [14,138].
Consequently, the signs observed in the affected birds are commonly
associated with respiratory damage, especially when there are bacterial or viral
concomitant infections. Occasionally, LPAI viruses spread systemically,
replicating in tissues containing trypsin-like proteases, such as kidney tubules,
pancreatic acinar epithelium, and other organs [14,138].

Regarding the HPAI viruses, the initial site of replication in poultry is also
the epithelium of the nasal cavity, where it is possible to detect viral particles at
16 hours post exposure [138]. In the nasal cavity, the virus replicates in the
epithelial cells causing ulceration and inflammation with presence of virus in
submucosal macrophages, heterophils and capillary endothelial cells [14,138].
The macrophage and heterophil are important cells for the initial replication and
dissemination of HPAI viruses [54]. The virus replicates in endothelial cells,

spreads through the vascular system and infects a variety of cell types within
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visceral organs, brain and skin. This initial visceral replication can be detected
as early as 24 hpi, with the peak of virus load and lesions being at 48 hpi
[54,138]. However, there are HPAI viruses which cause viraemia and extensive
parenchymal damage with replication, without producing extensive replication in
vascular endothelial cells. HPAI viruses produce damage by means of three
possible mechanisms: 1) direct replication of the virus in cells, tissues and
organs, 2) indirect production of cellular mediators, such as cytokines, and 3)
ischemia from vascular thrombosis. Clinical signs and death are consequence

of multiorgan failure [14].

1.1.7. Diagnosis

Several techniques have been developed to offer an accurate diagnose when
infection with a LPAI or HPAI viruses is suspected. Besides these, there are a
series of techniques used to characterize the virus and study the pathogenesis
of the disease. Below is a list of well established methods for the purpose of

diagnosis and study of the virus infection.

1. Virus isolation (VI): is the reference standard method to confirm the
presence of avian influenza virus. The VI is performed in embryonated
chicken eggs (9-11 days of incubation), and in culture cells of avian origin,
Madin-Darby canine kidney (MDCK) cells, or other cell lines. This is
considered the most sensitive method in the diagnosis of avian influenza
viruses. However, their main inconvenience is that not all influenza viruses
grow well in chicken eggs and other viruses, such as paramixoviruses, do
grow. The VI is not commonly used for routine diagnosis because it is
expensive and time-consuming [156]. The results of the VI have to be
tested for the presence of haemagglutinating antigen and the result
confirmed by molecular techniques, agar gel immunodiffusion (AGID) assay
for detection of the nucleocapsid or matrix antigens or commercial
immunoassay kits for detection of the nucleocapsid or neuraminidase of

type A influenza [157].
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2. Haemagglutination assay (HAa): is used to test the results obtained
during the VI, however it is not an identification assay because other agents
can produce haemagglutination. The assay is based on the ability of
influenza virus to bind to Sia receptors found on erythrocytes, that when
combined cause agglutination producing a diffuse lattice [158]. Due to the
low sensitivity of this thechnique, it is generally used after passage of the
virus into chicken eggs. Because, it is necessary 10°-10° 50% EIDso/mL for
the detection of a virus by HAa [159]. Another disadvantage is that
degraded and inactivated non-infectious virus particles are also detected
with this test [158].

3. Agar immunodiffusion test (AGID): is used to confirm the results of the VI
and HAa assays by means of the detection of the nucleocapsid-rich
samples of type A influenza viruses, as well as, to detect the presence of
antibodies. The first is performed using agar plates and a reference
antiserum. The sample consists of antigen obtained from chorioallantoic
membranes. The detection of antibodies is performed using the M1 or
VRNP proteins as antigens. The main disadvantage of the AGID test is the

low sensitivity [13].

4. Haemagglutination (HI) and neuraminidase inhibition (NI) assays for
subtyping: are quantitative methods used for classification and subtyping
of the influenza A viruses. The HI is performed using subtype specific
antibodies (polyclonal antisera) against the 16 HA subtypes [156,160].
Whereas, the NI assay is based in the inhibition of the viral enzymatic
activity of the NA on the N-acetyl neuraminic acid (NANA) using specific
antibodies against the 9 NA subtypes [160,161]. Both methods, the HI and
NI assay or its modification, the micro-NI, are inexpensive and fast,
however, requires an extensive number of reference reagents to identify

antigenically all the distinct subtypes [160,162].

5. Immunohistochemistry (IHC) and immunofluorescence (IF) staining:

are based in the demonstration of the presence of influenza A viral antigen
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in tissue samples using labelled polyclonal and monoclonal antibodies. The
reaction is visualized by the deposition of a chromogen or detecting the
presence of fluorochrome in the nucleus or cytoplasm of infected cells. Both
methods are used to study the pathogenesis of the avian influenza by
allowing the identification of sites of replication in the infected tissues.
Moreover, the IHC enable to make correlations between presence of virus

and the histopathological lesions caused during the infection [163].

. In situ hibridization technique (ISH): used to detect the sites of virus
replication in tissues of infected birds using radiolabelled or non-
radiolabelled probes. Similar to the IHC, the ISH is useful to study the
mechanism of pathogenesis of influenza A virus [164,165]. The ISH is a
time-consuming and expensive technique, that additionally require especial
care because as the probes are basically labelled RNA [165], they are very

prone to degradation [166].

. Molecular techniques (multiplex-polymerase chain reaction (PCR),
reverse-transcription-PCR (RT-PCR) and real-time RT-PCR): are based
in the detection of the viral RNA from culture fluids, swabs or tissue
specimens. To detect the viral RNA, first it has to be reversed transcribed to
cDNA using a primer complementary to the 3’end of all in fluenza vwral RNA
or a sequence specific primer. In the multiplex PCR more than one primer
is included in the amfitation reaction, then more than one gene or

genome segment of the virus is detected [167]. All these methods enable
the rapid detection of viral genomic nucleic acid sequences in a short
period of time, obtaining also highly sensitive and specific results
[156,168,169,170], being comparable to virus isolation procedures. In
particular, the real-time RT-PCR enables us to quantify the amount of viral
RNA [170]. Furthermore, the real-time RT-PCR is also used to confirm the
presence of H5 or H7 subtype influenza virus using H5- or H7-specific

primers [171].
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1.1.8. Control and prevention

The goals to control the emergence of avian influenza virus include measures
at the following levels: 1) prevention, 2) management, and 3) eradication. To
accomplish these objectives each individual country has developed a specific
plan adapted to its actual conditions. The plan or strategy involved procedures
at the level of. 1) education, 2) biosecurity, 3) diagnostics and surveillance, 4)
elimination of infected poultry and 5) decrease the susceptibility of the host
[172].

In developed countries, the development of rapid diagnostic test and the
effective application of the five components of the control strategy above
mentioned, usually enables a rapid response and control of outbreaks. In these
countries, HPAI virus outbreaks can be erradicated within a period of few
months to a year by means of stamping-out programs. Besides, it has also
been possible to implement these types of measures for the eradication of LPAI
H5 and H7 viruses, as a means to prevent the emergence of HPAI viruses. In
contrast, in developing countries, the lack of indemnities, poor veterinary
infrastructure, and high level of poultry production at a rural level, made the

eradication unachievable in most cases [173].

Sporadically, vaccination has been used to contain the spread of HPAI
viruses and H5/H7 LPAI virus outbreaks, mainly in developing countries
[14,172,173], as the more realistic form to manage the disease. Vaccination is
directed at decreasing the susceptibility of the host, preventing clinical signs
and mortality or to protect from the infection. Protection conferred by the
vaccine depends on: 1) the dose of challenge virus, 2) content of the target
antigen in the vaccine (HA in the inactivated vaccines) or titer (high titer confers
best protection), 3) adjuvants which help in the production of robust and long
lasting immunes responses, 4) genetic similarity between the vaccine antigen
(HA) and the field viruses, 5) length of protection which can be achieved with
high doses of antigen or high titers or by multiple vaccinations, 6) route of
administration (in ovo, drinking water, spray, topical or parenteral
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administration) depends on the kind of vaccine and recommendations of the
manufacturer, 7) species of birds and number of vaccinations, 8) age of
vaccination (optimal age in most birds is after 2 weeks of age), 9) Field and
farm conditions, which could reduce the effectiveness of the vaccine, such as
presence of concomitant diseases, vaccine storage and transport problems, etc
[174].

Multiple vaccines have been developed that include:

1. Live LPAI virus vaccines: have been experimentally used in poultry,
and consist of LPAI viruses that are used to provide rapid protection
against HPAI viruses of the same subtype. However, these are not
recommended in field conditions because they may produce important
economical losses associated with the induction of LPAI virus signs of
infection. Besides, they can easily spread among birds and from farm to

farm, and can also reverts to HPAI virus [174].

2. Inactivated whole avian virus vaccines: are the most widely used in
humans and domestic animals. These vaccines consist of influenza
viruses that are grown and later inactivated by chemical or physical
methods [175]. The selection of the influenza vaccine strain in poultry
species depend on the circulating field strain, and can be either from the
same HA and NA that the field strain (homologous) or the same HA but
different NA (heterologous). Both provide protection, nevertheless, the
homologous vaccines are discouraged due concerns regarding
biosecurity and biosafety. Disadvantages of this type of vaccines include
the requirement of high antigen quantities and the necessity to use

adjuvants to enhance the immunity [174,175,176)].

3. Vaccines generated by reverse genetics: these are inactivated or live
attenuated vaccines containing the HA and NA of circulating viruses from
which the “dangerous part” has been removed [177]. These vaccines are
produced by mixing the 6 plasmid DNA from a good-growing laboratory
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strain with the HA and NA obtained by cloning relevant genes from
currently circulating viruses. The main advantage of this type of
technology is that allows us to convert HPAI virus into LPAI vaccines by
mutating the HA cleavage site. However, the requirement of several
doses and large quantities of nucleic acid per dose to produce immunity

make the use of these vaccines non-viable in poultry [175].

. Live vectored vaccines: are generated by recombinant DNA
technologies to incorporate genetic material of an influenza virus into a
viral backbone, such as poxvirus, adenovirus, herpesvirus, and
paramyxovirus. These vaccines replicate in the host providing similar
immune protection than a live vaccine, however, they can induce

immunity against the vector itself and interfere with other vaccines [174].

. DNA-based vaccines: consist of the inoculation of a plasmid DNA which
confers protection by means of induction of the expression of an
immunogen or proteins in the host, resulting in stimulation of both
humoral and cellular immune responses. The DNA vaccines have the
potential to protect against different antigenic variants and reduce
divergence of mutants, also they are easy to manufacture. As it is a
technology that is in development, several issues still have to be
addressed, such as if the injected DNA may randomly integrate into the
host genome, which is the immune response generated against the

injected DNA and if there is induction of tolerance [178].

. Synthetic peptide vaccines: consist of portions of influenza proteins that
are chemically synthesized and formulated into a vaccine to stimulate a
protective immune response in the host. The main advantage of this type
of vaccine is that they are not growth in eggs or cell culture. The
disadvantage of the vaccines produce with this technology is that the
peptide alone stimulates a very weak immune response; however, this
can be improved using adjuvants or another method of delivering the

peptide to the immune cells.
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1.2. Particularities of the central nervous system (CNS)

in birds.

The general structure of the avian CNS and their functions show similarities to
the mammalian brain, however they have differences that are important to know
in order to understand the mechanism of neuroinvasion used by different
infectious agents. As this knowledge is important to understand the
neuropathogenesis and the mechanism of neuroinvasion of the H7N1 HPAI, in
this section a brief description with the most relevant differences and the

homologies between birds and mammals is provided.

The CNS of birds has essentially the same pattern of histogenetic parts
observed in mammals. However, similarities between birds and mammals are
not so manifest in the forebrain, particularly in the histological structure of
telencephalon. In mammals, neural cells in the telencephalon are arranged in a
particular disposition of six layers forming a laminar rind called neocortex
[179,180]. In contrast, the avian telencephalon consists of uniformly distributed
neurons whose dendritic trees are organized radially in nuclei. In spite of this,
the avian pallium is as large as the mammalian pallium and most of its
subcomponents are similar to neocortex with regards to their connectivity and
histochemical characteristics [181]. For example, the prefrontal cortex of
mammals which is associated with complex cognitive abilities has its
homologous structure in the nidopallium caudolaterale of birds, as evidenced by
the presence of dopaminergic innervations and the similarities in the
interconnected pathways [182,183,184]. With respect to all other brain regions,
both vertebrate classes demonstrate easily traceable homologies, but in some
cases there are variations in proportions and location of brain structures, such
as the “optic lobe” or optic tectum that has its homolog in the mammalial
superior colliculus. However, as the optic tectum is larger than its equivalent in
mammals, it modifies the shape of the ventricular cavity forming the lateral
recess of the aqueduct [185] .
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Figure 5. Schema representing the differences in structure and distribution of the
different regions in the brain of birds, rodents and humans (lllustration modified from
[186]).

35



Introduction

In birds as in all other vertebrates, the blood brain barrier (BBB) is
established at the level of microvascular endothelial cells (Figure 5A), which as
the mammalial equivalent does not have fenestrations, contains sparse
pinocytic vesicular transport, high density of mitochondrias and presence of
more extensive tight junctions (TJs) [187]. The TJs consist of integral
membrane proteins, namely, claudin, occludin, junction adhesion molecules,
and adherens junctions. These are bound to a number of cytoplasmic
accessory proteins including zonula occludens (ZO) proteins, cingulin, and AF-
6 (Figure 5B). The cytoplasmic proteins help in the binding of membrane
proteins to the cytoskeleton actin protein, forming a network which maintains
the structural and functional integrity of the BBB [186,188]. However, the TJs in
the chicken brain vascular cells differ from mammals in the morphology,
molecular architecture and regulation. For example, the immunoreactivity of the
TJs proteins claudin-1 and 5 is similar in rats, whereas in chickens, the claudin-
1 show a more intense labelling, which is caused by differences in the
protoplasmatic and extracellular association of the TJs with the cell membrane.
Other TJs proteins which have been described in chickens and show similar
expression in mammals are ZO-1 and occludin [189]. In contrast, claudin-3, and
claudin 12, proteins also found in the mammalian BBB [190,191], have not
been investigated in birds.
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Figure 6. Schema representing the structure of the BBB and the TJs. (lllustration modified
from [192]).

The choroid plexus (Chp) consists of epithelial cells, fenestrated blood
vessels and the stroma. The presence of fenestrated blood vessels and TJs
proteins among the epithelial cells serve as the site for major production of the
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blood cerebrospinal fluid (CSF). The Chp in birds share many similarities with
that of mammals, being found in the inner ventricular surface of the lateral
ventricles, in the roof of the third ventricle and caudally and ventral to the
cerebrum [193]. TJ proteins found in the Chp of mammals include: claudin-1, 2,
3, 11, and ZO-1 [194]. Investigations into the presence of these TJs proteins in

the Chp of chickens and other bird species have not yet been performed.

Circumventricular organs (CVOSs) are specialized tissues within the brain
which carry out sensory and neuroendocrine functions, by means of the
regulation of the autonomic nervous system and endocrine glands. Due to their
specialized function, the CVOs occupy strategic positions along the surface of
the brain ventricles, and are highly vascularized with fenestrated vessels, which
allow the bidirectional movement of polar molecules between the hemal and
neural environments of the CVOs [195,196,197]. Tissues within the CNS
accomplishing with this definition in birds (Figure 6) are in the lateral ventricle:
the subseptal organ (SPO) and the lateral septal organ (LSO). The former is
analogous to the subfornical organ (SFO) of mammals. In the third ventricle, the
neurohypophysis (Nhyp), the medial eminence (ME) the vascular organ of the
lamina terminalis (VOLT) and the pineal gland (PG) are found, Whilst, lining the
fourth ventricle, the area postrema (AP) is located [195,198,199]. Exceptionally,
the subcommisural organ (SCO) that is located in the fourth ventricle and has
no fenestrated capillaries is considered a CVO because of its endocrine
function [200,201,202].
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Figure 7. Schematic representation of the anatomical position of the CVOs in the chicken
brain showed in a sagital section (lateral 0.24mm): pineal gland (Pi), Subcommisural organ
(SCO), area postrema (AP), Median eminence (ME), Neurohypophisis (Nhyp). Inserted figure
(sagital section: lateral 0.72mm) shows the position of the subseptal organ (SPO), the vascular
organ of the lamina terminalis (VOLT) and the ME. (lllustration modified from Ref [185]).
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Hypothesis and objectives

HPAI viruses cause viraemia and a multisystemic disease in chickens, which
frequently induce CNS lesions [108,125,144,149]. It has been proven that
influenza virus can use the nervous route to enter into the brain in mice
[203,204,205,206], whereas, it has been hypothesized that in chickens the virus
uses the haematogenous route, through disruption of the BBB
[204,207,208,209,210]. However, the exact mechanism of HPAI virus entry into

the CNS and the neuropathogenesis of this infection have not been determined.

Consequently, the general objective of this thesis was to establish a
model of infection for a H7N1 HPAI virus and to study the pathogenesis, the
neurotropism and the mechanism used by this virus to enter into the CNS.

Specific objectives of this thesis are:

° To set up the animal model for H7N1 HPAI infection in SPF chickens.

° To study the neuropathogenesis of the H7N1HPAI virus in chickens and

to discern the possible route of entry of the virus into the brain.

° To determine the mechanism and time point of disruption of the BBB in
chickens infected with H7N1 HPAI.
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3. Study I: Pathogenesis of Highly Pathogenic Avian
Influenza A Virus (H7N1) infection in chickens

inoculated with three different doses
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3.1.Introduction

HPAI viruses are able to produce clinical disease and death in poultry by a
variety of mechanism including dysfunction of the nervous system,
cardiovascular and endocrine systems [108]. Although, the mechanism of
pathogenicity and tissue tropism of many HPAI virus strains show similar clinical
presentations [144,149], a unique conclusion about the dynamics of the disease
could not be generalized for all HPAI virus strains [211]. The aim of the present
study was to assess the pathogenicity of the A/chicken/Italy/5093/99 H7N1
strain, which was associated with a serious epidemic in Italy [212]. To
reproduce a natural infection, birds were inoculated by the intranasal route with
one of three different doses (10°°, 10*° and 10*° ELDs). Dynamics of infection,
distribution of lesions and viral antigen, viraemia status and viral shedding was

evaluated by means of IHC and RT-gPCR techniques.

3.2. Materials and methods

3.2.1.Virus

The avian influenza virus A/chicken/Italy/5093/99 H7N1 of fifth passage was
kindly provided by Dr. Ana Moreno from the Istituto Zooprofilattico Sperimentale
della Lombardia e dell Emilia Romagna in Brescia, Italy. After its arrival at the
Centre de Recerca en Sanitat Animal (CReSA), the virus was passaged once
and propagated in 9 to 11-day-old specific pathogen free (SPF) embryonated
fowls eggs. The fifty percent embryo lethal dose (ELDsy) was calculated as
described previously [213]. The amino acid sequence at the HAO cleavage site
for the isolate used in the present experimental infection was
PEIPKGSRVRR*GLF, that was identical to the cleavage site sequence of H7N1
HPAI virus strains isolated in Italy during the epidemic of 1999 and 2000 [214].
The IVPI was performed as described previously [171] obtaining a score of 2.8,
thereby confirming the highly pathogenic phenotype of this isolate.
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3.2.2.Experimental design

3.2.2.1. Birds

Eighty SPF chickens (Charles River, SPAFAS), were hatched and subsequently
placed in negative pressure isolators under biosafety level 3 (BSL-3)
containment conditions at the Centre de Recerca en Sanitat Animal (CReSA)
for the duration of the experiment. Animal care and all procedures were
performed in accordance with the regulations required by the Ethics Committee
of Animal and Human Experimentation of the Universitat Autonoma de

Barcelona.

