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Introduction

1 Introduction

Avian influenza viruses (AlV) are members of the Influenza A genus in the family
Orthomyxoviridae. They are enveloped pleomorphic viruses with a segmented genome
composed of eight segments which encode for at least ten viral proteins. The surface
glycoproteins hemagglutinin (HA) and neuraminidase (NA), vary antigenically into 16 HA and
9 NA subtypes. Each AlV carries one HA and one NA with 144 possible combinations. Wild
aquatic birds, particularly waterfowls, serve as natural reservoir for all AlV subtypes.
Transmission of AlIV from wild to domestic birds is a continuing threat particularly to farmed
poultry as well as zoo and feral birds worldwide. Whereas all AlV subtypes are low pathogenic
(LP) in birds causing no or mild clinical signs, some viruses of H5 and H7 subtypes can become
highly pathogenic (HP) after circulation in gallinaceous birds (e.g. chickens and turkeys)
causing up to 100% mortality within a few days. Mutations in the HA, particularly in the HA
cleavage site (CS), are major virulence determinants of high pathogenic AlV (HPAIV), although
mutations in other gene segments can modulate replication, virulence and bird-to-bird

transmission.

H7N7 is the most abundant H7 subtype and is circulating in wild birds in Europe. The isolation
of low pathogenic AlV (LPAIV) H7N7 from domesticated poultry has been frequently reported.
Some LPAIV H7N7 shifted to HPAIV H7N7 causing significant economic losses due to high
mortality or culling of infected birds. In 2015, layer chickens in two farms in Emsland, in the
North West of Germany, became infected with H7N7. An LPAIV was detected in birds in the
first farm, while both LP and HPAIV were isolated in chickens in the second farm. The LPAIV
was the putative precursor of the HPAIV H7N7. Such a natural pair of viruses is very important

for understanding the genetic determinants for the evolution of HPAIV from LPAIV.

In this dissertation the impact of the hemagglutinin cleavage site (HACS) (chapter 2) on
virulence of the current German H7N7 isolates was determined in chickens, turkeys and ducks.
Furthermore, the virulence of historic and recent H7 viruses in Pekin and Muscovy ducks was
assessed (chapter 3). These findings increase our understanding of the evolution and
pathogenesis of HPAIV H7 in different bird species, which is essential for risk assessment and
control of AIV H7N7.
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2 Review of literature
2. 1 Avian influenza virus

2.1.1 Virus taxonomy and structure

AlV belong to the family Orthomyxoviridae. The members of this family are enveloped viruses
with a single-stranded, negative-sense, segmented ribonucleic acid (RNA) genome of six to
eight gene segments. To date, this family includes seven genera: Influenza A, B, C, D,
Thogotovirus, Quaranjavirus and Infectious Salmon Anemia (Isavirus) virus (Viruses and ICTV,
2018). AlVs belong to the genus Influenza A virus which are pleiomorphic in shape but mostly
spherical (Samji, 2009). They can be allocated into different genetic lineages like the North
American, the Australian and the Eurasian lineages. The two major surface glycoproteins HA
and NA are differentiated by serological tests like hemagglutination and NA inhibition into 16
HA and 9 NA subtypes. Each AlV carries one HA and one NA subtype with 144 potential HxNx
combinations. Also, phylogenetic and sequence tools are useful for the differentiation of AlV
subtypes (Fouchier et al., 2005). HAs can be divided into two different phylogroups: group 1
contains H1, H2, H5, H6, H8, H9, H11, H12, H13 and H16, and group 2 includes H3, H4, H7,
H10, H14 and H15. Likewise, the NA is differentiated into group 1 including N1, N4, N5 and
N8, and group 2 with N2, N3, N6, N7 and N9 (Gamblin and Skehel, 2010). Furthermore,
different HA clades and subclades can be distinguished based on the genetic variations within
each subtype (Mostafa et al., 2016; Stucker et al., 2015). The nomenclature of influenza virus
has been recommended by the World Health Organization (WHO) (WHO, 1980) in the first
influenza meeting in early 1980s. Therefore, the name should contain the influenza type, host
where the virus was isolated from (except for human isolates), geographical origin, strain
number, year of isolation and subtype, as avian isolate A/chicken/Germany/AR915/2015
(H7N7) or human isolate A/Puerto Rico/1/1934 (H1N1).

AlVs contain eight gene segments (segments 1 to 8) of together about 13,500 nucleotides,
coding for at least ten viral proteins (Fig. 1) (Bouvier and Palese, 2008; Ghedin et al., 2005).
The three largest segments 1, 2 and 3 encode for the polymerase basic 2 (PB2), polymerase
basic 1 (PB1) and polymerase acidic (PA), respectively, which are components of the viral
polymerase. Together with the nucleoprotein (NP), encoded by the 5" segment and the viral
RNA, the polymerase proteins form the viral ribonucleoprotein complex (RNP). The RNP is
connected to the envelope of the virus derived from the host cell membrane via the Matrix
protein 1 (M1), which is located beneath the envelope and is one of the two proteins encoded
by the 7™ segment (Bouvier and Palese, 2008). The second protein encoded by this segment
is the Matrix protein M2 embedded in the virus envelope with a short ectodomain. It acts as an
ion-channel, which plays an important role in uncoating of the virus genome into the host cells.