3.2.2.2. Infection

Fifteen day-old SPF chickens were divided into four groups and placed in
separate negative pressure isolators. Each group was infected with different
doses of virus through the intranasal route. The first group (G1) was inoculated
with 10>° ELDsy H7N1 HPAI virus in a final volume of 0.05 mL. The second
group (G2) was inoculated with 10*° ELDso and the third group (G3) received
10° ELDsp of virus. The remaining chickens were inoculated with phosphate
buffered saline (PBS) and served as sham- inoculated control group (G4).
Clinical signs and mortality were monitored daily throughout the 16 days of the
experiment. On days 1, 3, 5, 7, 10, and 16 post inoculation, three birds of the
infected and control groups (G4) were selected for necropsy (birds were
randomly selected at 1 dpi and later biased toward sick or apparently unhealthy
birds). Birds found dead, as well as, those euthanized for ethical reasons were
included in the study.

3.2.2.3. Histology and immunohistochemistry

Tissue samples from all necropsied birds in the four groups were collected and
fixed by immersion in 10% buffered formalin for 24 hours. Samples selected
included: nasal turbinates, trachea, oesophagus, gizzard, proventriculus,
thymus, heart, lung, spleen, liver, small and large intestines (duodenum,

jejunum, ileum, cecum/caecal tonsil, rectum), pancreas, adrenal gland, bursa of
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Fabricius, bone marrow, skin, CNS that included brain and the thoracic spinal
cord, myocardium, skeletal muscle (face, breast, and muscle of the lumbar
areas), sciatic and vagus nerves. All tissues were embedded in paraffin and
duplicate 4um sections were cut for haematoxylin and eosin (HE) staining and
IHC for the detection of the type A influenza virus NP. Procedures for the IHC
followed those previously described [215,216]. Briefly, an antigen retrieval step
was performed using protease XIV (Sigma-Aldrich, USA) for 10 minutes at
37°C. Samples were then incubated with the primary antibody at a dilution of
1:250 at 4°C overnight. The primary antibody used was a commercially
available mouse-derived monoclonal antibody (ATCC, HB-65, H16L-10-4R5),
followed by 1 hour incubation with biotinylated goat antimouse immunoglobulin
(Ig) G secondary antibody (Dako, immunoglobulins AS, Denmark). Finally, an
avidin-biotin-peroxidase complex (ABC) system (Thermo Fisher Scientific,
Rockford, IL) was used and the antigen-antibody reaction was visualized with
3,3'-Diaminobenzidine tetrahydrochloride (DAB) as chromogen. Sections were
counterstained with Mayer's Haematoxylin. Contribution of nonspecific staining
of the primary antibody was evaluated by substitution of the primary antibody
with PBS and by performing the standard method with tissues of non-infected
SPF chicken embryos. Positive control consisted of formalin-fixed paraffin-
embedded tissues of chicken embryos inoculated with the H7N1 virus and that

were positive by RT- gPCR.

3.2.2.4. Viral RNA quantitation in tissue samples, oropharyngeal and

cloacal swabs and blood

Blood samples were collected from G1 chickens at 1, 3 and 5 dpi with 1 mL
Alsever solution (Sigma-Aldrich, USA). Oropharyngeal and cloacal swabs, as
well as, brain, kidney, intestine and lung samples were collected from all birds
and each placed in 500 ul of RNA later (Qiagen, Hilden, Germany). All samples
were kept at 4°C for 16 hours and then stored at -80°C. Viral RNA was
extracted from tissue samples, oropharyngeal and cloacal swabs using QlAamp
viral mini kit (Qiagen, Hilden, Germany) and following the manufacturer's
instructions. Viral RNA was extracted from 15 mg of tissue samples and from
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140 pl of swab mixed with the RNA later, and RNA was eluted in 40 pl. The
resulting viral RNA extracted were tested by one-step RT-qPCR for the
detection of a highly conserved region of the M1 gene influenza A viruses using
primers previously described [217], with the amplification conditions previously
established [218]. This procedure uses an internal positive control (IPC) to

avoid false negative results due to RT-gPCR inhibitors.

Viral RNA quantitation was carried out as described by Busquets et al.,
2010 (251). Briefly, standard curves were achieved by prior amplification of 99
bp of the M1 gene using the H7N1 strain RNA as template. The amplified M1
gene fragment was cloned into the pGEM-T vector (Promega, USA) and
transformed by heat shock into Escherichia coli competent cells (Invitrogen,
USA). The recombinant plasmid was purified using a QIlAprep Spin kit (Qiagen,
Hilden, Germany) followed by digestion with Sacl restriction enzyme (New
England Biolabs, UK) to obtain overhanging ends, and then converted to blunt
ends using DNA polymerase | large (Klenow) fragment (Promega, USA). In
vitro-transcribed RNA was generated from the T7 promoter (RiboMax Kkit,
Promega, USA). The residual template plasmid was removed by several
RNase-free DNAse | (Roche, Switzerland) treatments. The RNA transcript
obtained was quantified spectrophotometrically at 260 nm (Qubit, Invitrogen,
USA). RNA copy numbers were calculated as described previously [219].
Tenfold RNA transcript dilutions, ranging from 6 to 6x10’ molecules, were used
to obtain standard curves. The limit of virus detection (loD) for the one step RT-
gPCR assay used in this study was 6 viral RNA copies per reaction, which is
equivalent to 1 ELDso per reaction. The loD obtained on this assay was
equivalent to 1.46 log;o viral RNA copies per mL in case of swab and blood

samples, and 2.28 log;o viral RNA copies per gram of tissue.
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3.3.Results

3.3.1. Clinical signs, mortality and gross lesions

Clinical signs were limited to G1 and G2, and mortality was only seen in G1
group. Unspecific clinical signs consisting of moderate to severe depression,
apathy, listlessness, huddling and ruffled feathers were first noted in 80% of
birds from G1 at 2 dpi. More severe clinical signs of torticollis, lack of
coordination and bilateral paralysis were observed at 6 dpi. Mortality was
recorded at 3 (1 bird), 4 (1 bird), 5 (2 birds) and 6 (2 birds) dpi in this group, but
two birds survived until day 10. Gross lesions were observed from 3 dpi and
consisted of multifocal to diffuse haemorrhages and cyanosis of the comb and
beak, mild diffuse oedema and multifocal haemorrhages in the unfeathered skin
of the legs and slight mucous nasal discharge. At necropsy, petechial
haemorrhages on leg skeletal muscles and serosal surfaces of proventriculum
were also detected and lasted until 6 dpi. From 5 to 7 dpi, paleness in the liver,
kidney swelling with prominent lobular pattern, splenomegaly and random
multifocal areas of necrosis and haemorrhages in the pancreas were observed.
In G2, one animal showed clinical signs and gross lesions similar to the G1
birds at 3 dpi while a second chicken showed necrosis in the comb, pulmonary
congestion, kidney swelling and multifocal haemorrhages in the proventricular
serosa at 5 dpi. The remaining chickens in the G2 group showed listlessness
and ruffled feathers, from 3 to 6 dpi, and there was no mortality. In G3 and the
sham infected group, no mortality, clinical signs or macroscopic lesions were

observed.

3.3.2. Histology and immunohistochemistry

Histological lesions associated with the presence of viral antigen were observed
in chickens from G1 and G2. In G1 chickens, lesions and specific
immunostaining was observed from 3 dpi and persisted until 7 dpi in nearly all
the tissues (Table 1). No lesions or immunostaining were detected in birds at 1

dpi or in those birds that survived until 10 dpi in the G1 group. In G2, lesions
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and specific immunostaining were only detected in one animal on day 3 and

another on day 5. In the first case, histological lesions and viral immunostaining

were limited to the heart, pancreas and brain, whereas, samples collected from

the animal at 5 dpi, showed lesions and distribution similar to what was

observed in G1 chickens at 5 dpi. No histological lesions or antigen positive

cells were observed in tissues from birds of the sham infected and G3 groups.

Table 1. Distribution of influenza A viral nucleoprotein antigen determined by
immunohistochemistry in tissue samples from G1 chickens inoculated with H7N1 HPAI

virus
Tissue Days post infection Positive cells
1 3 45 6 7 10
Nasal cavity Salivary and nasal epithelial cells (3 to 6
dpi), olfactory and respiratory epithelial
- + + + + + - cells, Bowman gland (3-7 dpi), trigeminal
nerve branches (day 7), macrophages,
heterophils, EC? (3 to 7 dpi)
Trachea - - - - - - -
Lung -+ + 4+ o+ o+ - Macrophages, EC
Heart -+ + 4+ o+ o+ - Myocytes, macrophages, EC
Skeletal - + + + - - - Myocytes, EC
muscle
CNS o+ o+ o+ o+ o4 Neurons, glial cells, ependymal cells,
epithelial cells of Chp, EC
Oesophagus - + + + + - - EC
Proventriculus - + + + + + -  Macrophages, heterophils, EC
Gizzard Mucosal epithelium, smooth muscle cells,
-+ o+ + o+ o+ )
macrophages, heterophils, EC
Intestine -+ o+ o+ o+ - - EC
Caecaltonsil - + + + + + -  Macrophages, heterophils, EC
Pancreas Exocrine acinar cells, Langerhans islets
-+ + 4+ o+ o+ -
cells, macrophages, EC
Liver -+ + o+ o+ o+ - Kupffer's cells, EC
Bone Marrow - - - - + - - Myeloid cells
Thymus - + + + + - - Macrophages, EC
E;L?ﬁ;iﬂg -+ + + + - - Macrophages, EC
Spleen -+ o+ o+ o+ - - Macrophages, EC
Kidney -+ + + + 4+ - Epithelial tubular cells, EC
Adrenal o+ o+ o+ o+ o4 Corticotrophic and chromaffin cells,
Gland macrophages, EC
Skin Keratinocytes, feather pulp inflammatory

-+ 4+ 4+ 4+ o+ -

cells and follicular epithelial cells,
macrophages, heterophils, EC

2EC: Endothelial cells.
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Histological and immunohistochemical examination of G1 birds revealed
severe morphological changes particularly in the respiratory tract,
cardiovascular system, pancreas, kidney, adrenal glands and central nervous
system. There was a strong correlation between the manifestation of viral
antigen and the identification of histological lesions. Presence of viral antigen
was not limited to the sites where the histopathologic alterations were visible by
haematoxilin and eosin but was also distributed in the surrounding tissue. The
brown antigenic staining was generally intense and compact in the nucleus,
and, in some cells, it was also cytoplasmatic in distribution, although it was less

intense and speckled.

In the respiratory tract, slight to moderate lymphoplasmacytic
inflammation in the lamina propria of the nasal cavity, and multifocal areas of
loss of cilia, vacuolar degeneration and necrosis of the respiratory epithelium
was observed from 3 dpi to 7 dpi. Single cell necrosis was also observed in the
olfactory epithelium of the posterior turbinate from 3 to 6 dpi. Influenza A virus
antigen was demonstrated in individual cells in the respiratory and olfactory
epithelium as well as in the Bowman’s gland cells of the posterior turbinate
(Figure 8). Endothelial cells and intravascular inflammatory cells in the nasal
cavity were also positive from 3 to 6 dpi. Necrosis and positive immunostaining
was also observed in the lateral nasal glands located in the nasal cavity and,
sporadically, in salivary glands of the roof of the oral cavity. Interestingly, in one
chicken sacrificed at 7 dpi, a focal area of nerve fibers degeneration and
necrosis, associated with the presence of viral antigen, was observed in the
ophthalmic medial branches of the trigeminal nerve located dorsally in the nasal

cavity.
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Figure 8. IHC detection of influenza A viral NP in the nasal cavity of SPF chickens
inoculated intranasally with 10°° ELDs, of H7N1 A/Chicken/Italy/5093/99 at 7 dpi. Epithelial
necrosis in the transition between respiratory and olfactory epithelium of the nasal cavity,
associated with the presence of viral antigen (brown staining) in the olfactory (arrow), and
respiratory epithelial cells, Bowman glands (a), mucous glands (b) and inflammatory cells in
lamina propria from a G1 chicken at 7 dpi.

Lung lesions consisting of an increase of cellularity in the air capillaries of
the parabronchi was evident from 3 to 7 dpi, mainly due to the presence of
heterophils and most probably macrophages inside the capillaries or within the
air capillaries interstitium. Microthrombosis of capillaries and scattered single
cells necrosis were also seen at these days. Presence of viral antigen was only
detected in scattered endothelial cells and macrophages in the air capillaries.
No lesions or immunostaining was observed in the trachea of any of the birds

evaluated.
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Randomly distributed multifocal to coalescing areas of myocardial
degeneration and necrosis, with fibre hyalinization and fragmentation
associated with a slight infiltration of macrophages and heterophils were
observed in birds from 3 dpi. Influenza A viral antigen was observed in
myocytes in the necrotic areas as well as in the adjacent inflammatory cells and
endothelial cells. Skeletal muscle lesions were slight and were only observed in
sections taken from the face and lumbar area. They consisted of scattered
areas of fiber degeneration and necrosis surrounded by infiltrated
macrophages. Muscle cells and macrophages were positive for viral antigen.

Breast muscle lesions were rare and slight.

Histological lesions in the alimentary tract (oesophagus, gizzard,
proventriculus, duodenum, colon, caecum, caecal tonsil and cloacae) of
lymphocyte depletion and infiltration with macrophages were confined to the
submucosa and lymphoid-associated areas in the proventriculus and the caecal
tonsils, where influenza A viral antigen was detected in endothelial cells and
infiltrating macrophages and heterophils in the submucosa of the proventriculus,
caecal tonsil and in the gizzard. Similarly, only slight lesions were observed in
the liver that consisted of slight periportal lymphoplasmacytic infiltration and
marked Kupffer cell hypertrophy. Erithrophagocytosis in Kuppfer cells and
occasional fibrinous thrombi in the hepatic sinusoids were also observed from 3
to 5 dpi. Both, endothelial and Kupffer cells were positive for viral antigen, in
addition to inflammatory cells in the portal vessels and periportal areas. No

positivity was observed on hepatocytes or biliary duct epithelial cells (Figure 9).
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Figure 9. IHC detection of Influenza A viral NP in the liver of SPF chickens inoculated
intranasally with 10°° ELDs, (G1) of H7N1 A/Chicken/Italy/5093/99 at 5 dpi. Influenza A viral
antigen detected in Kupffer cells, endothelial cells and mononuclear intravascular cells in the
liver.

More severe lesions were observed on pancreatic acinar cells, which
showed focally extensive to diffuse areas of degeneration and necrosis of and
stained strongly for the presence of associated viral antigen. Occasionally, there
was inflammatory infiltrate associated with necrotic areas, which was also

positive for viral antigen from 3 to 7 dpi.

Moderate lesions were observed in kidney, where proximal convoluted
tubular epithelial cells showed multiple areas of tubular necrosis in association
with the presence of viral antigen. Influenza A viral was also demonstrated on
endothelial cells in the renal interstitium. Inflammatory infiltrate was rarely
observed associated with necrotic areas. Severe lesions were detected in
adrenal corticotrophic cells, and less frequently chromaffin cells, which showed
disseminated vacuolar degeneration and necrosis associated with the presence
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of influenza A viral antigen. Necrotic areas were infiltrated by macrophages and

heterophils that were also positive.

In lymphohematopoietic organs, moderate erythroid and myeloid cellular
depletion were noted in the bone marrow from 5 to 7 dpi. The spleen, thymus
and bursa of Fabricius had slight to moderate lymphoid depletion of all
histological compartments with apoptosis and/or necrosis of lymphocytes from 3
to 7 dpi. On these organs the antigen was restricted to endothelial cells and

macrophages.

Skin lesions were confined to the face and comb samples, and consisted
mainly in focal epidermal necrosis and diffuse oedema, hyperaemia and
perivascular mixed inflammatory infiltrate (macrophages and heterophils) that
was positive for viral antigen in the underlying dermis. There was
microthrombosis and vasculitis affecting dermal vessels that caused focal areas
of oedema, haemorrhage and necrosis. Positive staining was also observed in
epidermal degenerated keratinocytes, dermal endothelial cells, follicular
epithelial cells and endothelial and inflammatory cells in the follicular pulp.

Nervous system lesions were detected in the gray matter and, less
frequently, in the white matter, and consisted of multifocal areas of malacia that
were evident in all regions of the CNS (spinal cord, cerebellum, brain stem,
cerebral hemispheres, and olfactory bulb (OB). These areas of malacia were
characterized by neuropil vacuolation, neuronal central chromatolysis and
neuronophagia, astro and microgliosis, and were associated with intranuclear
and cytoplasmatic immunostaining on neurons and glial cells. Perivascular
oedema was observed in capillaries near the affected areas, and endothelial
cells as well as astrocytes of the glial limiting membrane were positive for
influenza A viral antigen. Progressive coalescence of the areas of malacia was
observed from 3 to 7 dpi. Ependimocytes showed degenerative changes and
necrosis and were also positive for influenza A viral antigen from 3 dpi to 7 dpi.
Slight inflammatory cell infiltration of the Chp that consisted basically of
macrophages was detected at 5 and 6 dpi. Chp epithelial cells were also

positive for viral antigen.
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Thoracic sections of the spinal cord showed necrosis of ependymal cells
in the central canal and neurons in the ventral or dorsal gray matter columns in
chickens from 3 to 6 dpi (Figure 10). The peripheral nervous system did not

show changes or presence of viral antigen in any bird.
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Figure 10. IHC detection of influenza A viral nucleoprotein in the spinal cord of SPF
chickens inoculated intranasally with 10°° ELDs, (G1) of H7N1 A/Chicken/ltaly/5093/99 at
3 dpi. Viral antigen was detected on ependymal cells surrounding the central canal and in the
nearest glial cells and neurons in the gray matter from a G1 chicken at 3dpi.

3.3.3. Viral RNA quantitation in blood and tissue samples by
RT-gPCR

In G1, viral RNA was detected in blood samples at 1 dpi (5.03 log;o viral RNA
copies/mL) 3 dpi (9.21 log;o viral RNA copies/mL) and 5 dpi (7.70 log;o viral
RNA copies/mL). Regarding the viral load in all the sampled tissues (CNS, lung,

kidney and intestine) viral RNA copies could be detected in G1 birds, inoculated
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with the highest ELDsp, as soon as 1 dpi in brain and kidney (Figure 11-A). In all
the organs sampled viral RNA copies were found in birds euthanatized or found
dead from 3-7 dpi. In birds from G1 sacrificed at 10 dpi no viral RNA load was
detected. CNS and kidney were the tissues that showed the highest viral load
during the whole experiment. In G2, viral RNA was detected from 3 dpi and
lasted until 7 dpi in all tissues. At 10 dpi, viral RNA was detected in kidney (4.16
logio viral RNA copies/gr) (Figure 11-B). High variability of the viral load was
observed among individuals in this group. In G3, inoculated with the lowest
ELDso, low amounts of viral genome in CNS and lung at 5 and 7 dpi were
detected (Figure 11-C). Viral RNA copies were not detected in blood and tissue
samples of control birds.