Segment eight is the smallest gene segment. It is also dicistronic and encodes for the non-
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structural protein (NS) 1, which interferes with the host innate immune response, and the
nuclear export protein NEP (or NS2), which is essential for the transport of newly formed viral
genome segments from the nucleus to the cytoplasm followed by budding of the progeny
virions (Selman et al., 2012). The HA (encoded by the 4" segment) mediates virus entry into
the host cell and fusion with the host cell membrane. The NA (encoded by the 6" segment)
enables virus release from the infected cells. On most viruses a ratio of 4:1 of HA to NA can
be found (Webster et al., 1968). Since 2001 further viral proteins have been identified in
influenza A viruses like PB2-S1 (Yamayoshi et al., 2016), PB1-N40 (Wise et al., 2009), PA-
N155, PA-N182 (Muramoto et al., 2013), M42 (Wise et al., 2012) and NS3 (Selman et al.,
2012) which are non-essential. Nevertheless, PB1-F2 and PA-X are proteins which are also
expressed by the second and the third segment, respectively and play a role in apoptosis and

immune response for example (Chen et al., 2001; Jagger et al., 2012).

Lipid bilayer Neuraminidase I

— Hemagglutinin t

cfrem=~ Ribonucleoprotein

<8 Polymerase —— Matrix protein 2 [J

Nucleoprotei
Matrix protein 1 ®

=~ Viral RNA

Figure 1: Structure of an influenza virion. The virion has an envelope formed by a double
lipid bilayer membrane derived from the host cell. HA, NA and M2 are embedded in the viral
envelope by transmembrane domains. The eight genome segments are stabilized by the
nucleoprotein and carry the viral polymerase complex forming the RNPs. The M1 lays under
the membrane and interacts with the RNPs. Modified from Racaniello (2009)

2.1.2 Virus replication

Unlike other RNA viruses, the replication of AlV takes place inside the nucleus of infected cells.
To start the replication cycle, the virus attaches to the host cell receptor via the HA (Figure 2).
The affinity of HA to different sialic acid (SA) moieties predetermines host specificity. Avian
species like waterfowl express a-2,3-SA receptors in the respiratory and the intestinal tracts,

while human tissues for example express mostly a-2,6-SA receptors in the upper respiratory
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tract and less frequently a-2,3-SA receptors in the lungs (Byrd-Leotis et al., 2017; Connor et
al., 1994; de Graaf and Fouchier, 2014; Webster et al., 1992). These SAs are nitrogen (N) or
Oxygen (O) substituted derivatives of neuraminic acid and widely expressed on the surfaces
of all cells in all animals (and some bacteria infecting animals) (Varki, 2008). These
biomolecules play important roles in the host metabolism as they regulate fluid and ion uptake
into the cell. They are also important for the host immune response and brain evolution (Du et
al., 2009). Once the virus has attached to the SA, it enters into the cell, mostly via clathrin-
mediated endocytosis or macropinocytosis (De Conto et al., 2011; Rust et al., 2004). This first
step of virus uptake is called internalization and takes only a few minutes. Subsequently the
virus is transported via early endosomes (EE) to the perinuclear region of the cell (Lakadamyali
et al., 2003). Mediated by an adenosine triphosphate (ATP) dependent proton pump the EE is
acidified (from pH 6.0 to 4.8) and turns into a late endosome (LE). In this phase the ion-channel
M2 plays an important role (Wharton et al., 1994). By proton transport from the endosome into
the virion, conformational changes in the HA and the M1 proteins are induced. Lowering the
pH leads to the fusion of the viral envelope with the endosomal membrane which is mediated
by the HA stem bringing both membranes, viral and endosomal, in close proximity (Bullough
et al., 1994; Chen et al., 1999) resulting in formation of a fusion pore (Tatulian et al., 1995). To
release the viral RNPs, M1 has to detach from the viral membrane and subsequently the NP
dissociates from M1 and the RNP complex is released into the cytosol (Bui et al., 1996;
Fontana et al., 2012), a step known as uncoating in which several viral and host factors are

involved and interact (Banerjee et al., 2014).

The viral RNA is stabilized by the NP via positively charged amino acids (AA) and carries the
viral polymerase which is arranged in the following order: amino group (NH2)-PA-PB1-PB2-
carboxyl group (COOH). Interaction between the polymerase complex and the NP has been
described (Eisfeld et al., 2015; Pflug et al., 2017; Stevaert and Naesens, 2016). The transport
into the nucleus is mediated by nuclear localization signals located in the NP and cellular
transport proteins like importin-a. Once the viral genome, wrapped by the NP, has been
imported into the nucleus, two distinct steps start in parallel. The negative-sense viral RNA
(VRNA) is transcribed into positive-sense complementary RNA (cRNA) which subsequently
acts as a template for the generation of the vVRNA segments of the progeny virions (Engelhardt
et al., 2005; Lukarska et al., 2017). The new RNA is stabilized by binding with the NP. In
parallel, transcription of the vRNA into messenger RNA (mRNA) takes place. Both steps are
mediated by the viral polymerase. PB2 mediates the cap-snatching, “stealing” of primers from
cell mMRNAs to enable translation by the host machinery (Dias et al., 2009). PA acts as an
endonuclease and PB1 is the actual polymerase elongating the RNA. Conserved 5" ends of

the influenza segments composed of several uracil nucleotides result, after transcription, in a
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poly-Adenylate-tail within the mRNA. The viral NEP and NP are involved in the transport of the
new RNPs to the endoplasmic reticulum (ER) (Eisfeld et al., 2015).