59



1 -

Log,, viral RNA coples/gr
-

Log,, viral RNA copiesigr

—
&

Loag,, viral RNA coples/gr

Study |

A BCNS

OLung
DOKidney
minlestine

ad i1

lI'I|'1

11

-
2

acHNS
aLung
OKidney
mntesting
173
1 3 5 7 10 16

Days post infection

] C BCNS

OLung
DKidney
mintestine
3
I ﬁa
1 3 5 7 10 16

Days post infection

Figure. 11. Viral RNA detected by RT-qPCR expressed as 1og10 viral RNA copies per g of
tissue in samples of CNS, lung, intestine, and kidney collected from day 1 to 10 in G1 (A)
birds and from day 1 to 16 in group G2 (B) and G3 (C). Rates above the bars indicate the
relation between positive birds and the total of animals examined. LoD is indicated by the
dashed line (2.28 log4, viral RNA copies/gram of tissue).
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3.3.4. Viral RNA quantitation in oropharyngeal and cloacal
swabs by RT-gPCR

Viral RNA levels detected in oropharyngeal and cloacal swab samples were
proportional to the inoculated ELDsp dose, being highest in G1, intermediate in
G2 and low in G3. In G1, one animal showed cloacal shedding at 1 dpi, but the
viral load levels in oropharyngeal and cloacal swabs were high and similar
between 3 dpi and 7 dpi (Figure 12-G1). In G2, viral RNA copies were first
detected on 3 dpi and gradually increased to peak levels for both samples
(oropharyngeal and cloacal) on 5 dpi. Detection of viral RNA copies decreased
on 7 dpi and reach the lowest level on 10 dpi in which oropharyngeal swabs
were negative (Figure 12-G2). In G3, viral RNA copies were detected in cloacal
and oropharyngeal swabs on 5 dpi and low levels could still be detected in
cloacal swab samples on 7 dpi (Figure 12-G3). Viral genome was not detected
in oropharyngeal and cloacal swabs of control birds.
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Figure 12. Viral RNA levels detected by RT-qPCR in 1 mL oropharyngeal and cloacal
swabs obtained from day 1 to 10 in G1 (A) birds and from day 1 to 16 in group G2 (B) and
G3 (C). The dotted line indicates the limit of the detection. Rates above the bars indicate the
relation between positive birds and the total of animals examined. LoD is indicated by the
dashed line (1.46 log4o viral RNA copies /mL).
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3.4.Discussion

The H7N1 HPAI virus used in the present study caused an important HPAI
outbreak affecting different bird species in the late nineties in Northern Italy
[212]. A complete description of the clinical and pathological findings observed
during the epidemic has already been published [111,212]. However, the
pathogenic mechanisms and the dynamics of infection in chickens have not
truly been studied. Here, a time course evaluation of the clinical presentation,
lesions and infection/disease outcome and histopathological lesions, as well as,
virus distribution, detection of viraemia and viral shedding was assessed in SPF
chickens by using three different doses of this HPAI virus. Remarkable findings
were observed that differed from the natural disease. Firstly, fibrinous peritonitis
was a usual macroscopic lesion described during the H7N1 HPAI virus natural
outbreak [111,212], but was not observed in the present experimental infection
neither in other HPAI virus experimental infections [106,108,118,119,138].
Fibrinous peritonitis is a very common lesion in commercial birds, associated to
secondary bacterial infections and its description in the natural outbreak can
reflect a simultaneous viral-bacterial infection [14,220]. In the present study,
evaluation of birds under experimental conditions allowed the identification of
lesions only caused by H7N1 HPAI virus. On the other hand, during the
outbreak only the pancreas, heart, and nervous tissues were positive for viral
antigen by IHC in samples of chickens and turkeys [111,212]. By contrast, in the
present study viral antigen was widely distributed in many tissues in chickens
infected with the highest and middle doses. These differences in the extension
of lesions and viral antigen distribution observed during the natural outbreak
compared to the experimental infection can be attributed to the selection of a
limited set of tissues (pancreas, kidney, spleen, brain and heart) during the
natural outbreak for a rapid diagnosis of the disease. In addition, this extensive
distribution of the virus is comparable to other reports of natural and
experimental infections caused for H7 and H5 subtype HPAI viruses
[108,118,119,148,149,221,222]. Lastly, it cannot be ruled out that the detection
of a wider distribution of viral antigen can be attributed to differences in the IHC

methodology used.
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Most of the experimental infections with HPAI virus strains are carried out
using high concentrations of virus to reproduce the early onset and rapid
progress observed during the natural infection [106,126,221]. In the present
study, we also evaluated the infectivity of this HZN1 HPAI virus strain using two
lower doses (10°° ELDs, and 10 ELDs,). Our results revealed low morbidity
and no mortality with the 10*° ELDs, and a subclinical infection with viral
replication and shedding with the 10*° ELD, doses. This strongly suggests that
although an adequate, and usually high, infectious dose is critical in reproducing
the clinical infection, chickens exposed to lower doses can be infected and shed

virus representing a risk for the dissemination of the viral agent.

Viraemia has been observed at 1 dpi in chickens infected with H5 HPAI
virus strains, such as the H5N3 (Altern/South Africa/61) and HS5N2
(A/chicken/Pennsylvania/1379/83), and also in Pekin ducks infected with HSN1
(A/duck/Vietnam/12/05) at 3 dpi [106,223,224]. Moreover, viraemia have
detected from 1 to 4 dpi in turkeys infected with H7N1 HPAI virus [225]. The
capacity of those HPAI viruses to produce viraemia may be attributed to the
ability to infect endothelial cells, as demonstrated in chicken embryos infected
with H7N1 HPAI virus A/Rostock/FVP/34 [211,226] or embryos of different
avian species (chicken, turkey, Muscovy duck) infected with H7N1 HPAI virus
Alty/ltaly/4580/99 [227]. HPAI viruses have been frequently reported on
endothelial cells of poultry species naturally or experimentally infected
[119,125,135,138,143,149,204,211,212,222,228,229,230,231,232]. A clear link
between the degree of antigenic staining on endothelial cells and the severity of
the disease in chickens has been reported [119]. In addition, HPAI virus antigen
has also been demonstrated in leucocytes [135,211], heterophils [118,233], and
monocytes and macrophages [118,230]. In our study, the presence of viral
antigen in endothelial cells in venules, arterioles, and in capillary endothelial
cells of many organs, in circulating mononuclear cells in association with the
detection of viral RNA in blood samples from 1 dpi, provides evidence to
indicate that this H7 subtype HPAI virus strain is able to produce viraemia early
in the infection of chickens. This could explain the rapid dissemination of the
virus in some tissues, i.e. brain and kidney did not show histological lesions or

presence of viral antigen at 1 dpi, but virus was detected by RT-gPCR on this
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day. Similarly, high levels of viral RNA copies were detected on the intestine
and lung, although lesions were almost absent on these organs and few cells
were positive for viral antigen. Therefore, the detection of virus on these
samples could be attributed to the presence of viral RNA copies in the

bloodstream.

As observed in this study and in agreement with previous studies of
chickens, ducks, and herring gulls infected with HPAI viruses [106,153,234],
oropharyngeal shedding was the principal route of excretion in birds from all
groups. This could be explained by the detection of viral antigen in the
respiratory and olfactory epithelial cells, as well as, salivary and lateral nasal
glands in birds inoculated with the higher dose and some of the middle doses.
With respect to the source for viral genetic material found in birds infected with
HPAI virus in cloacal swab samples, previous studies have suggested the
intestinal content, urine, bile and pancreatic excretions to be a source of the
virus [222], as all these tracts empty into the cloaca. However, the IHC results
obtained indicate that the most likely source of virus in the present experiment
was the kidney, because no viral antigen was found in intestinal epithelial cells,
hepatocytes or bile canaliculus. Viral detection in the pancreas was evident, but
the volume of pancreatic secretion that emptied into the intestinal tract is very

low in comparison with the urine.

The detection of high quantities of viral RNA in CNS of all inoculated
groups, even in the birds inoculated with the lower dose was also an interesting
finding. These results corroborate the strong neurotropism of this particular
HPAI virus strain as reported during the Italian outbreak in different poultry

species but also experimentally demonstrated in mice [212,235].

Involvement of CNS in HPAI virus infection has been widely described
[108,125,144,146,149,150,153,236]. However, our study shows that, not only
the encephalus, but also the spinal cord is consistently affected early in the
infection with this H7 subtype HPAI, which has been previously reported in
chickens and mice infected with different HPAI virus subtypes

[144,204,232,237]. Viral antigen detection was also described in ependymal
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cells lining the spinal canal of mute swan (Cygnus olor) and whooper swan
(Cygnus cygnus) naturally infected with HSN1 HPAI virus [147]. Viral antigen
has been also demonstrated in peripheral autonomic ganglia, plexi of the
enteric tract and nerve in the skeletal muscle of turkeys, Japanese qualil,
Bobquail, pheasants and partridges infected with HPAI viruses [119]. Moreover,
it has been detected in peripheral ganglia that provides innervation to the heart,
adrenal gland and gastrointestinal tract of house sparrows [153], in the
myenteric plexus of Pekin ducks [150,169,238] and peripheral nerves and
ganglia of domestic ducks [116]. However, in this study we did not detect virus

in nerves or ganglia of the peripheral nervous system.

The presence and distribution of the viral antigen in the CNS of chickens
infected with H7N1 HPAI virus is of particular interest and different viral
pathways have been hypothesized: the influenza A virus can reach the CNS
through the olfactory nerves [239], through the peripheral nervous system
[203,240] or through the bloodstream [241]. In our study, viral antigen was
detected in the olfactory epithelium of birds inoculated with a higher dose during
the first days post infection, but location of the viral antigen in the CNS at 3 dpi
was widespread and did not correspond with an entry by the olfactory route;
further studies aimed to determine whether the cells that support viral
replication in the olfactory mucosa are neurons or supporting stromal cells
would clarify this point. The viral entrance to the brain could be via the
peripheral nervous system, especially the vagus nerve as demonstrated in mice
infected with H5N3 HPAI [240] but this seems also unlikely since the presence
of virus in the vagus nerve was not detected. Therefore, based on our results,
we suggest that virus dissemination to different organs and tissues and its entry
to brain in chicken is most probably through the blood stream. This assumption
is further supported by the finding that astrocytes of the glial limiting membrane
were conspicuously positive to viral antigen detection by IHC. Migration of the
virus across the BBB may occur directly from the blood through opening of
endothelial cell junctional complexes (para-cellular route) [242] or using
vesiculo-tubular structures (trans-cellular route) [242,243]. Another possibility is
the “Trojan horse mechanism” where viral particles are transported through the

BBB using leukocytes and/or mononuclear cells [244]. If influenza virus uses
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any of these routes, they have not been investigated. Therefore, more studies
must be conducted to discern the underlying mechanism of BBB disruption that
leads to the severe necrotizing encephalopathy and death of the birds.
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4. Study ll: Neuropathogenesis of highly pathogenic

avian influenza virus (H7N1) infection in chickens.

69



70



Study I

4.1.Introduction

HPAI viruses cause a generalized infection in which oedema, haemorrhages,
and multiple organ failure are common findings [138]. Besides, a large amount
of the reported natural and experimental HPAI virus infections in birds describes
CNS as one of the main target organs affected during the infection
[138,143,144]. Different pathways for influenza A virus to reach the CNS have
been hypothesized such as through the peripheral nervous system [203,245],
via the olfactory nerves [204], or through the bloodstream [246]. In the mouse
model, the virus reaches the brain through trans-synaptic invasion via cranial
nerves [204,246]. In chickens, the lesion profile reported in the literature points
to viraemia and alterations of the vascular endothelium as the mechanism by
which the virus disseminates and cause damage to the CNS [144,226,247]. In
fact, previous studies in natural and experimental HPAI virus infections have
demonstrated the association between the severity of the lesions and the
affinity of the virus for endothelial cells in specific tissues, indicating that the
endothelial tropism has a central role in the pathogenesis
[118,138,143,144,248].

The aim of this study was to elucidate the entry point of a H7N1 HPAI
virus into the CNS of chickens and to define factors determining cell tropism
within the brain. For that reason, the chronological and topographical
distribution of viral antigen, as well as the presence and distribution of influenza
A viral receptors in the CNS of infected chickens were established. A double
immunostaining was employed to determine the role of the olfactory sensory
neurons (OSN) in the neuropathogenesis as an initial target of influenza A virus
entry into the CNS. Finally, the presence of haematogenous dissemination was
determined by means of viral RNA detection in the blood and CSF using a RT-
gPCR.
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4.2. Material and Methods

4.2.1.Virus

The avian influenza virus used in this study consisted of a sixth passage
A/chicken/Italy/5093/99 H7N1, kindly provided by Dr Ana Moreno from the
Istituto Zooprofilattico Sperimentale della Lombardia e dell’ Emilia Romagna in
Brescia, Italy. The IVPI of this virus was 2.8, indicating that it is a highly
pathogenic strain. This virus was propagated in 9 to 1l-day-old SPF
embryonated chicken eggs. The determination of the ELDsy was carried out in

SPF embryonated eggs and was determined as described previously [213].

4.2.2. Chickens and experimental infection

Twenty-nine SPF chickens (Charles River, SPAFAS, MA, USA), were hatched
and subsequently placed in negative pressure isolators under BSL-3
containment conditions at the Centre de Recerca en Sanitat Animal (CReSA).
At 15 days of age, chickens were randomly divided into two groups. The first
group consisted of 17 chickens that were inoculated intranasally with 50 uL
diluted infectious allantoic fluid containing 10° ELDs, H7N1 HPAIV. The second
group consisted of 12 chickens that were inoculated with PBS and used as
negative controls. Chickens were monitored daily by visual observation for
clinical signs. At 1, 2, 3, and 4 dpi, 3 chickens from each group were randomly
selected for necropsy and sampled. In addition, chickens found dead on these
same days were necropsied and included in the study, obtaining 4 and 1
additional chickens at 3 and 4 dpi, respectively. Blood samples were only taken
from 3 chickens from each group at 1 and 3 dpi in 1 mL Alsever’'s solution
(Sigma-Aldrich, Madrid, Spain) to determine the presence of viral RNA in the
bloodstream by RT-gPCR. All chickens were kept and managed according to
procedures reviewed and approved by the Ethics Committee for Animal and

Human Experimentation of the Universitat Autonoma de Barcelona.
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4.2.3. Post-mortem sampling

CSF samples were collected from 3 euthanized chickens from each group at 1
and 3 dpi. Briefly, the skin and muscle over the atlanto-occipital joint were
carefully removed. Later, the skull and the duramater over the brain and spinal
cord were separated in anterior direction. After that, roughly 1 uL of CSF was
collected from the cisterna magna using a micropipette. These samples were
used to detect the presence of viral RNA by RT-qPCR.

Samples of the nasal cavity and brain tissues were taken from all dead
and euthanized chickens and immediately fixed in 10% buffered formalin for 24
hours. Formalin-fixed nasal cavity samples were sectioned at the level of the
olfactory epithelium and brain samples were cut at six different coronal levels
and embedded in paraffin wax. Later, sequential 3 um microtome sections
corresponding to the following interaurals: a: 9.04mm, b: 6.64mm, c: 3.04mm, d:
1.60mm, e: -0.56mm, and f: -3.68mm (Figure 13) [185], were made from each
paraffin block and used to perform all the IHC studies.

4.2.4. IHC to detect viral antigen in the nasal cavity and brain

tissues and study its topographical distribution into the brain

An IHC for the detection of influenza A viral NP was performed in sections of
the brain and nasal cavity from all euthanized and dead chickens in accordance
with procedures previously described [216]. Briefly, paraffin-embedded samples
were sectioned at 3 um thick, dewaxed and treated with 3% H,O, in methanol
to eliminate the endogenous peroxidase. Then, sections were treated with
protease at 37 °C for 10 minutes and incubated with the primary monoclonal
antibody (ATCC, HB-65, H16L-10-4R5) diluted 1:250, at 4 °C overnight. After
being rinsed, the samples were incubated with biotinylated goat anti-mouse IgG
secondary antibody (Dako, immunoglobulins AS, Glostrup, Denmark), followed
by incubation with ABC (Thermo Fisher Scientific, Rockford, IL, USA). The
reaction was developed with DAB (brown colour) (Sigma-Aldrich, Madrid,
Spain) at RT, followed by counterstaining with Mayer’'s haematoxylin. Sections

from positive-control tissue blocks belonging to chicken embryos infected with
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the same H7NL1 virus strain were included in each IHC run. Negative controls

consisted of substitution of the primary antibody with PBS.

The distribution, intensity and pattern of H7N1 viral antigen staining in the
CNS of chickens at each dpi were examined in different brain regions, including:
OB, telencephalic pallium (Pall), telencephalic subpallium (SPall) (that contains
the striatum (St)), hypothalamus (H), optic area (Och), diencephalon (that
contains the prethalamus (p3), thalamus (p2), pretectum (pl), and the
secondary prosencephalon (2P)), midbrain or mesencephalon, hindbrain (that
contains the isthmus (Ist) and rhombencephalon (r1-6)), and the cerebellum
(Cb).

In the six coronal sections, the intensity and extent of viral antigen
staining were visually determined using a scoring system, which assesses the
number of positive cells including the following: neurons, glial cells (astrocytes,
oligodendrocytes, microglial cells) and endothelial cells in a 10x field. To
graphically represent the pattern of staining, we proceeded to quantify in each
animal the number of positive cells in a variable number of 10x fields (the
number of fields was variable from one to six depending on its extension) in
each region described above. The following scale was used to rank the intensity
of staining in each region: nil (0: no labelling detected); scarce (1: less than 20
nuclei of cells positive for viral antigen on average), slight (2: more than 20 but
less than 100 positive cells on average); moderate (3: focal area of more than
100 but less than 500 positive cells on average); intense (4: focus of more than
500 positive cells on average). In a third step, we determined the arithmetic
mean for each brain region and dpi, considering that we evaluated at least three
birds per day. Finally, in brain regions (hypothalamus (H), diencephalon,
mesencephalon, and hindbrain) where viral antigen was found in specific neural
nuclei and symmetrically distributed, we evaluated the neural nuclei separately
from the rest of the area, in order to represent the viral antigen distribution more
clearly. Then, the intensity of staining was represented using a heap of points
labeling each specific neural nucleus. Finally, the topographical distribution of
the viral antigen staining was graphically represented in the six coronal
sections, using the Adobe Photoshop CS2 program.
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The staining of ependymal cells was considered as a separate entity, and
represented with different colours according to the intensity of viral antigen
staining. In that way, the absence of viral antigen was not denoted, yellow was
used to indicate a scarce number of positive cells (1-10 out of 100 positive
cells), green for slight staining (10-30 out of 100 positive cells), blue for
moderate staining (31-50 out of 100 positive cells) and red for intense staining
(51-100 out of 100 cells positive).

4.2.5. Lectin histochemistry for the detection of influenza virus

receptors in the CNS of chickens

Lectin histochemistry was carried out on brain samples from all euthanized and
dead infected and control chickens according to the protocol described by Yao
et al., [249] with minor modifications. Briefly, paraffin embedded samples were
sectioned at 3 um thick, dewaxed and treated with 3% H,O, in methanol to
eliminate the endogenous peroxidase activity. Duplicated samples were rinsed
with Tris-HCI buffer (TNT) and then blocked for non-specific binding with TNT
plus blocking reagent (TNB) (Perkin Elmer, Madrid, Spain) for 30 minutes.
Samples were incubated with the biotinylated lectins Sambucus nigrans (SNA)
(10 pg/mL) or Maackia amurensis leukoagglutinin (MAAII) (15 pug/mL) (Vector
laboratories Inc, CA, USA) in TNB at 4 °C, overnight. The MAAII lectin that
preferentially binds to the Siaa2-3Gal linkage was used to detect the avian type
receptor, whereas, the SNA lectin that shows preference towards the Siaa2-
6Gal linkage was used to identify the human type receptor [250]. After washing
with TNT, sections were incubated with horseradish peroxidase (HRP) 1:100 for
30 minutes, followed by incubation with Tyramide Signal Amplification (TSA™
Biotin System, Perkin Elmer) diluted 1:50 in buffer for 10 minutes and again
incubated with HRP for 30 minutes at RT. The reaction was developed with
DAB (brown colour) (Sigma-Aldrich) at RT for 30 seconds followed by
counterstaining with Mayer’s haematoxylin.

Positive controls consisted of sections of tissues where the distribution of

influenza A virus receptors has already been determined (human lungs, pig
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trachea, and duck lungs and intestines). Negative controls consisted of
sequential tissue sections treated for 24 hours with 12.5 U/uL of neuraminidase
from Clostridium perfringes at 37 °C (P0720L, New England Biolabs, MA, USA).
Besides, an additional negative control consisted of substitution of the lectin by
TNB buffer.

4.2.6. Double IHC for the codetection of HPAI virus antigen and

OSN in the nasal cavity of chickens

Nasal cavity samples from 2 chickens euthanized at 2 dpi, 3 from 3 dpi and 2
from 4 dpi were double stained for the codetection of viral antigen and OSN.
Briefly, paraffin-embedded tissue samples were dewaxed, cut at 3 um thick, and
blocked to eliminate the endogenous peroxidase activity using 3% H»O, in
methanol. Antigen retrieval was carried out for 30 minutes with proteinase K
diluted 1:50 in Tris-HCI 0.05 M, pH 7.6 (S3004, Dako) at RT, and later
permeabilized using triton 0.5% in PBS for 10 minutes. Slides were blocked with
2% bovine serum albumin (BSA) (Sigma-Aldrich) diluted in 0.5% triton in PBS
for 1 hour at RT. The primary staining corresponded to the incubation with the
antibody against influenza A viral NP (ATCC, HB-65, H16L-10-4R5) diluted in
blocking buffer and incubated overnight at 4 °C. Later, tissue samples were
washed three times with PBS and incubated for 1 h with alkaline phosphatase
conjugate goat anti-mouse Ig (H+L) secondary antibody (1010-04, Southern
Biotechnology, AL, USA), diluted in PBS. The presence of viral antigen was
visualized in blue using nitro blue tetrazolium chloride 5-bromo-4-chloro-3-
indoxyl (NBT-BCIP) (11 681 451 001, Roche, IN, USA).

For the second staining, samples were rinsed three times with PBS, and
incubated for 1 h with the polyclonal antibody rabbit anti-human protein gene
product (PGP9.5) (RA 95101, Ultraclone, Isle of Wight, UK) diluted 1:200 in
PBS at RT. After that, tissue sections were incubated for 1 hour with the
biotinylated secondary antibody, followed by incubation with ABC and
visualization of the reaction using DAB (Thermo Fisher Scientific, Rockford, IL,
USA), obtaining a brown staining where OSN were detected. Samples were not
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counterstained. Negative controls consisted of incubation of a sequential
sample with PBS instead of the primary antibodies. Unspecific binding of both
secondary antibodies was discarded, incubating them with the contrary primary
antibody.

4.2.7. Combined lectin and IHC staining for the codetection of
influenza viral antigen and Siaa2-6Gal receptors in the CNS of

chickens

Brain sections of two infected and euthanized chickens obtained for each dpi
and an equal number of sections of sham-inoculated control tissues were
double stained for the detection of Siaa2-6Gal receptors and influenza A viral
nucleoprotein. To that end, SNA lectin staining was performed as previously
described and visualized in brown colour using DAB. Later, samples were
rinsed three times with tris-buffer saline solution (TBS), treated with proteinase
K (Dako) and blocked with 2% BSA diluted in TBS (Sigma-Aldrich). Samples
were incubated with the antibody against influenza A viral antigen (ATCC, HB-
65, H16L-10-4R5) diluted 1:1000, overnight at 4 °C and visualized by incubation
with goat anti-mouse Ig (H+L)-PA (1010-04, AL, Southern Biotechnology) for 1
hour at RT and NBT-BCIP for 10 minutes (11 681 451 001, Roche). The
positive reaction was visualized in blue colour. Samples were not
counterstained. Negative controls included substitution of the influenza viral
antigen antibody or the lectin per PBS and incubation of the lectin with the

biotinylated anti-mouse antibody.

4.2.8. RT-gPCR for the detection of viral RNA in CSF and blood

The RT-gPCR technique used to quantify the viral RNA copies have been
thoroughly described previously [251]. Briefly, viral RNA was extracted from
each sample using QlAamp viral mini kit (Qiagen, Hilden, Germany). The RNA
was eluted in 40 pL and amplified by one-step RT-gPCR for the detection of a

highly conserved region of the M1 gene of influenza A virus using the previously
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described primers [252]. This procedure uses an IPC to avoid false negative
results due to RT-qPCR inhibitors.

4.3.Results

4.3.1. Clinical signs, mortality and gross lesions

No clinical signs and gross lesions were observed at one dpi. Eight out of 14
infected chickens showed depression, prostration, ruffled feathers and
respiratory distress at 2 dpi. Conjunctivitis was noted in one out of 14 chickens
on this day. At necropsy, only pulmonary congestion was observed in 2 out of 3
chickens at 2 dpi. At 3 dpi, 4 chickens were found dead, whilst, severe
depression, inactivity and neurological signs were additionally observed in 3 out
of 11 chickens. Macroscopic lesions of petechial haemorrhages in the
unfeathered skin of the leg and comb, as well as in skeletal muscles and
pancreas were also recorded in 2 out of the 3 euthanized chickens and in all
chickens found dead. At 4 dpi one chicken was found dead, whereas, similar
clinical presentation with prostration, dyspnoea and neurological signs of
profound depression, tremors and loss of balance were observed in the rest of
the chickens. Gross lesions also consisted of petechial to ecchymotic
haemorrhages in the comb and legs, pallor of the kidney with accentuated
lobular surface, atrophy of the bursa of Fabricius, petechial haemorrhages in
the serosa on the proventricular serosa, and multiple petechial to ecchymotic
haemorrhages in the pancreas. There were no clinical signs, mortality or gross

lesions in the control non-infected chickens.

4.3.2. Histological lesions and pattern of H7N1 HPAI virus
staining and topographical distribution in the CNS of infected

chickens

No viral antigen was detectable in any region of the brain of infected chickens at

1 dpi. Microscopic lesions of perivascular oedema, endothelial cell hypertrophy,
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focal and focus of malacia associated to moderate gliosis were mainly seen in
the gray matter of the brain at 2 dpi. Additionally, at 3 and 4 dpi, focal
haemorrhages and coalescent foci of malacia were observed. Viral antigen was
detected from 2 to 4 dpi in all 6 chicken brain coronal sections, albeit with
different intensities. Euthanized and dead chickens showed similar patterns and
intensities of staining. Viral antigen staining was detected as dark brown
chromogen deposition predominantly in the nuclei of neurons, glial cells,
endothelial and ependymal cells, and less commonly, as granular cytoplasmatic
staining in neurons, endothelial and ependymal cells. In addition, granular or
linear brown staining in the neuropil was observed and interpreted as positive
neuronal axons and dendrites, and cytoplasmatic prolongations of glial cells.
Overall, positive viral antigen staining was found mainly in the gray matter but
there were small sporadic positive foci in the white matter. Altogether, viral
antigen positive cells and neuropil staining was found in isolated or multiple foci
that in severe cases coalesced in large round to irregular foci. These foci were
randomly distributed in the telencephalic pallium (medial, dorsal, lateral, and
ventral pallium - MPall, DPall, LPall and VPall, respectively), subpallium (Spall),
and striatum (St), and their location varied among chickens (Figure 13). In
contrast, symmetrical and bilateral viral antigen distribution was observed in the
mesencephalon, hypothalamus (H), diencephalon, and r1-6, where the staining
was restricted to particular neural nuclei. Staining in the Chp was scarce and
mainly noticed in the nuclei of epithelial Chp cells, although cytoplasmatic

staining was also observed.
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Figure 13. Schematic drawing to show the topographical distribution of influenza A virus
antigen in chickens infected with H7N1 HPAI virus at 2, 3 and 4 dpi. A. Schematic view of a
chicken’s brain showing the rostro-caudal levels depicted in the coronal diagrams below. The
diagram on the left shows the brain regions evaluated in each section and on sections c, d, e,
and f, the neural nuclei where viral antigen was found bilaterally and symmetrically were
represented and labelled. The severity of viral antigen immunostaining in cells of the central
nervous system (neurons, endothelial cells and microglia) was represented using different
density of dots, as follows: null, scarce, slight, moderate and severe. The intensity of viral
antigen staining of the ependymal cells was scored using different colours as follows: null (no
colour), scarce (yellow), slight (green), moderate (blue), intense (red). (lllustration modified and
reproduced with permission from Ref. [185]).
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The topographical distribution and intensity of viral antigen staining,
thoroughly examined, quantified and represented in Figure 13, shows how the
virus spreads into the CNS of chickens. According to the viral antigen
neuroanatomical distribution, the most rostral sections of the brain displayed
less antigen staining in comparison with the most caudal sections, with the
exception of the rhombencephalon where the staining was weak. The intensity
of the staining increased with time, reaching a maximum at 4 dpi. In particular,
viral antigen staining was scarcely detected in cells of the OB at 2 and 3 dpi,
whereas, a slight increase was observed at 4 dpi. Likewise, weak viral antigen
staining was observed in the telencephalic pallium (DPall, LPall, and VPall) and
subpallium (Spall) of the most rostral regions at 2 dpi. At 3 dpi, moderate
staining was observed in the LPall and VPall, while at 4 dpi the viral antigen
staining was intense in the pallium (DPall, LPall and VPall) and subpallium
(Spall). Furthermore, the most rostral periventricular regions and ependymal
cells showed scarce to minor staining (labelled in yellow) at 2 and 3 dpi,
whereas, at 4 dpi, moderate staining was observed in these most rostral

periventricular regions and on ependymal cells (labelled in blue).

Viral antigen staining in the intermediate section of the telencephalic
pallium, essentially in the MPall, DPall, LPall, and striatum (St), was very weak
at 2 dpi, and moderate at 3 dpi. However, the VPall showed little increase in
viral antigen staining at 2 dpi and intense staining at 3 dpi. The most caudal
section of the telencephalic pallium showed high viral antigen staining, being
moderate at 2 dpi and intense at 3 dpi. At 4 dpi, the amount of viral antigen
staining on the intermediate and caudal sections of the telencephalic pallium
was intense, with formation of large coalescent positive viral antigen areas.
Slight to moderate viral antigen staining was observed in the hypothalamus (H),
thalamus (p2), prethalamus (p3), and secondary prosencephalon (2P) at 2 and
3 dpi, respectively. Furthermore, it was almost restricted to the following neural
nuclei: dorsolateral nucleus of the thalamus (DLA), pregeniculate nucleus (PG),
medial geniculate nucleus (MG), the rotundus nucleus of the thalamus (Rot),
anterior pretectal nucleus (APT) and tectal gray-superficial stratum (TGS). On
these nuclei, the viral antigen was also found bilaterally and symmetrically
(Figure 14).
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Figure 14. Symmetrical and bilateral distribution of H7N1 HPAI virus antigen in the brain
of an infected chicken at 2 dpi. Microphotograhy showing the presence of bilateral and

symmetrical viral antigen staining in the MG (nucleo ovoidalis) of the thalamus. (bar = 500 um).

Similar intensity of staining was observed on ependymal cells, being
slight at 2 dpi (labelled in green) and moderate at 3 dpi (labelled in blue). At 4
dpi, bilateral and symmetrical viral antigen staining was found in the same
neural nuclei observed at 2 and 3 dpi, with an evident increase in the intensity

of the staining. Additionally, at 4 dpi viral antigen staining was also detected in
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the following neural nuclei: the lateral hypothalamic area (LH), the dorsomedial
anterior nucleus of the thalamus (DMA), the subthalamic nucleus (STh) in the
mammilary region, the ventromedial hypothalamic nucleus (VMH) and the r3
lateral vestibular nucleus, ventral part (r3LVeV). Viral antigen positive staining
was scored as moderate for the periventricular regions and ependymal cells at
4 dpi (labelled in blue).

In the mesencephalon, slight staining was observed at 2 and 3 dpi,
whereas moderate staining was found at 4 dpi. In these regions, the viral
antigen staining was also found bilateral and symmetrically and almost
restricted to the following nuclei: the torus semicircularis (ToS), the red nucleus,
magnocellular part (RMC), and the mesencephalic substancia nigra, compact
part (nSNC). The intensity of staining in the mesencephalic periventricular zone
and ependymal cells increased in severity from slight (labelled in green) to

intense (red) from 2 to 4 dpi, respectively.

In the cerebellum, high virus affinity was noted for the Purkinje cells and
their cytoplasmic processes in the molecular layer. Less intensity of staining
was observed in the granular layer. The viral antigen staining in the cerebellum
was scored as intense at 2, 3 and 4 dpi, but their distribution varied, being found
as single individual foci at 2 dpi and large coalescent viral antigen positive areas
at 3 and 4 dpi. Moderate to intense bilateral staining was observed in the
rhombencephalon from 2 to 4 dpi, respectively. Bilateral and symmetrical
distribution was observed in the following rhombencephalic nuclei: the medial
cerebellar nucleus (Med), the r2 superior vestibular nucleus (r2SuVe), the oral
part of the spinal trigeminal nucleus (Sp50). In the rhombencephalon, the viral
antigen staining on ependymal cells was weak at 2 dpi (labelled in green) and
increased on severity at 3 and 4 dpi, where moderate staining was found (blue).
Epithelial cells of the Chp in the lateral, third and fourth ventricles showed less
intensity of viral antigen staining in comparison with the ependymal cells, being
scarce at 2 dpi and slight at 3 and 4 dpi. In the same way, although cells of the
leptomeninges were negative, subpial astrocytes in the glial limitants in the
intermediate and caudal sections of the brain showed positivity in each dpi, but

particularly at 4 dpi.
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In general, the most commonly affected neural nuclei were the following:
the PG (found positive in 12 out of 14 chickens) and the Rot in the thalamus (11
out of 14 chickens), the ToS in the mesencephalon (9 out of 14 chickens), and
the APT in the pretectum (8 out of 14 chickens).

It was not possible to evaluate all CVOs in each chicken every dpi.
However, at 2 dpi, slight viral antigen staining was observed in the SPO (4 out
of 4 chickens), AP (in one chicken), VOLT (in one chicken) and the LSO (one
chicken).The SCO was found negative in one chicken. Whereas at 3 dpi, the
SPO (4 out of 5 chickens), SCO (3 out of 3 chickens), AP (one chicken), ME (2
chickens) and the VOLT (one chicken) and the LSO (one chicken) showed
moderate staining. Moderate to intense viral antigen staining was observed in
SCO, ME and SPO at 4 dpi (one chicken).

4.3.3. Distribution of influenza virus receptors in the CNS of

control and infected chickens

Siaa2-3Gal receptors were detected in the apical surface of Chp cells and the
ependymal cells of the lateral and fourth ventricle, whereas only slight staining
was detected on endothelial cells (Figure 15 a, c). There were no differences in
the pattern and intensity of staining with the MAAII lectin between healthy and
infected chickens, also among different dpi. Neither were there any differences
in staining pattern observed with both lectins between dead and euthanized
chickens. Siaa2-6Gal receptors were observed in the luminal border of
endothelial cells distributed throughout the brain parenchyma, Chp, and
meninges (Figure 15b, d). Differences in the pattern of staining with this lectin
(SNA) were detected between healthy and HPAI virus infected chickens. In
infected chickens, foci of granular SNA positive staining in the neuropil were
observed adjacent to SNA-positive endothelial cells. These foci were found
randomly distributed in all regions of the brain of infected chickens at 3 and 4

dpi, and more frequently in those chickens most affected.
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Figure 15. Detection of Siaa2-3Gal and Siaa2-6Gal influenza A virus receptors in the brain
of chickens using the lectins MAAIl and SNA, respectively. Slight staining for Siaa2-3Gal
receptors was found on endothelial cells (A) and ependymal cells, whereas the apical
membrane of Chp cells showed abundant presence of Siaa2-3Gal receptors (C). Intense
staining for Siaa2-6Gal receptors was observed on endothelial cells in the brain and Chp cells.
(bar =50 um).

4.3.4. Co-detection of Siaa2-6Gal receptors and HPAI virus in
the CNS of infected chickens

In order to understand the nature of the granular focus of SNA staining
observed in the brains of chickens infected with this HPAI virus, a double IHC
was performed in sections of HPAI virus infected and control chickens.
Interestingly, the foci of granular SNA lectin deposition were frequently
observed as closely associated with the presence of viral antigen staining and
malacia at 3 and 4 dpi (Figure 16). However, granular SNA lectin deposition

was not found in all viral antigen positive areas.
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100um

Figure 16. Codetection of viral antigen and Siaa2-6Gal receptors in the brain of an H7N1
HPAI virus infected chicken at 3 dpi. Double immunohistochemistry showing the focus of
SNA granular staining (arrow) in correlation with the presence of influenza virus antigen
detected in the optic chiasm of infected chicken. Influenza virus antigen was abundant also on
ependymal cells (bar = 100 pum).

4.3.5. Codetection of avian influenza virus antigen and OSN in

the nasal cavity of infected chickens

PGP9.5 antigen was detected in the nucleus and cytoplasm of olfactory
neurons in all chickens. Viral antigen staining was sporadically observed in the
nuclei of cells of the olfactory epithelium of chickens infected with H7N1 HPAI
virus from 2 to 4 dpi. Viral antigen staining did not colocalize with the PGP9.5

antigen in any chicken (Figure 17).
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Figure 17. Codetection of influenza viral antigen in OSN of the nasal cavity in a
chicken infected with H7N1 HPAIV, at 3 dpi. Double immunohistochemistry showing
OSN labelled with PGP9.5 (arrowhead). Viral antigen was found in supporting (arrow)
and basal cells of the nonsensory epithelium (not stained), but not in OSN. (bar=
10um).

4.3.6. Detection of viral RNA in blood and CSF

Viral RNA was detectable in the blood and the CSF as early as 1 dpi. On this
day, 5.03 logio viral RNA copies per mL in the blood and 1.36 logio viral RNA
copies per uL in the CSF were reported. At 3 dpi, the viral load increased to
9.21 logso viral RNA copies per mL in blood and 5.39 logs, viral RNA copies per
uL in CSF.
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4.4.Discussion

Although HPAI virus neuroinvasiveness and neurovirulence are considered to
be one of the main factors leading to the fatal course of infection in birds
[144,154], few detailed studies on viral neuropathogenesis have been
conducted in chickens. Previous experimental studies carried out on different
species have suggested that influenza A virus could enter into the CNS through
one or more of these three pathways: haematogenous [144,253], olfactory
[239,254] and neural routes [204,245].

In the first study, we reported sparse detection of H7N1 HPAI virus in the
chicken olfactory epithelium from 3 to 6 dpi [255]. Therefore, we were interested
in elucidating whether the OSN could provide free access to the virus to enter
the CNS. Several neurotropic viruses, such as herpes simplex virus, Borna
disease virus, rabies virus, vesicular stomatitis virus, parainfluenza virus, mouse
hepatitis virus, and Venezuelan equine encephalitis virus have been proven to
use the olfactory pathway to enter into the CNS [254 4,256,257,258]. However,
in the present study, the OSN were negative for viral antigen during the first four
days of evaluation, confirming that these cells are not a major target for the
virus. Viral antigen positive cells in the olfactory epithelium corresponded to
basal or supporting cells. In addition, according to the topographical distribution
of the viral antigen, the relevance of the olfactory pathway for virus invasion into
the CNS could be considered as negligible or absent, because scarce to slight

staining was found in the OB and the most cranial regions of the brain at 2 dpi.

Influenza A virus antigen has also been detected in peripheral nerves,
plexus and ganglia of thoracic and enteric tissues in turkeys, Japanese quails,
pheasants, partridges, domestic ducks and house sparrows infected with HPAI
virus [119,150,169,238,259]. In a previous work, we reported the presence of
H7N1 HPAI virus antigen in branches of the trigeminal nerve of chickens at 7
dpi [255]. However, based on the present results, the neural pathway does not
seem to play an important role in influenza A virus neuropathogenesis in birds,
because neural nuclei associated with cranial nerves, such as the vestibular

nerve (r2SuVe, r3LVeD, r4LVeD) or the trigeminal nerve (Sp50) were only
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sporadically positive at early stages of infection, nor was there caudal to cranial
increase in viral antigen staining observed in any of the chicken brains

examined.

Early endothelial infection and viraemia are key events during HPAI virus
infection in birds [144,225]. The viraemia determines the spreading of this H7N1
HPAI virus to different organs and the final entrance into the CNS [135,138],
similarly to other viral infections, such as canine distemper virus [260] and
human immunodeficiency virus (HIV-1) [256]. Several results obtained in this
study support the hypothesis that the bloodstream is the main route of entry and
early dissemination of HPAI virus into the brain. Firstly, the detection of viral
RNA in the blood at one dpi confirms the capacity of this virus to induce
viraemia very early during the course of the infection. Secondly, the detection of
Siaa2-3Gal and Siaa2-6Gal receptors on CNS endothelial cells and, moreover,
the finding of viral antigen in the brain capillary endothelial cells and the
surrounding nervous parenchyma as early as 2 dpi, corroborates the
permissiveness of this cell type for HPAI virus entrance and replication and
further support the haematogenous neuroinvasion hypothesis. In addition, the
widespread distribution of the viral antigen in the CNS during the early stages of
infection follows a pattern consistent with a haematogenous viral spreading
[261].

Neuroinvasion through the haematogenous pathway implies that the
virus could cross the BBB localized in the brain endothelial cell and the blood-
CSF barrier, confined to the Chp [262]. To overcome these barriers and
disseminate into the CNS, viruses and other infectious agents must disrupt the
BBB in the brain parenchyma and meninges or cross the fenestrated
endothelium located in the Chp and CVOs [263]. Detection of abundant and
widespread viral antigen in brain capillary endothelial cells and astrocytes
forming the glia limitants suggest this H7N1 HPAI virus could be able to disrupt
the BBB and infect the brain parenchyma. However, the detection of viral RNA
in the CSF of chickens at one dpi, indicates that disruption of the BCSFB occurs

subsequently to the establishment of viraemia, as has also been demonstrated
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for other neurotropic viruses (HIV, simian (SIV) and feline immunodeficiency
viruses (FIV)) [264,265,266,267]. Epithelial and endothelial cells of the Chp as
well as ependymal cells expressed Siaa2-3Gal receptors, therefore it is not
surprising to detect viral antigen as early as 2 dpi, on these cells. It has to be
pointed out that the viral antigen was very abundant in ependymal cells, which
could be a consequence of further replication of H7N1 HPAI virus, amplification
and dissemination of the virus by means of the CSF along the ventricular

system and in the subpial parenchymal areas.

The CVOs can be portals of entry of infectious pathogens, such as
trypanosoma brucei., bovine spongiform encephalopathy (BSE) and Scrapie,
into the CNS [268,269]. Similarly, in this study we observed viral antigen in
CVOs (SPO, AP, VOLT, LSO) early during the infection, which is in agreement
with the expected facility of a virus that causes viraemia to enter into brain
areas lacking a real BBB. However, we did not observe dissemination of the
viral antigen from CVOs to the surrounding brain regions. Instead, the staining
was almost restricted to these brain areas, indicating that these organs might
contribute to virus entry and spreading in the CNS, but they are not the main

route of entry.

Interestingly, bilateral and symmetrical areas of positive viral detection
were observed in the diencephalon, mesencephalon, and rhombencephalon,
especially in the Rot (p2), PG (p3), ToS (mesencephalon), and APT nuclei (pl).
Detection of bilateral and symmetrical lesions in the brain has also been
described in humans suffering from influenza-associated encephalopathies
(IAE) [270,271]. In these conditions, it has been suggested that regional
differences in blood flow and myelinisation could determine the distribution of
lesions [272]. Based on our results, the symmetrical and bilateral distribution of
the viral antigen in the CNS of chickens could be explained by the distribution of
the blood vessels in the brain and the direct infection of selected periventricular

nuclei.

Few studies have been conducted to investigate the presence of

influenza virus receptors in the brain of chickens and other species. In spite of
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that, both receptors have been reported on endothelial cells of humans, pigs,
rats and chicken embryos; however, they are not specific to the brain
[226,249,273,274]. In chickens, previous investigations have failed to detect
avian influenza receptors in brain endothelial cells [275], which could be
explained by differences in the sensitivity between the histochemical techniques
and specially due to the signal amplification system used for the IHC in the
present study.

Similarly, there are no studies comparing the presence of both receptors
in infected and healthy chickens, which as demonstrated in this study was
altered. Increased detection of SNA staining in association with the presence of
necrotic foci and viral antigen was observed in infected chickens. Local up-
regulation of Siaa2-6Gal glycotopes has been reported under different
experimental inflammatory conditions [276,277,278]. For example, increase
Siaa2-6 and Siaa2-3 glycotopes have been detected in respiratory cells of
ferrets infected with H1N1 influenza virus [277], mice affected with asthma [276]
and in serum of mice injected with turpentine oil to induce inflammation [278].
Similarly, an increased expression of mMRNA of a2-6 and a2-3 sialyltransferases
have been observed in rat liver after inflammation [279], and human tracheal
cells and bronchial mucosa stimulated with tumour necrosis factor-a (TNFa)
[280]. However, considering that most acute-phase proteins and other
inflammation-sensitive glycoproteins contain sialic acids [278,281,282], the
increased expression of Siaa2-6Gal observed in the brain of infected chickens
needs careful interpretation and further investigation to understand its role in

influenza A virus neuropathogenicity.

In summary, the results obtained in this study indicate that the most likely
pathway for entry of the H7N1 HPAI virus into the chicken brain is the
haematogenous route. This is supported by the fact that brain endothelial cells,
Chp and ependymal cells hold large numbers of influenza A virus receptors in
their surface, which could play an important role, together with the CSF, in the
entry and early dissemination of the virus. Further studies are needed to explain

the exact mechanism leading to the disruption of the BBB by influenza A virus.
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5. Study lll: Mechanism of disruption of the Blood
brain barrier (BBB) in chickens infected with a

highly pathogenic avian influenza A virus (H7N1).
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5.1. Introduction

HPAI viruses cause a very severe and acute disease that usually induces high
mortality and CNS lesions in poultry species [108,125,135,144,149]. CNS
lesions induced by influenza viruses have also been described in a number of
animal species, including: wild birds, cats, horses and laboratory animals
[205,206,210,235,237,240,283,284,285,286]. In fact, recent studies in ducks
and mice show that the capacity of some HPAI virus strains, such as H5N1, to
cause systemic illness and produce CNS lesions have increased with the years
[287]. Also, CNS lesions induced by influenza have been sporadically reported
in humans infected with different influenza virus strains (mainly of HIN1 and
H3N2 subtypes) [288,289,290,291,292,293].

Most of the studies on influenza virus neuropathogenicity have been
conducted on mice, as this model is characterized by the induction of CNS
lesions and entry of the virus into the CNS using nervous routes
[203,204,205,206,210,294,295]. The mouse model has been useful to study the
non-purulent encephalopathies observed in humans associated to influenza
virus infection, that included the von Economao’s encephalitis or encephalitis
lethargica and the post-encephalitic Parkinsonism [296] which are hypothesized
to occur by virus invasion of the brain using a nervous route. On the other hand,
there are a second group of human influenza-associated encephalopathies that
are characterized by the induction of necrotizing encephalopathy and include
the acute necrotizing encephalopathy (ANE) of childhoods [272,297], the
hemorrhagic shock and encephalopathy [298], and the Reye’s syndrome [299].
This group of encephalopathies are believed to occur through disruption of the
BBB [204]. In the previous study, the topographical distribution of a HPAI virus
H7N1 in the CNS at early stages of infection was described. It was concluded
that the virus spreads to the CNS by the haematogenous route and it likely,
enters the brain after disruption of the BBB [255]. Thus, our previous findings
also indicated that the chicken model could be a good animal model to

understand the mechanism of this second group of influenza-associated
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encephalopathies; nevertheless, the mechanism of disruption of the BBB in

chickens has still to be elucidated.

The BBB is a neurovascular filtering system that also serves as diffusion
selective barrier and mechanism of protection for the brain, avoiding the entry of
potentially toxic molecules and infectious agents. The BBB is composed of
endothelial cells that are firmly sealed with TJs, and supporting cells. The last
ones include astrocytes, microglia, pericytes, and neurons, which together with
the endothelial cells form the neurovascular unit [300]. TJs are considered the
truly structural and anatomical BBB [244] and consist of a network of
transmembrane, cytoplasmatic and accessory proteins, that include: occludin,
claudin (1, 3, 5, and 11), JAMs, ZO-1, 2, 3, and the accessory proteins cingulin,
AF-6, and 7H6 [301,302]. The TJs form a seal between endothelial cells and
provide to the brain with a high transendothelial electrical resistance that limits
the movement of solutes [303]. However, this barrier can be crossed by
different pathogens, such as HIV, SIV, measles virus, human cytomegalovirus
(HCMV), human T-cell leukemia virus (HTLV) and West Nile virus, which have
developed different strategies that include: 1) the passage of cell-free virus into
the brain using paracellular or transcellular routes, 2) transversal of the BBB
inside infected leucocytes or “Trojan horse” mechanism, and 3) direct
replication of the virus on endothelial cells or astrocytes causing BBB
breakdown and entry of the virus to the brain parenchyma
[244,304,305,306,307].

Then, the main objective of this study was to demonstrate that the HPAI
virus H7N1 (A/Chicken/Italy/5093/99) invades the CNS through the disrupted
BBB in chickens. Moreover, the general mechanism used by this HPAI virus to
damage the BBB was investigated in experimentally infected chickens. Also, the
first cells affected by the virus as it enters the brain, and time of entry, were

determined.
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5.2. Material and Methods

5.2.1. Virus inoculums

The influenza virus used on this study corresponds to a fifth passage H7N1
HPAI virus strain A/Ck/1t/5093/99 that possesses an intravenous pathogenicity
index of 2.8. To prepare the virus for the study, it was propagated once in 10-
day-old embryonated SPF chicken eggs. Allantoic fluid was titrated according to
the method of Reed and Muench [213] and later diluted in PBS to obtain a dose
of 10° ELDsgin 0.05mL (50uL).

5.2.2. Experimental design

In order to determine the mechanism and time of disruption of the BBB, sixty
four fifteen day old SPF chickens were divided into two groups. The first group
consisted of 46 chickens that were intranasally inoculated with 10° EI of H7N1
A/Chicken/Italy/5093/99, HPAI virus, and a second group of 18 chickens that
were used as uninfected control chickens. The 46 infected chickens of the first
group were further subdivided in three sampling groups (A, B, C). At the same
time, the 18 uninfected chickens were used as control for the sampling group A
(six chickens) and B (12 chickens) groups. Blood samples were taken from all

animals in order to determine the presence of viraemia (Figure 18).
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Figure 18. Experimental design: distribution of chickens and procedures performed in

each group.

The sampling group A consisted of 18 infected chickens that were used
to evaluate the BBB stability by means of the intracardial perfusion of the IF
tracer Evans blue (EB) at 6, 12, 18, 24, 36 and 48 hpi (3 chickens each hpi).
Additionally, one uninfected chicken was used as control, and also perfused
and sampled at the same hpi. The perfusion was performed using first 50 mL of
PBS and later 50 mL of a “cocktail” containing EB and paraformaldehyde diluted
in PBS pH 7.2, prepared as previously described [308]. To perfuse the
chickens, they were deeply anesthetized with 50 mg/kg of sodium pentobarbital
intravenously. Once the chickens were unresponsive to stimulus, the coelomic
cavity was immediately opened. Later, a polished 21-gauge needle was
inserted through the left ventricle into the ascending aorta and rapidly a gravity-
dependent perfusion system was connected to the needle. Then, an incision
was made into the right atria to drain incoming venous blood and the perfusion
solution that was allowed to enter into the left ventricle. The mean flux rate was
2 mL/minute. Brain samples of these chickens were carefully collected and
used to determine the presence of EB and IgY extravasation.

The sampling group B consisted of sixteen infected chickens that were
perfused only with PBS. Similar to the previous group, perfused brain samples
of three chickens were collected at 6, 12, 18, 24 hpi, whereas at 36 and 48 hpi,

two infected chickens were evaluated. Perfused brain samples of two control
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uninfected chickens were examined at the same hpi. Brain samples obtained
from these chickens were cut in five coronal sections and immediately
embedded in (OCT-Fast Frozen compound) (Tissue-Tek, Torrance, CA), fast
frozen in isopentane (M32631, Sigma-Aldrich Quimica, S.A.) on liquid nitrogen,
and stored at -80C until use. On these samples, the presence of IgY
extravasation and influenza A virus antigen was assessed, as well as, the

pattern of staining for ZO-1 and claudin-1 proteins.

The third sampling group (C) included 12 infected non-perfused
chickens, which brains were sampled at 6, 12, 18, 24, 36 and 48 hpi (two at
each hpi), and fixed in 10% buffered formalin. These chicken brains were used

to determine the distribution of the influenza A virus antigen at the first hpi.

5.2.3. Processing of EB perfused chicken brain samples and

analysis

EB perfused brain samples obtained from the sample group A, were
postfixed in 4% paraformadehyde (15714, Electron Microscopy Science) for 12
hours and cryoprotected by immersion in 30% sucrose (84097, Sigma-Aldrich
Quimica, S.A.) for 24 hours. Afterwards, brains were cut in six gross coronal
sections embedded in cryostat-embedding compound (OCT-Fast Frozen
compound) (Tissue-Tek, Torrance, CA), and fast frozen using isopentane
(M32631, Sigma-Aldrich Quimica, S.A.) chilled in liquid nitrogen. Samples were
stored at -80°C until they were used. Later, ten um thick cryostat sections were
obtained at-22 °C (Leyca Microsystems, Germany), mounted on SuperFrost
plus glass slides (631-9483, VWR International Eurolab, S.L) and stored, until
further use at-20 °C. To directly evaluate the disruption of the BBB, slides of
the six coronal sections from perfused infected and control chickens were fixed
with acetone for five minutes, washed three times for five minutes with PBS pH
7.4, and directly cover-slipped using Vectashield mounting media (H-1000,
Vector Labs, Burlingame, CA). Images from these samples were captured with
a spot digital camera (Nikon DXM1200F) coupled to a Nikon microscope (Nikon
eclipse 90i) and using the software Nikon ACT-1.
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5.2.4. IF staining for the detection of influenza A virus antigen

in perfused and fresh frozen brain sections

Sequential brain sections from all infected EB and PBS perfused
chickens, as well as brain sections from control chickens collected at 6, 12, 18,
24, 36 and 48 hpi, were cut to a 10um thickness, mounted on SuperFrost plus
and stored at -20°C until they were used. Later, sections were allowed to thaw
for 30 minutes at RT and later fixed using 95% ethanol at 4°C for 15 minutes
and acetone for one minute at RT. Samples were then rinsed three times with
PBS pH 7.4 and blocked with 2% BSA (85040C, Sigma-Aldrich Quimica, S.A.)
in PBS pH 7.4, containing 0.1% triton X-100 (T8787, Sigma-Aldrich Quimica,
S.A.), one hour at RT. After that, brain sections were incubated overnight with
the anti-NP monoclonal antibody (ATCC, HB-65, H16L-10-4R5) diluted 1:100 in
blocking buffer, at 4°C, overnight. The second day, samples were rinsed with
PBS and incubated with the secondary antibody DyLight488 goat anti-mouse
IgG (115-485-166, Jackson ImmunoResearch Lab, USA), diluted 1:200 in PBS
for 1hour, at RT. Nuclear counterstaining was performed using Hoechst 33258
(Sigma-Aldrich Quimica, S.A.), diluted 1:500 in PBS for 10 minutes, at RT.
Samples were rinsed with PBS and cover sliped with anti-fade Vectashield
mounting medium. Negative controls consisted of sequential samples of the
same tissue incubated with blocking buffer instead the primary antibody. A
positive control was also included with each batch and consisted of tissues of
chicken embryos inoculated with the same H7N1 HPAI virus strain. EB
extravasation zones were visualized in red colour, whereas, influenza A virus
antigen was seen in green colour. Photographs were merged using Adobe
Photoshop CS2 (Adobe System Inc., San Jose, CA).

5.2.5. IF staining for the detection of IgY extravasation in
perfused brain sections

The breakdown of the BBB was also evaluated by means of the detection
of increase in the vascular permeability to the endogenous protein IgY. To do

that, ten um thick cryostat brain sections from two infected chickens perfused
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with EB and three perfused with PBS as well as control uninfected chickens
were processed as described above for the detection of the influenza A virus
antigen, with some modifications. Briefly, tissue sections were blocked using
5% normal donkey serum (NDS) (D9663, Sigma-Aldrich Quimica, S.A), 1%
BSA, and 0.2% triton diluted in PBS pH 7.4 (5% NDS/1% BSA/0.1% triton).
Later, they were incubated with fluorescein isothiocyanate (FITC)-conjugated
donkey anti-chicken IgY (H+L) (DAIlgY-F, Gallus immunotech, Inc, Canada)
diluted 1:50 in the same blocking buffer. IgY extravasation was observed in
green around the vessels. Brain sections of mice were used as a negative
control to evaluate the specificity of the antibody, considering that the primary
antibody was directed against the chicken IgY which differed antigenically from
the mammalian 1gG [309,310,311].

5.2.6. Double IF staining for codetection of IgY leakage and

influenza A virus antigen in fresh frozen brain sections

With the aim to determine the presence of IgY extravasation in influenza A virus
positive zones, fresh frozen brain sections from infected and control chickens
collected at 18, 24, 36 and 48 hpi, were processed as previously described for
the detection of IgY, with some modifications. Briefly, ten um brain sections
were incubated with a mix of FITC-conjugated donkey anti-chicken IgY (H+L)
(1:50) and anti-NP monoclonal antibody (ATCC, HB-65, H16L-10-4R5) (1:100)
diluted 1:100 in 5% NDS/1% BSA/0.1% triton in a total of 200 um per section,
and incubated at 4°C, overnight. Later, the samples were incubated with Cy3
goat anti-mouse IgG (H+L) (115-165-003, Jackson ImmunoResearch Lab,
USA) diluted 1:200 in PBS, for 1 hour at RT. The unspecific binding of the Cy3
secondary antibody to the IgY antibody, was tested incubating sequential brain
slides of the same chickens with the FITC donkey anti-chicken IgY antibody
alone, followed by 1 hour of incubation with the secondary antibody Cy3 goat
anti-mouse 1gG.
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5.2.7. IF staining for the detection of the TJs proteins Claudin-1

and Z0O-1 in perfused brain sections

In order to evaluate the effect of the virus over the BBB, the presence,
distribution and pattern of staining of the BBB proteins ZO-1 and Claudin-1,
were tested in brain sections from all chickens perfused with PBS and control
chickens subjected to the same process and obtained in the same sampling
hours. To do that, the same protocol used for the detection of the influenza A
virus nucleoprotein was used to detect the ZO-1 and claudin-1, with some
modifications. Briefly, ten um cryostat brain sections were incubated with the
primary antibodies: anti-ZO-1 rat monoclonal antibody (Clone R40.76,
Chemicon, Tamecula, CA. USA) or the anti-claudin-1 rabbit antibody (51-9000,
Invitrogen, S.A.) diluted 1:50 in PBS containing 1% BSA and 0.1% triton, at 4°C
overnight. The ZO-1 signal was visualized using the secondary antibody
DyLight 488 rabbit-anti-rat IgG (312-485-003, Jackson ImmunoResearch Lab,
USA), whereas the claudin-1 was detected using a goat—anti-rabbit FITC
(F9887, Sigma-Aldrich Quimica, S.A.). Both secondary antibodies were diluted
1:200 in PBS, for 1 hour at RT. Positive controls for the detection of Claudin-1
were brain samples from a rat, whereas the specificity of the ZO-1 was tested in
brain samples of mice. Negative controls consisted of sequential sections of the
same brain samples evaluated, but incubated with blocking buffer instead of the

corresponding primary antibody. Both signals were observed in green.

5.2.8. Double IF staining for the codetection of ZO-1 and

influenza A virus antigen in fresh frozen brains sections

Fresh frozen brain sections of two infected and one control chickens collected
at 6, 12, 18, 24, 36 and 48 hpi were processed for the codetection of ZO-1 and
influenza A virus antigen. To do that, 10um cryostat sections were incubated
first with the anti-ZO-1 rat monoclonal antibody diluted 1:50 in blocking buffer
prepared as already described for the detection of influenza A virus antigen and
incubated at 4°C overnight. Afterwards, they were incubated with the secondary
antibody Cy3-goat anti-rat IgG (H+L) (112-165-062, Jackson ImmunoResearch
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Lab, USA) diluted 1:200 in 1% BSA PBS pH 7.4, for 1 hr at RT. After that,
samples were blocked using 2% BSA in PBS, for 1 hr and incubated with anti-
influenza virus nucleoprotein monoclonal antibody (ATCC, HB-65, H16L-10-
4R5) diluted 1:100 in same blocking buffer, at 4°C, overnight. The third day,
samples were incubated with Cy2-goat anti-mouse IgG, subclass 2a (115-225-
206, Jackson ImmunoResearch Lab, USA) diluted 1:100 in PBS pH 7.4, for 1 hr
at RT. In this case, the ZO-1 staining was visualized in red and the influenza A
virus antigen was seen in green. Negative controls consisted of incubation of a
sequential sample with 2% BSA in PBS instead of each primary antibody.
Unspecific binding of both secondary antibodies were discarded by incubating
them with the contrary primary antibody.

5.2.9. IHC staining to determine the topographical distribution
of the viral antigen and initial target cells in the brain of

chickens during the first hpi.

Formalin-fixed brain samples were cut in six different coronal sections and later
embedded in paraffin. The immunohistochemistry technique used for the
detection of influenza A virus NP was performed as previously described [216].
Briefly, brain sections (3 um thick) were dewaxed and treated with 3% H,O, in
methanol to eliminate the endogenous peroxidase. Later, antigen retrieval was
performed using protease at 37°C for 10 minutes followed by incubation with
the primary monoclonal antibody (ATCC, HB-65, H16L-10-4R5) diluted 1:250,
at 4°C overnight. On the second day, samples were incubated with biotinylated
goat anti-mouse IgG secondary antibody (Dako, immunoglobulins AS,
Denmark), and the ABC complex (Thermo Fisher Scientific, Rockford, IL, USA).
The reaction was developed with DAB (Sigma-Aldrich, MO, USA) at RT, and
counterstained with Mayer’s haematoxylin.

The distribution, intensity and pattern of viral antigen staining in the CNS
of chickens at each hpi was evaluated and later scored as described in the third
study. In brief, of the six different coronal sections the following regions were

evaluated: the OB, telencephalic pallium (Pall), subpallium (Spall) (that contains
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the striatum (St)), hypothalamus (H), optic area (Och), diencephalon (that
contains the prethalamus (p3), thalamus (p2), pretectum (pl), and secondary
prosencephalon (2P)), midbrain or mesencephalon, hindbrain (that contains the
isthmus (Ist) and rhombencephalon (r1-6)), and the cerebellum (Cb). In these
regions, the number of viral antigen positive cells in 10x fields was counted. As
the extension of each region was variable, an average was calculated for each
region. At the same time, at 36 and 48 hpi, an arithmetic mean for each region
was obtain for the two animals evaluated. The scoring system used to evaluate
the intensity of the staining was as follows: nil (0: no labelling detected); scarce
(1: less than 20 nuclei of cells positive for viral antigen on average), slight (2:
more than 20 but less than 100 positive cells on average). We did not use the
rank of moderate and intense viral antigen staining, because in comparison with
the study Il the number of positive cells was low (less than 100 positive cell per
10x field [216]. Finally, the topographical distribution of the viral antigen staining
was graphically represented in the six coronal sections, using the Adobe

Photoshop CS2 program.

5.2.10. Quantification of viral RNA by RT-qPCR in the blood of

chickens

The RT-gPCR technique used to quantify the viral RNA copies in blood and
brain tissue samples have been thoroughly described previously [251]. Briefly,
viral RNA was extracted from each sample using a QlAamp viral mini kit
(Qiagen, Hilden, Germany). To do that the RNA was eluted in 40 ul and tested
by one-step RT-qPCR for the detection of a highly conserved region of the M1
gene of H7N1 influenza A viruses using primers [252] and the amplification
conditions previously described [251]. This procedure uses an IPC to avoid

false negative results due to RT-PCR inhibitors.
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5.3. Results

5.3.1. Clinical evaluation

No clinical signs compatible with HPAI virus infection, such as, depression,
ruffled feathers, prostration or skin haemorrhages were observed on the

infected and control chickens. Neither were gross lesions observed at any hpi.

5.3.2. EB extravasation in brains of control and H7N1

inoculated chickens

EB extravasation on infected animals was not detected until 48 hpi, when
multiple foci of intense and bright red staining were observed. These foci
corresponded to blood microvessels of different calibre which usually showed a
rim of EB leakiness or vessels showing a fan shape of EB extravasation (Figure
19-C1, C4). In such areas of EB extravasation, the neuropil and neural cells
were intensely stained. These foci were found widely distributed in the brain of
infected chickens, but they were especially frequent in the telencephalic pallium
and cerebellum (Cb), followed by the thalamus (p2), subpallium (Spall) and
brain stem. In the OB, diencephalon, mesencephalon and rhombencephalon
less foci of EB extravasation were observed. No evidence of EB leakage was
observed in the brain of control chickens at any hpi. In the control chickens, the
EB staining was imperceptible and restricted to the lumen of some vessels
along the brain and in the meninges (Figure 19-Al, A4). Also, the endothelial
cells in the Chp showed EB staining, furthermore, some epithelial cells of the
Chp have weak EB staining. The CVOs which are brain areas normally lacking
a BBB, including the ME and AP showed light staining. Similarly, the brain of
chickens perfused a 6 hpi, 12, 18, and 24 hpi showed only weak EB staining in

blood vessels, but not diffusion to the surrounding brain tissue.
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Figure 19. Representative images from EB perfused brains obtained at the level of the
telencephalic pallium (Pall) and double staining with IgY in control and infected chickens.
EB extravasion was only observed in brain samples of chickens evaluated at 48hpi. Images at
two different magnifications showing a microvessel with a fan-like area of EB leakage (red
colour) (C1,C4). No EB extravasation was observed in the control and infected chickens at
24hpi, perfused with EB (A1, A4 in control chickens and B1, B4 in infected chickens at 24 hpi).
Leakage of the serum protein IgY (C2, C5) was observed in the lumen of the vessel and the
nearest brain cells in infected chickens perfused at 48 hpi. IgY staining in control (A2, A5) and
infected chickens at 24 hpi (B2, B5) was limited to the lumen of the vessels. Double staining
allowed demonstrating the presence of colocalization of IgY leakage in areas of EB
extravasation in chickens evaluated at 48 hpi (C3, C6). Controls and infected chickens
evaluated at 24 hpi did not show EB leakage and the IgY staining was limited to the lumen of
the vessels.
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5.3.3. IF staining for the detection of influenza A virus antigen

in perfused and fresh frozen brain sections

Influenza A virus antigen was detected in zones of EB extravasation at 48 hpi,
but regularly the influenza A virus positive zones were more extensive than the
EB diffusion ratio (Figure 20). It was also common to see brain microvessels
showing extravasion of EB without presence of viral antigen. These areas of EB
and viral antigen co-localization were commonly observed multifocally in the
telencephalon and cerebellum (Cb). They were observed less frequently in the
diencephalon, mesencephalon and rhombencephalon. In these areas, the
presence of viral antigen and EB extravasation was multifocal and exceptionally
in the Rot nucleus was located bilaterally in the vessels surrounding this nuclei.
Influenza A virus antigen was also observed in tissue of PBS perfused-infected
chickens at 24, 36 and 48 hpi. At 24 hpi, the staining was restricted to
endothelial cells of blood vessels. On this day, the influenza A virus antigen was
observed mainly in the nucleus but also in the cytoplasm of few endothelial
cells. At 36 and 48 hpi, positive parenchymal cells (glial cells and neurons) were
found forming foci or as individual positive cells. Besides, influenza A virus
antigen was detected in ependymal cells lining the lateral, third and fourth
ventricles, as well as in the meninges at these same hpi. The presence of viral
antigen was mainly observed in the nucleus neural and glial cells, but also it
was detected in the cytoplasmic prolongation of these cells, as well as the

neuropil.
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Figure 20. IF image showing EB extravasation (red) and influenza viral antigen (green)
forming a large halo surrounding the area of EB leakage.

5.3.4. IF staining for the detection of IgY extravasation in

perfused brain sections

The detection of IgY was used to determine the limits of the brain microvessels
and the extravasation of this endogenous protein toward the extravascular
space [312,313,314]. IgY staining was observed restricted to the lumen of
blood microvessels in the parenchyma of the brain, meninges and Chp of
control chickens (Figure 19-A2, A5), as well as, in samples of infected chickens
from 6 to 24 hpi (Figure 19-B2, B5). CVOs were diffusely immunostained,
showing IgY widely distributed in the vessels, ependymal cells and parenchyma
in healthy and infected chickens. 1gY leakage was seen in infected chickens at
36 and 48 hpi. The most affected brain regions were the telencephalic pallium

(Pall) and cerebellum (Cb) where the IgY extravasation was multifocal. In these
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regions, IgY extravasation was observed as a slightly stained, green rim around
the vessels and as focal zones of diffusion where the neuropil and nearest glial
and neural cells showed green staining (Figure 19-C2, C5). The IgY
extravasation increased with time, being at its most severe at 48 hpi. Other
brain regions, such as the diencephalon and mesencephalon showed zones of

IgY extravasation, however, there they were less severe and frequent.

5.3.5. Codetection of IgY extravasation and viral antigen in

fresh frozen brain samples

Colocalization of IgY extravasation zones and presence of influenza virus
antigen was observed in infected chickens at 36 and 48 hpi (Figure 21). This
codetection was most evident in sites where the IgY leakage formed large foci
(Figure 21, B1). In general, the diameter of the IgY extravasation staining was
equal in extension with respect to the diameter of the positive influenza virus

antigen foci.

HTN1T + Ig¥ + nuclei Marged

36 hpi

48 hpi

Figure 21. Representative images showing the codetection of influenza viral antigen and
IgY extravasation in the cerebellum of infected chickens at 36 and 48 hpi. Influenza virall
antigen was found focally infecting the endothelium and a group of neural cells between the
Purkinje and granular layer of the cerebellum (Cb) (A1, B1) at 36 and 48 hpi, but with evident
increase in intensity at 48 hpi (B1). IgY extravasation was found in the same focus (A2, B2),
staining the neuropil and brain cells surrounding the affected vessel. The superimposed image
(A4, B4) showed that the IgY extravasation foci corresponded to an area where there was
influenza viral antigen.
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5.3.6. IF staining for the detection of the TJs proteins Claudin-1

and ZO-1 in the brain of chickens

Z0O-1 staining was observed as a continuous line externally bordering the
endothelial cells in the brain parenchyma (Figure 22-A, C), meninges, Chp and
the CVOs (AP and ME). In the arterioles, the ZO-1 staining showed a
transverse line joining the cells. ZO-1 was also found between epithelial of the
Chp, where the protein outlined the perimeter of the cells giving a honeycomb
appearance. A similar pattern was observed in the CVOs but it was denser than
in the Chp. Claudin-1 staining was only observed in the CVOs (AP) and the
Chp, where the same pattern of staining as for ZO-1 was seen. Neither of the
TJs proteins were detected between the ependymal cells. The intensity and
pattern of staining for Claudin-1 did not show differences between control and
infected chickens at any hpi. In contrast, the pattern of staining for ZO-1 showed
changes in infected chickens evaluated at 36 and 48 hpi in comparison with the
negative controls. These alterations consisted mainly of focal loss of the
characteristic structure of the blood vessels, which seemed discontinuous or
with granular appearance (Figure 22, B). Besides this, at 48 hpi, there were foci
where the ZO-1 staining was totally absent (Figure 22, D). The pattern and
intensity of staining for ZO-1 and claudin-1 in the CVOs and Chp did not show

visible alterations in the infected animals at any hpi.

110



Study I

Control - H7N1 Infected

36h

48h

50 um

Figure 22. Representative images showing the pattern of staining for the TJs marker ZO-
1, in the telencephalic pallium (Pall) of control and infected chickens sampled at 36 and
48 hpi. Z0-1 staining in control chickens was observed as a linear and continuous line in both
sides of the vessels (A, B). In contrast, a granular and discontinuous appearance of the blood
vessels was observed in the brain of infected chickens at 36 hpi (B). Loss of ZO-1 was
multifocally observed in the brain of chickens after 48 hpi (D).

5.3.7. Double IF staining for the codetection of ZO-1 and

influenza A virus antigen

To confirm that the abnormal pattern of ZO-1 staining or its absence could be
the consequence of the direct replication of the H7N1 HPAI virus, a double IF
was performed in brain samples of infected and control chickens at 18, 24, 36
and 48 hpi. This double staining made it possible to determine that the foci
where there are loss of ZO-1 staining correspond to areas where viral antigen

was present (Figure 23).
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Figure 23. Codetection of influenza A viral antigen and ZO-1 in the brain of a chicken
infected at 36 hpi (merge image D). Representative images showing the loss of ZO-1 marker
(C) (labelled in red colour) in a focus of gliosis (B) positive for influenza viral antigen (A)
(labelled in green colour) found in the telencephalic pallium (Pall).

5.3.8. Detection of viral antigen and pattern of distribution

during the first hpi in formalin-fixed brain sections

Viral antigen was detected in formalin fixed tissues at 24, 36 and 48 hpi. At 24
hpi, the viral antigen detected was scarce and restricted to the nucleus of few
individual endothelial cells in the telencephalic pallium (Lpall and Vpall),
mesencephalon and cerebellum (Cb) of one chicken (Figure 24). At 36 and 48
hpi, multiple foci consisting of viral antigen positive endothelial cells, glial cells
and neurons were found mainly in the telencephalic pallium (Dpall, Lpall, and
Vpall) and the cerebellum (Cb). Viral antigen was also observed in the
subpallidum (SPall), prethalamus (p3), thalamus (p2), mesencephalon, and the
rhombomeres 3 and 4. These foci were composed of a variable number of

positive cells (5-70 cells), in which the viral antigen staining was mainly found in
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the nucleus of the cells and occasionally in the cytoplasm. At 48 hpi, there were
also few foci where the neuropil showed positive granular staining. In general,
the intensity of positive viral antigen was highest in the intermediate area of the
telencephalon in comparison with the OB and most cranial areas of the brain.
Viral antigen staining of ependymal cells was not detected until 48 hpi, and
consisted of a line of positive cells (10-70) cells focally in the lateral, third and
fourth ventricle. Similar to the other cells of the brain, the viral antigen staining
was mainly nuclear. No viral antigen was observed in epithelial cell of the Chp.
Evidence of bilateral staining was only observed in the thalamus (p2) at 36 and
48 hpi, and consisted of a scarce number of endothelial cells or neurons
showing positivity. None of the CVOs evaluated (AP, ME) showed viral antigen

staining at any time postinfection.
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Figure 24. Shematic image showing the topographical distribution of the influenza A
virus antigen detected at 24, 36 and 48 hpi, in chickens infected with a HPAI virus H7N1
detected by means of IHC. A. Schematic sagittal drawing of the chicken's brain showing the
coronal levels represented in the diagrams below (a, b, c, d, e, f). In this study, the intensity of
the staining was always scarce; consequently, in the diagram corresponding to 24 hpi, a dot
was drawed in those regions where a positive cell was found. Microphotography 1. shows an
endothelial cell with positive viral antigen staining in the nucleus. At 36 and 48 hpi, the intensity
of influenza virus antigen staining was slight, varying the number of cell from 2 to 80 positive
cells per foci. Bilateral staining was only found in the Rot (thalamus- p2) at these hours (labelled
in yellow in the diagram of the left). Microphotography 2. shows several positive cells
surrounding a disrupted capillary at 36 hpi, located in the Rot (p2). Positive viral antigen was
detected in few ependymal cells until 48 hpi. Microphotography 3. shows the presence of viral
antigen in endothelial cells, glial cells, neurons, and ependymal cells.
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5.3.9. Quantification of viral RNA by RT-gPCR in the blood of

chickens

Viral RNA copies in blood were firstly detected in 2 out of 8 chickens sampled at
18 hpi (4.52 Logsp viral RNA copies/mL). Similar viral load was detected in 3 out
of 8 chickens at 24 hpi (4.72 Logio viral RNA copies/mL). Viral RNA levels
increased at 36 hpi (5.60 Logip viral RNA copies/mL), and at this point were
detected in 6 out of 8 chickens. This levels reached a peak at 48 hpi (6.24 Logio
viral RNA copies/mL), when all the sampled chickens showed high levels of

viral genome in blood (Figure 25).

Figure 25. Influenza viral RNA detected by RT-qPCR in blood samples of chickens
infected with a HPAI virus H7N1, collected at the indicated hpi. Viral RNA levels were
expressed as log10 viral RNA copies/pl. Limit of detection is indicated with the dashed line.
The number of positive samples from the total number of animals is indicated above each bar.
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5.4. Discussion

HPAI viruses produce viraemia [106,223,224] and lesions in the CNS of
chickens [119,138,144], which is hypothesized to occur by disruption of the BBB
[144,204]. In general, the BBB can be disrupted by three mechanism that
include: the paracellular and transcellular routes, the “Trojan horse” mechanism
and the leakage of the infectious agent through the disrupted endothelial cells
[305,315]. Then, in this study, SPF chickens infected with a HPAI virus H7N1
were examined during the first hpi, in order to evaluate the integrity of the BBB
and determine the mechanism of the possible disruption. We proceeded to use
three different methods to qualitatively evaluate the BBB permeability in

chickens after inoculation with this HPAI virus.

The first method used to evaluate the integrity of the BBB consisted of
the intracardial perfusion of the EB tracer at different hpi. This procedure has
been frequently used on mice and rats to study different aspects of the
pathogenesis of several infectious and non infectious diseases that affect the
CNS, as well as to determine the efficacy of different therapies
[316,317,318,319,320,321,322,323]. In contrast, this method has been scarcely
used in chickens [324,325], and to our knowledge it has not been used to study
the integrity of the BBB in chickens affected with infectious agents. In this study,
chickens perfused with the fluorescence tracer EB every 6 hpi, demonstrated
extravasation at 48 hpi. The most frequent zones where EB diffused from the
circulating blood to the parenchyma were the telencephalic pallium, and the
cerebellum followed by the thalamus (Rot), subpallium (Spall) and brain stem.
EB leakage was observed as multiple foci, indicating that the loss of BBB
function occurs simultaneously in multiple areas of the brain. Additionally, we
were able to demonstrate the presence of viral antigen in some of these areas
of extravasation, denoting that the EB leakage may be caused by the direct
replication of the virus in brain cells. Evidence of the affinity of the virus for the
telencephalic pallium (Pall) and the cerebellum (Cb) was also confirmed by
conventional IHC, which shows that the viral antigen positive areas were mainly
located in these same regions from 24 to 48 hpi. The distribution of the areas of

EB extravasation and presence of viral antigen are in agreement with previous
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studies in which three different HPAI viruses (A/chicken/Victoria/1/85 (H7N7),
Alturkey/England/50-92/91 (H5N1), A/tern/South Africa/61 (H5N3), showed
similar tropism in the brain [144]. Interestingly, we observed that the EB leakage
occurs bilaterally in the thalamus (Rot), denoting that certain brain areas show
different irrigation and could be more susceptible to the infection, as confirmed
in the study of the topographical distribution of the virus. Similarly, in mice
infected with influenza and humans affected with the influenza associated
neurological disease (ANE) the lesions and viral antigen showed this
distribution in the thalamus [270,272,326,327,328,329,330,331]. The affinity of
the virus for these regions together with the increase extravasation of the EB
marker in these areas could indicate that the BBB response may be different in
each brain region, as is also suggested for other pathological insults
[332,333,334].

With the second method, the integrity of the BBB was evaluated by
means of the detection of increased vascular permeability of plasma proteins
(IgY) at different hpi. In this study, extravascular distribution of the endogenous
proteins IgY was demonstrated at 36 and 48 hpi. The deposition of IgY in the
brain parenchyma increased with time, indicating a progressive increase in the
severity of the BBB damage after infection. IgY extravasation areas coincided
with EB leakage zones, however, the IgY staining was less intense and
widespread than the EB staining. This discrepancy in the intensity of the
staining and sensitivity in the detection of extravasion areas between both
techniques may be related to differences in the sensitivity of both procedures
and divergence in the molecular weight of both molecules which determine their
penetration. That is, the IgY extravasated was detected using a less sensitive
direct IF giving a slight staining [335], whereas, the EB perfusion technique
made it possible to fix the sample at the same time that the animal is perfused
given a bright colour in the zones of leakage [308]. Moreover, as the BBB did
not allow the passage of soluble molecules greater than 400 Da [336,337], then
the size of the molecules that are used as tracers may also determine the ability
to detect minor changes in the permeability of the BBB. As a result, the IgY
molecule (165000 Da) due to its large dimension [338] diffuses only when the

damage to the BBB is severe and as also it spreads more slowly than small
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molecules. Most of it remains trapped by the brain parenchyma close to the
disrupted area [339]. For this reason, in this study the IgY molecule was found
restricted to areas where viral antigen was present, indicating direct damage of
the vessels and the nearest cells. In contrast, the EB molecule (960.81 Da) that
binds to albumin (69000 Da) can spread easily from the point of disruption in
the BBB to the parenchyma owing to its small size, which explained why it was
found more widely distributed than the IgY protein and in areas where viral
antigen was not detected. Both, the EB tracer and the IgY were found staining
the cytoplasm and nucleus of the cells of the lesionated areas, which is in
agreement with previous experiments were neuronal uptake of EB was related
with presence of extravasation and injury to the CNS [308,316]. Similarly, the
extravasation of plasma proteins (IgY) and the accumulation in neural cells, as
observed in this study, has been related with permanent cell injury in the
affected cells [339,340,341].

Finally, the third method consisted of the evaluation of the integrity of the
BBB using the ZO-1 marker, which is a reliable indicator of the presence of
undamaged TJs found between the endothelial cells of the BBB [342]. In this
study, this marker helped to determine if the virus is able to enter into the brain
by disrupting the TJs or by using transcellular or paracellular routes, as
observed with other infectious agents, such as the West Nile virus that enter
into the brain without impairing the integrity of the TJs [244,343]. On the
contrary, in this study, we observed disorganization and loss of the continuous
linear arrangement characteristic of ZO-1 in the brain of infected chickens
sampled at 36 and 48 hpi. This pattern was mainly found as multiple foci in the
telencephalon, diencephalon, mesencephalon and cerebellum. Besides this,
there were focal areas where the ZO-1 marker was absent suggesting that the
BBB was totally disrupted. The loss or dissociation of ZO-1 from the junctional
complexes is associated with increased barrier permeability [344]. Similarly,
decrease intensity of the staining with this marker has been observed in
different pathological brain conditions reproduced in mice, and rat models such
as those of ischemia [345], traumatic injury [346], stroke [347], as well as,
human encephalitis caused by HIV [333], and in in vitro and in vivo models of
HIV [348,349], SIV [350,351], and human T cell leukemia virus [352].
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Codetection of ZO-1 and influenza A virus antigen made it possible to confirm
that the core of the areas where there was lost of ZO-1 corresponded with viral
antigen positive areas. This finding agrees with previous in vivo and in vitro
studies which demonstrated loss of ZO-1 in the brain of mice (A/WSN/33)
infected with influenza and in vitro in polarized epithelial cells infected with
influenza [353].

Previous studies indicated that the TJs proteins, claudin-1, claudin-5,
occludin and ZO-1 can be found in chicken endothelial cells [189]. However, in
this study, claudin-1 was only found between the epithelial cells of the Chp and
CVOs. This difference with respect to previous studies can be attributed to the
use of antibodies that cross-react with claudin-3 in the old publications
[189,303,354].

In a previous study from our group, influenza A antigen antigen was
found in endothelial cells and the epithelium of the Chp, suggesting that these
brain regions could be the initial sites of infection in the brain. Other viruses and
other infectious agents use the Chp and CVOs, which form the BCSFB, to enter
into the CNS, since these tissues have a fenestrated endothelium and a lower
electrical resistance than the BBB. For example, the Chp is a portal of entry for
canine distemper virus (CDV) [355], lymphocytic choriomeningitis virus (LCMV)
[356], feline immunodeficiency virus (FIV) [357,358], and HIV [359]. Likewise,
the CVOs may be a route of entry for Trypanosoma brucei parasites [268],
Scrapie and BSE in sheep and goats [269,360,361]. In contrast, no alterations
in the pattern and intensity of the staining with ZO-1 and claudin-1 were
observed in the epithelial cells forming the Chp or in the tanycites (specialized
ependymal cells of the CVOs) of infected chickens at any hpi. Therefore,
evidence provided with this study indicates that the BCSFB did not contribute to
the initial invasion of this HPAI virus H7N1 into the CNS.

Taken together our observations demonstrate that soon after inoculation,
this HPAI virus H7N1 invades the bloodstream (18hpi), infecting first the
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endothelial cells of the CNS where the virus replicates (24 hpi). Later, the virus
surpasses the endothelial cells, causing alteration and disruption of the TJs
(demonstrated by the loss of ZO-1) in the BBB (36-48 hpi). Soon after that or
almost simultaneously, serum proteins leak from the bloodstream toward the
tissue (IgY leakage) and the virus is found in the brain parenchymal cells

(neurons and glial cells) (36-48 hpi).
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Several aspects of the HPAI virus infection in poultry have been repeatedly
studied, especially the mechanisms of pathogenesis, immune response,
transmission, and other features of the infection with H5 subtype HPAI viruses
[81,104,108,112,126,135,143,149,152,230,362]. In contrast, investigations
related to H7 subtype HPAI virus in poultry are designed to report the findings
observed during natural outbreaks [111,212,220,222,233,363,364,365], which
are informative, but do not provide deep knowledge about the pathogenesis of
the disease. There are a few experimental studies using H7N7 [366,367],
H7N3, and H7N6 HPAI viruses [117,367], in which similar lesions, plus
replication of the virus in the endothelial and parenchymal cells of several
organs have been observed. Some of these studies also demonstrated the high
neurotropism of H7 HPAI viruses [366]. However, the early events leading to
CNS lesions, during infections by HPAI viruses, have not yet been well

characterized.

With the aim to understand the process of neural invasion by HPAI
viruses, three studies were undertaken which have been presented in this
thesis. In study I, the pathogenesis of the infection with a H7N1 HPAI virus was
studied in SPF chickens and the effect of the dose in the clinical outcome and
viral shedding was determined. In studies Il and lll, the neuropathogenesis
induced by this H7N1 HPAI virus was studied with special emphasis upon
elucidating the pathway of virus entry into the brain, and cell tropism.
Additionally, in the third study, three different methods were applied to provide
evidential support to the hypothesis of BBB disruption. The main findings
obtained are critically reviewed in this general discussion, and the contributions
and limitations of these findings to prove the hypothesis, are to be made clear.
Other aspects which were central to each study were discussed at the end of

each section and are not going to be repeated in this discussion.

In the first study, the model of H7N1 HPAI virus infection with chickens
was set up, revealing that three different doses are able to infect the chickens
with viral replication in different tissues and also that they are capable of
induction of viral shedding. Additionally, it was determined that the highest dose

enabled the study of the pathogenesis of the disease. This was due to the onset
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of clinical signs and the type of gross and histopathological lesions being similar
to those previously reported for other HPAI viruses [54,118,119]. One significant
finding was that chickens receiving a very low dose of H7N1 HPAI virus (10'°
ELDsp) showed viral replication in different organs (brain and lung), and shed
the virus in faeces and respiratory secretions. Similar findings have been
reported in other studies of chickens infected with comparable doses of HPAI
viruses (10" ELDsp to 10%°) [368], indicating that chickens exposed to low
doses can act as carriers, shedding viruses without showing any clinical signs.
However, it has to be considered that in this study, the viral load was obtained
using a RT-gPCR technique, which detects the VRNA, cRNA and mRNA [251].
This technique is unable to discriminate if the RNA is forming encapsidated and
intact envelope viruses, or defective particles, which are not considered
infectious [251,252]. Therefore, the use of other techniques such as VI in
chicken eggs or titration in MDCK cells [217] would be helpful to confirm their
infectiveness of these samples.

Within this study, the most important point of interest was the
demonstration of the high neurotropism of this H7N1 HPAI virus. This was
possible primarily because viral RNA was detected in the brain of chickens
inoculated with the three doses of virus (10°>° ELDsg, 10*° ELDso and 10*°
ELDsp). Additionally, the presence of viral antigen in branches of the trigeminus
nerves, in the nasal cavity, and the abundant replication of the virus in cells of
the nasal cavity, suggests that the olfactory pathway possibly plays a role in the
viral invasion of the CNS. According to this information, an initial hypothesis
was established stating that the replicated virus in the nasal cavity could
possibly enter into the brain using nervous and haematogenous routes. Other
viruses, such as the Venezuelan equine encephalitis [369] and West Nile virus
[370] are able to use both routes to arrive to the CNS, invading the OB after
infection of the OSN, also causing BBB disruption and subsequently viral
spreading into the brain. Similarly, in mice inoculated with HSN1 HPAI virus, it
has been observed that the virus penetrates into the CNS using mainly cranial
nerves, but also causes viraemia, indicating that the haematogenous route
might also play a role in the invasion of the CNS [206]. Therefore, the indication

that this H7N1 HPAI virus may use both pathways was not unexpected,
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considering that in the first study, viral antigen was observed abundantly in the
nasal cavity and the viral antigen was detected in branches of the trigeminus

nerve innervating this cavity.

The nervous route may imply the infection of olfactory neurons, and/or
direct axonal retrograde transport from the infected peripheral nerves. However,
it has to be considered that the nerves in the peripheral nervous system are
protected from infectious agents’ attacks, by the perineurium and endoneural
vessels. Moreover, there are also unprotected axonal endings which are
responsible for the transport of macromolecules, which can serve as a route of
entry for a series of pathogens [371]. The OSN of the olfactory epithelium
appears within these unprotected areas where neurons are directly exposed to
the environment. In fact, there are a number of infectious agents that use the
olfactory pathway to reach the CNS, such as herpesvirus [372], bornavirus
[373,374], Venezuelan equine encephalitis virus [256], and morbilivirus
[375,376,377]. With mice, in which the neuropathogenicity of the influenza virus
infection has been extensively studied, it has been proven that different
influenza viruses (mouse-adapted viruses, recombinant, and nonadapted
viruses) are able use the OB to enter the brain [206,378,379]. Then, in the
second study, a double IHC technique was performed to determine if the OSN
could be a virus target. Results demonstrated that in contrast to the viruses
mentioned above, the H7N1 HPAI virus did not target the OSN of the nasal
cavity. Besides, a topographical description of the distribution of the virus was
performed in this study, with the aim to provide evidential support to discard or
corroborate the hypothesis of the nervous route. From this topographical study,
it was concluded that the olfactory pathway is not the main route used by this
virus to enter into the brain of chickens, because the OB and the most cranial
regions of the brain were scarcely stained in comparison with the intermediate
area of the telecephalic pallium (Pall), the diencephalon and cerebellum.
Similarly, in the first study no viral antigen was detected in samples of the vagus
and Sciatic nerves at any dpi. Moreover, in the evaluation of the topographical
distribution of the virus, there was no evidence of dissemination from the

positive neural nucleus to the interconnected neural route, as observed in mice
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where the virus disseminates following neural pathways
[203,205,206,240,380,381].

The next step was to elucidate how the virus arrives to the brain from the
bloodstream. From the first study, it was known that the viraemia could be
detected early on during the infection (viral RNA was found in the blood and
brain tissue at 1 dpi), indicating that the virus was able to penetrate through to
the brain in the first 24 hpi. However, considering that the viral RNA detected in
the CNS could belong to the viral RNA contained in the blood, further studies
were necessary to confirm or discard this possibility. Thus, in the third study it
was possible to determine that at 24 hpi the viral antigen was present in the
brain, particularly within brain micro-vascular endothelial cells. It was also
observed that the virus did not have to generate a high level of viraemia to
invade the CNS, compared with other blood-borne neurotropic viruses, which
are capable of inducing CNS lesions only when the host is at its peak of
viraemia [382,383,384]. In contrast, this study detected viral antigen in the
endothelium and brain cells (neurons and glial cells) at 36 hpi when the viral
RNA load in the blood was low, showing that the virus arrived to the brain at the
beginning of the infection process and not at the peak of viremia, which

occurred at 3 dpi (as observed in the first study).

The ability of the virus to enter into the CNS early during the infection
was further confirmed by the detection of viral RNA in the CSF at 1 dpi,
indicating that the BCSFB was participating in the pathogenesis. The Chp is a
permeable area of the brain [193,262] which is also a route of entry to the brain
for viruses such as canine distemper virus [355], choriomeningitis virus [356],
FIV [357,358] and HIV [359], which use circulating mononuclear cells to
penetrate the BCSFB. Therefore, it was important to determine the contribution
of this route to the initial penetration of this H7N1 HPAI virus into the CNS. In
the second study, the presence of influenza receptors was investigated,
observing that only the Siaa2-3Gal was present on the apical surface of the Chp
epithelial cells, and viral antigen was found in epithelial cells of the Chp from 2
dpi onward, confirming that they are susceptible to the infection. However, in

the third study it was evident that these cells were not the main or initial target
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of the virus, since the viral antigen was first found in endothelial cells which form
the BBB (24hours). Also the positivity observed in the Chp was mainly restricted
to cells in the lumen of the vessel that belong to the bloodstream.

When studying the pattern of virus distribution and viral tropism, it is also
important to consider the areas within the CNS, know as CVOs, where the
vessels do not have a barrier function and where blood borne substances can
have more direct access to the nervous parenchyma [262]. Some infectious
agents take advantage of these more permeable zones to enter into the CNS,
such as trypanosome brucei and prions causing BSE and Scrapie [268,269].
Therefore, these areas were evaluated to determine if they could be a portal of
entry for the H7N1 HPAI virus to the CNS. In the second study, it was possible
to observe the presence of viral antigen in the SPO, AP, VOLT and LSO from 2
dpi onward, indicating that they could be an entry route into the CNS for the
virus. However, no evidence of viral dissemination from the CVOs to the
nearest areas and to the rest of the brain parenchyma was detected.
Furthermore, in the third study, the pattern of staining for the TJs markers ZO-1
and claudin-1 did not show loss or disorganization, proving that there was not
endothelial and epithelial disruption of the CVOs. In addition, viral antigen was
always observed, restricted to the lumen of the vessels of the CVOs, indicating

that their role in the initial stages of virus entry is either minor or non-existent.

Another interesting finding from the second study was that the lesions
and topographical distribution of the viral antigen tended to be allocated
bilaterally and symmetrically. This pattern was observed in the diencephalon,
mesencephalon, and rhombencephalon, especially in the Rot (thalamus) (p2),
PG (p3), ToS (mesencephalon), and APT nuclei (pl). Moreover, what was
especially remarkable from the third study was that the viral antigen began to
show preference for the thalamus during the first hpi. This was significant
considering that influenza A virus causes a series of CNS disorders in humans,
and particularly for the ANE, bilateral and symmetrical lesions have also been
described in the thalamus, putamen, cerebral and cerebellar white matter and
brain stem tegmentum [272,292,293,385,386,387,388,389]. For this reason,

and because as it is suggested that this disease is also caused by disruption of

127



General discusion

the BBB, the chicken model has been proposed to understand its mechanism of
pathogenesis [204]. However, this pattern where the thalamus is one of the
main target regions in the brain, is also common to other infectious agents, such
as rabies [390], herpes viruses [391], flaviviruses (Japanese Encephalitis, West
Nile Encephalitis, and Murray Valley Encephalitis) [383,392,393,394], measles
[395], and HIV [326]. Besides, in contrast to the chicken model, viral antigen
and RNA is rarely detected in brain tissue and CSF of patients with ANE
[270,272,289,396,397,398,399]. Hence, both diseases seem to be induced by
different mechanisms; in chickens the lesions are caused by direct replication of
the virus, while, in humans it is suggested that immune-mediated mechanisms
are involved [288,400]. Regarding the viral distribution, it has been attributed to
differences in the blood supply and the trans-synaptic transmission among

thalamic neurons and other interconnected neural pathways [288].

Knowing that the BBB was the main route for virus entry, the third study
aimed to evaluate the stability of the BBB, and to determine how and when the
H7N1 HPAI virus disrupts the BBB. Three methods were used to evaluate the
location and severity of the BBB disruption. Methods such as the intracardial
perfusion of the EB tracer are frequently used in mice and rats to evaluate
different CNS pathological condition [308,316,323,401] , but to the best of our
knowledge, this is the first time that the intracardial perfusion with EB has been
used to evaluate the stability of the BBB in chickens infected with an infectious
agent. This method is based on the ability of the EB to emit a red bright
fluoresce signal when it is bound to albumin. Consequently, when the EB is
perfused in animals where the BBB is damaged, it stains the injured zone and
the cells of the periphery that have taken the EB from the serum [308].
Therefore, a complementary method was used in this study to detect the
presence of protein leakage and identify the presence of BBB disruption. This
method consisted of the detection of IgY serum protein using a direct IF in brain
tissue samples of animals perfused with EB and PBS. This method is usually
used in mice and other mammalian models to detect the extravasation of IgG
into the brain observed during different pathologies of the CNS
[312,313,314,339]. Both techniques, the EB perfusion and the detection of IgY

by IF, unequivocally indicated that serum proteins were leaking from the
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bloodstream to the parenchyma [312,317]. In this study, both techniques
indicated that the H7N1 HPAI virus was able to cause disruption of the BBB and
leakage of serum proteins toward the brain tissue from 36 hpi onward.

There are several mechanisms that can be used by the infectious agents
to gain entrance to the brain. Infectious agents can enter by passage of free
virus using a paracellular route by disrupting the TJs between the endothelial
cells or by using the transcellular route, which implies that the virus crosses
through the endothelial cells of the BBB without disrupting the TJs. By the
“Trojan horse” mechanism” that is observed when a infectious agent infects
leukocytes or red blood cells, and penetrates into the CNS within these cells.
And finally, by the direct infection of the microvascular endothelial cells of the
BBB with cytotoxic effect and virus release into the brain parenchyma
[305,315,402]. According to the results obtained in this research, the
mechanism used by H7N1 HPAI virus to cross the BBB needs to be categorized
with infectious agents that produce disruption of the TJs. In the third study, it
was observed that the virus produces foci of disorganization or loss of the ZO-1
staining, which is indicative of the BBB’s loss of stability [188]. Based on this
data, it can be asserted that routes such as the transcellular mechanism can be
totally discarded, because viruses using such routes do not disrupt the TJs of
the BBB. On the other hand, the paracellular route could be a possibility during
the initial stages of the disease. However, considering that the viral antigen was
detected in the nucleus and cytoplasm of microvascular endothelial cells during
this first hpi, its role is less probable. Similarly, the Trojan horse mechanism
cannot be completely ruled out, since viral antigen positive cells were observed
in the lumen of the vessels in the Chp cells and CVOs at 36 and 48 hpi. This
indicates that the virus can be carried by these cells, to the brain. Consequently,
this possibility has to be investigated further, for example using IF techniques to
label the TJs components, viral antigens, and circulating infected leucocytes
[403]. Finally, considering the results obtained from these studies, the most
satisfactory mechanism to explain how the H7N1 HPAI virus enters into the
brain is the fourth mechanism mentioned, where the virus directly infects the
endothelial cells and the viral agent is released into the brain parenchyma. This

mechanism is used by several viruses such as Rift valley fever virus [404],
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Ebola virus [405,406], Marburg virus, Lassa virus, dengue virus [407] and
Theiler's murine encephalomyelitis virus [261]. These viruses are also
characterized by the induction of vascular leakage caused by alterations in the
TJs proteins [193]. The mechanism of direct infection and damage to the
endothelial cells is also supported because HPAI viruses are able to induce
apoptosis of microvascular endothelial cells after infection in chickens [408].
This can also be observed in humans affected with acute encephalopathies and
encephalitis associated to influenza [409]. More studies will be necessary to
determine if the disruption of the TJs of the BBB occurs first, or if the damage to
the microvascular endothelial cells of the BBB causes the disorganization of the
TJs, and allows the entry of the virus. Furthermore, more research is required to
fully understand the molecular mechanisms that lead to the severe and rapid
damage of the endothelial cells, with the consequential leakage of serum

protein and viral spreading toward the brain parenchyma.

In summary, the present work demonstrates that the H7N1 HPAI is
strongly neurotropic; this is because even at very low doses the viral RNA can
be detected in the brain of experimentally infected chickens. Also, after a
detailed topographical study of H7N1 HPAI virus distribution in the chicken
brain, it was concluded that the main route of entry and dissemination of this
virus into the brain is haematogenous. Finally, by using three different methods
to evaluate the stability of the BBB, it was determined that the H7N1 HPAI virus
damages the endothelial cells directly, and disrupts the TJs, allowing the virus

to enter the brain.
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Conclusions

. Experimental infection of SPF chickens with 10> ELDs, of the H7N1 HPAI
virus successfully reproduced the clinicopathological picture described in
natural HPAI virus infection.

The H7N1 HPAI virus is highly neurotropic, inducing severe neurological
signs and CNS lesions in experimentally infected chickens. The tropism
by the CNS is also demonstrated by its capacity to replicate in the CNS in

birds experimentally infected with a low dose of virus (10*° ELDx).

. Chickens experimentally exposed to middle (10°*° ELDs,) or low doses
(10™° ELDs,) of H7N1 HPAI virus can shed viral RNA in their faeces and
respiratory secretions, despite the absence of clinical signs, acting as viral

carriers and contributing to viral spreading.

. Viraemia occurs as early as 18 hpi in chickens experimentally infected
with 10° ELDs,H7N1 HPAI and is a key event for the viral dissemination to
different organs and the CNS.

. Expression of avian (Siaa2-3Gal) and human (Siaa2-6Gal) type receptors
in chicken brain endothelial cells and infection of this cell type at 24 hpi
demonstrates that chicken brain endothelial cells are the main target cell

for the H7N1 HPAI virus at the early stages of infection.

. Based in topographical studies and double staining techniques, it can be
asserted that the H7N1 HPAI virus disseminates haematogenously to the
CNS.

. The Chp and CVOs are not main target sites for virus invasion into the
CNS, as showed by the lack of dissemination of virus from these sites to
the rest of the brain, the scarce to slight staining for the presence of viral
antigen and because there was no alteration in the pattern of staining with
both TJs markers (ZO-1 and claudin-1).

. The H7N1 HPAI virus causes disruption of the BBB by means of the
alteration of the TJs between the BBB endothelial cells, evidenced by
disorganization and loss of ZO-1 staining in association with EB leakage

and the extravasation of Ig Y protein.
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Annex 1

Annex

Summary of the literature of free living bird species showing CNS lesions after infection
with a HPAI virus.

Influenza viral antigen positive

Bird species Virus strain Histopathological findings ) Ref.
cells and regions
Domestic geese A/Hong
(Anser anser Kong/156/1997 Cerebral malacia and meningo-encephalitis nr [221]
domesticus) (H5N1)
(Anas LAl 202 perivascular mononuclear infiltrates, nr (221]
platyrhynchos) (H5N1)
oedema
Multifocal neuronal necrosis,
Call ducks (Anas Alchicken/Yamagu lymphoplasmacytic perivascular cuffing,
platyrhynchos var chi/7/04 (H5N1) gliosis in OB, cerebelum, brain stem. nr [150]
domestica): 1d, 2 Experimental Myelitis in the gray matter and necrosis of
and 4 wks old. ependymal cell in the cervical and lumbar
spinal cord.
Pekin white ducks A/Vietnam/1203/20 Malacia with gliosis, mild
04- A/Crow/ lymphoplasmacytic perivascular cuffs, and )
(A. platyrhynchos - . . Neurons, glial
f Thailand/04, and mild perivascular oedema. Neuronal : . [155]
domestica) A/Earet/HK/757.2/ d - d : d lati Vascular endothelium negative
(2 wks- 5 wks) gre . egeneration and necrosis and vacuolation
02 of the neuropil in birds found death.
Pekin white ducks Mild perivascular lymphoplasmacytic cuffs
(A platyrhynchos VDL g around a few localized cerebral vessels and Ependymal cells [410]
domestica) L-1/01 (H5N1) - - L
associated small foci of gliosis.
(2 wks)
Pokinwitoducks  ADuGKVieman1z  Necoes 0SS SO Newton. g e (et
(A platyrhynchos -~ (H5N1) matter of the cerebrum. Rarely multifocal Viral RNA in nervous cells of the [169]
domestica) Experimental - - . -
lymphohistiocytic perivascular cuffing. No submucosal plexus of the
(2 wks) . : -
lesions in cerebellum and brain stem duodenum
A/Muscovy
. . duck/Vietnam/453/
Pekin white ducks 04 (H5N1) Mononuclear cell cuffs, gliosis, oedema of Neurons and neuropil
(A. platyrhynchos ) - )
d . A/Duck/Indramayu/ the neuropil, neural degeneration. Ependymal cells (Indonesian [234]
omestica) .
(5 wks) BBVW/109/06 strain)
(H5N1)
Experimental
Tufted ducks Alturkey/Turkey/1/ Rzﬂ:‘;ﬂz’ g:glsﬁgﬁit(grcaéﬂl_’
(Aythya fuligula) 05 (H5N1) Severe multifocal encephalitis, :
. - - (submucosal and myenteric [411]
(8-11 ms) Experimental ganglioneuritis : }
plexuses, mesenteric ganglia of
the small intestine)
- Neurons, macrophages, glial cells.
Tufted 'ducks P WIS N Non-supurative encephalitis or Ganglion cell of peripheral nerves.
(A. fuligula) Natural cases ] - : [412]
meningoencephalitis Submucosal Meissner and
myenteric plexuses
Non-suppurative encephalitis and neuronal Neurons, glial cells (cerebrum,
Alwhooper necrosis. Choroiditis, meningitis, gliosis, cerebellum, brain stem). Neurons
Wood ducks swan/Mongolia/24 vacuolar degeneration (associated or not of submucosal and myenteric [413]
(Aix sponsa) 4/05 (H5N1) with lymphoplasmacytic infiltrate). Neuritis plexuses. Sporadic in the
and necrosis of myenteric plexus of small meninges and epithelial cells of
intestine choroid plexus
Alws/Mongolia/244 Severe multifocal to diffuse neuronal Neurons, glial cells, ependymal
Wood ducks /05 and A/Duck necrosis in the cerebrum and less cells, endothelial cells, gitter cells
(Aix sponsa) Meat/Anyang/01 commonly, in the cerebellum. Survival and parasympathetic ganglia in the  [133]
(10-16 wks) (H5N1) birds: Lymphoplasmacytic perivascular submucosal and muscular
encephalitis plexuses of the small intestine
White-faced
Whistling duck H5N1 HPAI virus . . - s "
(Dendrocygna N it Non-supurative meningo-encephalitis Brain tissue positive [145]
viduata)
Ruddy shelduck . . . . Neurons, glial cells, neuropil,
(Tadorna Alchicken/South Non-supurative menln_go—encephalltls_ and ependymal cells, cerebellar
. Korea/IS/06 neuronal degeneration and necrosis. L
ferruginea) (H5N1) Lymphocytic meninaitis. Lymphocytic Purkinje cells and granular layer. [414]
(7-12 wks) . ymphocyt gitis. Lymphocyt Infrequent in ganglion cells in the
Experimental perivascular cuffs, gliosis, oedema. .
myeteric plexus
Mandarin ducks Alchicken/South Non-suppurative encephalitis and neuronal ’ h
(Aix galericulata) Korea/IS/06 degeneration and necrosis. Lymphocytic Neurons, glial cell_s, nguropll,
AN : : ependymal cells, epithelium of the [414]
(7-12 wks) (H5N1) meningitis. Lymphocytic perivascular cuffs, choroid plexus
Experimental gliosis, oedema. P )
A/Bar headed Hemorrhagic meningitis and perivascular
Duck goose/Qinghai /05 cuffing with infiltration of lymphocytes and Neurons [415]

Experimental

foci of gliosis
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Mute swan A whooper Swar Multifocal to coalescing necrosis with mild Neurons, astrocytes, and other
(Cygnus color) (HipngpieZ IS to moderate heterophilic inflammation arenchymal cells of the brain [416]
(5-6 wks) (H5N) P : P v
A/Cygnus cygnus Neurons, glial cells, ependymal
(CMU:E:‘::I:I’(‘N) /Germany/R65/06 cells in brain, spinal cord, and
Y9 (H5N1) - peripheral nerves innervating the [417]
(1-4 yrs) ;
Experimental adrenal glands, the ovary, or area
located adjacent to the cecal tonsil.
Mute swan Lymphocytic meningoencephalitis or
(Cygnus color) meningo-encephalomyelitis: focal gliosis, [148]
neuronal necrosi, neuronophagia.
Neurons, glial cells, neuropil,
Alchicken/South ; ™ Endothelium, epithelium of the
Mute swan Korea/IS/06 Non—supurgtlve encephahps and neuron_al choroid plexus, cerebellar Purkinje
(Cygnus color) (H5N1) degeneration and necrosis. Lymphocytic cells and aranular laver. Infrequent [414]
(7-12 wks) L perivascular cuffs, gliosis, edema - g Yer. q
Experimental in neurons of submucosal and
myenteric plexuses.
Lymphoplasmacytic encephalitis in the Neurons, glial cells (brain),
Mute swans HPAI virus H5N1 cerebrum and severe necrosis and loss of Purkinje cells and cells of the
(Cygnus cygnus) Nl Gaees Purkinje cells in the cerebellum. Oedema, granular layer (cerebellum). [147]
(Adult) lymphoplasmacytic cuffs. Neuronal Ependymal cells lining the central
necrosis, neuronophagia, gliosis canal of the spinal cord.
Black swan Alws/Mongolia/244
(C.atratus) /05 (H5N1) Necrosis and inflammation. Endothelial cell predominantly [416]
(5—6 wks) Experimental
Trumpetgr swan Aws/Mangolia/244 Multifocal to coalescing necrosis with mild Neurons, astrocytes, and other
(C.buccinator) /05 (H5N1) S ) p [416]
i to moderate heterophilic inflammation. parenchymal cells of the brain
(5—6 wks) Experimental
Lymphoplasmacytic encephalitis Neurons and glial cells (brain and
Whooper swans (cerebrum). Multiple foci of neuronal brain stem). Purkinje cells and
C gus olor) HPAI virus H5N1 necrosis, neuronophagia, gliosisl. Necrosis cells of the granular layer [147]
y?AduIt) Natural cases and loss of Purkinje cells in the cerebellum. (cerebellum). Ependymal cells
Rarely, spinal cord ependymal cells were lining the central canal of the spinal
hypeeosinophilic and necrotic. cord.
Bar-headed goose swaﬁjvl\m%p?)igjz 4 Moderate perivascular encephalitis and
(Anser indicus) 9 neuronal necrosis and mild perivascular Widespread in the brain [416]
(12 wks) R (5] encephalitis
Experimental )
Cackling goose Alws/Mongolia/244 Multiple foci of necrosis with moderate
(B.hutchinsii) /05 (H5N1) heterophilic to lymphoplasmocytic Neurons [416]
(12 wks) Experimental encephalitis
A/Bar-headed
Bar-headed geese goose/Qinghai/051 :
(Anser indicus) 0/05 (H5N1). Brain + [415]
Experimental
Hawaiian Goose, . . L .
(Branta I&Sal;lulral-lllij]/}\ét\:/tlirgjns Non—supuranve:;ccrigir;ahtls with foci of Brain + [145]
sandvicensis)
Greylag geese Alchicken/South Malacia, neuronal loss, dystrophic
viag g Korea/lS/06 calcification of necrotic neurons, gitter cell, T X
(Anser anser) (H5N1) and Ivmphocvtic perivascular cuffs. focal Neurons, neuropil, glial cells, gitter [414]
(7-12 wks) . ymphocytic perr L cells (cerebrum and midbrain)
Experimental hemorrhage, spongiform degeneration.
Lymphocytic meningitis.
AlchickenVietnam/ el (rain, brain S, Spinal
Canada goose 14/05 (H5N1) Congestion and hemorrhages in the surface cord) Purkin"e cell and n(’eu'r)ons of
(Branta canadensis) A/mallard/British of the brain, spinal cord and ‘ ) : [221]
] : - granular layer, parasympathic
Columbia/373/05 parasympathetic ganglia lia of th b | and
(H5N2) ganglia o tt e_sulmucosa an
myenteric plexuses.
Canada goose Alchicken/Hong Multifocal non-suppurative meningo-
g . Kong/220/97 encephalitis, multiple small foci of necrosis - [221]
(Branta canadensis) . > :
(H5N1) with some gliosis in brain
Herring gulls Alws/Mongolia/244 .
(Larus argentatus) /05 (H5N1) Severe and diffuse neuronal necrosis Neurons, glial cells (cerebrum and [153]
- cerebellum).
(12 wks) Experimental
Black-headed Gull,  HSN1 HPAIvirus  Marked brain congestion, multiple smal foci Brai -
(Larus ridibundus) Natural infection OTNECTosIS and glosIS, Tew perivascuiar rain + [e2g]
lymphoid cuffs
Alws/Mongolia/244
Laughing gulls /05 and A/Duck : " : :
(Larus atricilla) Meat/Anyang/01 Lymphoplaesnmczczt;clzit%envascular Neurger}lss, gellae!ﬁgllrsﬁ;r::detlnltshehal [133]
(10-16 wks) (H5N1) P + Epency!
Experimental
Neuronal degeneration and necrosis
Laughing gulls (cerebrum and cerebellum),
(Passer ; lymphoplasmacytic perivascular .
domesticus) A/w%l\élczﬂ%(')\:lf)/ZM encephalitis, lymphocytic ganglioneuritisin Neuronsng:v((:)tlssar;?e;r)ﬁnpheral [259]
wild capture peripheral nerves innervating heart and Y
adrenal gland.
Rock pigeons Lymphoplasmacytic encephalitis or
(Columbia livia) LT e menir): oF:ancr:e halitisy;nd mar‘lied neuronal Neurons [259]
Wild capture /05 (H5N1) 9 P

necrosis
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Necrosis of neurons and neuropil in the

. Neurons, glial cell (brain), [146,
. brain, and neurons of the autonomous .
Pigeons ] " - autonomic nervous system, and 418]
nervous system, ganglioneuritis. Malacia,
. . ependymal cells.
perivascular cuffing of mononuclear cells.
American . . e
crows (Corvus Alcrow/Thailand/1 Nonsuppurative encephalltls with neuron [419]
C/2005 (H5N1) necrosis
brachyrhychos)
] . - ) Neurons, Purkinje cells,
Magpies HPAI virus H5N1 LyTg:igCﬁ'gn::;r::2%‘;?”2??21'{'}55;“&:;23’ ependymal cells of the [420]
(Pica pica sericea) Natural cases 9 ’ P ’ telencephalon, medulla oblongata
and pons)
Neurons, glial cell (brain),
Neuronal degeneration, necrosis and ependymal cells, epithelium of the
Korean wild Alchicken/ vacuolation of the neuropil (cerebrum, choroid plexus, cerebellar Purkinje
magpies (Pica pica Korea/ES/03 cerebellum and medulla), cells neurons molecular layer, [421]
sericea) (H5N1) lymphoplasmacytic perivascular cuffs, Infrequently in parasympathetic
Wild capture Experimenal oedema, gliosis (cerebrum and cerebellum) ganglia within the submucosal and
myenteric plexus (small and large
intestine).
Budgerigars A/Hong Pe"\gsni::ﬁirned\i?;?;g? gﬁcrr;);sr:ismo;lcells Neurons, glial cells, ependymal
(Melopsittacus Kong/156/1997 aining ntigen, - cells, epithelium of the choroid [135]
heterophilic inflammation was observed in
undulatus). (H5N1) - plexus
the stroma of the choroid plexus
Zebra finches . . . . Neurons, ependymal cells,
(Taeniopygia Alchicken/Hong M_lnlmal to mild _perlvascular ed_ema and epithelial cells of the choroid
Kong/220/97 infrequent foci of a few necrotic cells ) - [422]
guttata) (H5N1) plexus, glia, and endothelial cells.
(young adult) Neurons of peripheral ganglia
':g:?eofénait? Alchicken/Hong Neurons, glial cells, and
P Kong/220/97 Foci of necrosis ependymal cells, peripheral [422]
mexicanus) (H5N1) andlia
(wild-captured) gang
House finches AlHong
(C_arpodacus_ Kong/156/1997 Severe neurologlcal disease pemg the nr [135]
mexicanus) (Wild- result of viral neurotropism
(H5N1)
captured adult)
Emus (Dramaius Alchicken/Hong [221]
novaehollandia) Kong/220/97 Meningo-encephalitis nr [135]
(2-week-old) (H5N1)
Gadwall (A. Alturkey/Turkey
strepera) /1/05 (H5N1) Mild encephalitis Rarely in neurons [411]
(8-11 ms) Experimental
Little Egret (F), H5N1 HPAI virus ) )
(Egretta garzetta) Natural infection Severe brain congestion 55
Rosybill Pochard, H5N1 HPAI virus Congestion and multifocal non-suppurative :
. - ] " Brain + [145]
(Netta peposaca) Natural infection meningo-encephalitis
E;‘;\;fg"; ‘f):r(i: : Z)r d Alturkey/Turkey
/1/05 (H5N1) Multifocal encephalitis Neurons, glial cells [411]
(8-11 ms) )
Experimental
Coscoroba Swan, H5N1 HPAI virus Congestion and multifocal non-suppurative
(Coscoroba Natural infection o encephalitis ’P Brain + (221]
coscoroba) P
Chestnut-breasted . Lo . .
H5N1 HPAI virus Congested brain with multiple small foci of .
Teal (Anas Natural infection necrosis Brain + (221]
castanea)
Greater Flamingo .
(Phoenicopterus L I-IIP/?I VLTS Non-suppurative meningo-encephalitis; Brain + [221]
ruber) Natural infection
Neurons, glial cells (cerebrum,
Alcrow/Kyoto/53/ Neuronal degeneration, necrosis of neurons cerebellum, brain stem, spinal
Large-billed crows 04 (H5N1) and glial cells (cerebrum, cerebellum, brain cord), ependymal cells. Neurons in
orvus crow/Osal stem, and spinal cord). Fibrin deposition in interlobular connective tissue o
(C Al /Osaka/53/ d spinal cord). Fibrin d ition i interlobul ive ti f 419
macrorhynchos) 04 (H5N1) blood vessels, mild macrophages infiltration pancreas, ganglion cells of the
Natural infection in meninges. pericardium, lung adrenal gland.
peripheral ganglia.
Neurons (cerebrum), glial cells of
granular (cerebellum), brain stem,
Witostors | HSNLHPA vus Newonateoeneraton and eross, s co) sperdmacels.
(Ciconia ciconia) Natural infection pong S Y ytop
reaction. degenerate ganglion cells of the
submucous and myenteric
plexuses.
Neurons, glial cells, ependymal
Blackcaps A/Cygnus Neuronal necrosis. neuronophagia. neuropil cells, endothelial cells, neurons of
(Sylvia atricapilla) cygnus/Germany/R vac’ulozationp gia, P peripheral nervous system [154]
(wild-captured) 65/06 (H5N1) ’ (intestinal tract, adrenal gland,
nervus trigeminus).
Red-billed queleas AL Neuronal necrosis, neuronophagia, neuropil Neurons, glial cells, ependymal
(Quelea queleas) cygnus/Germany/R ’ phagia, P 9 » Epenady [154]

(wild-captured)

65/06 (H5N1)

vaculozation

cells, endothelial cells
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