In the ER the viral proteins are modified. Since all proteins are built as monomers first they
have to be arranged as di-, tri- or tetramers depending on their function. The connection is
enabled by intrasubunit disulfide bonds between certain cysteine residues. HA forms a
homotrimer (Kemble et al., 1992), NA (Air, 2012) and M2 (Holsinger and Lamb, 1991) form
homotetramers, NS1 is a homodimer (Marc, 2014) and NP forms trimers or even larger
oligomers (Ng et al., 2008). Moreover, glycosylation of the surface proteins HA and NA is
important for their function. Number and distribution of glycosylation sites in the HA and NA
are strain dependent (Hutchinson et al., 2012). Further modifications include phosphorylation
of all AlV structural proteins, in addition to the NS1 (Hutchinson et al., 2010) and palmitoylation

which so far has only been reported for HA and M2 (Naeve and Williams, 1990).

Budding of the virus takes place in close vicinity to the plasma membrane in a so called
“‘budozone”. The three membrane embedded proteins HA, NA and M2 carry apical sorting
signals which guide them to the plasma membrane (Schmitt and Lamb, 2005). Virus assembly
requires M1 protein interaction with the cytoplasmic tails of HA, NA and M2 and with the RNP-
NEP complex (Noton et al., 2007; Schmitt and Lamb, 2005). Each RNA segment carries
specific packaging signals, located at both ends of the viral RNA. They are essential for
packaging of all eight gene segments into the virion (Fuijii et al., 2003). Mutations in the
packaging signals lead to false packaging. The eight segments are organized in a 1+7-
arrangement, where one segment is located in the center and is surrounded by the other seven
segments (Eisfeld et al., 2015; Fournier et al., 2012). The HA of the newly formed virions is
attached to the sialic acid moieties on the cell membrane. Therefore, NA is necessary to
remove sialic acid bonds and release the progeny viruses preventing aggregation of virions on
the cell surface (Colman, 1994). Like the HA, the NA prefers particular SA receptors (Calder
et al., 2010). Thus, the HA-NA balance plays an important role for virus replication in the host
cells (Wagner et al., 2002).




Review of literature

—
s
5
2
@
o
5
-
<

® )
5
2
£
»
—t
*

»
A

*- P
pH+ X & ;
3. Uncoating / p < >’ . 2. Endocytosis
~3

vRNA

I’/Of
2
3{\.

?

4 /;),
S

p*
>

Yo
S
(e,
v

% III||||| £

®
&

*
i -

g

— /
b | — HAM2 W
E’_\ - NAT
v / 55
= a 7.Assembly, O
& )
— R
4. Transcription Golgi
gi i
RNA replication 8@; Budding
ER ) BT
6.Posttranlational —— Ca
.pe . I = 4
TTTTTTAAA EE; Niclons modification _—
mRNA A A
PA M1 s — £
NP 2 o *
NEP " o gl
5. Translation ® . [ ) x + * 9. Virus release
B
. ~ .. ,ip\ —— /ai\
. - &y ) ‘— Lv
Viral proteins [E—
L [—— I =Y
\/
p == \:,

Figure 2: Influenza A virus replication cycle. (modified from Arias et al. (2009)) After
attachment of the HA to the host cell sialic-acid receptors, virus entry (1) is mediated by
endocytosis (2). A decrease of the endosomal pH activates fusion of the viral and endosomal
membrane which leads to release of the viral genome or uncoating (3). After the transcription
into mMRNA (4) and viral RNA replication (5) newly translated proteins (6) are modified in the
endoplasmic reticulum and Golgi apparatus (7). The assembly of viral RNA and the mature
proteins takes place at the plasma membrane (8), followed by virus budding (9). Finally, NA
catalyzes the dissociation between HA and sialic-acids and leads to virus release (10).

2.1.3 Proteolytic activation

Virus replication is dependent on activation by host proteases. The HA protein, which enables
attachment and fusion with the endosomal membrane and thus RNP release, is generated as
a fusion-inactive molecule HAO (Steinhauer, 1999). Depending on the structure of the HACS
different host proteases can cleave HAO into HA1 and HA2 and predetermine host and tissue
tropism of the virus (Klenk and Garten, 1994). LPAIV exhibit a monobasic HACS motif
arginine/glycine leucine phenylalanine (R/GLF) recognized by trypsin-like proteases (Klenk
and Garten, 1994). These proteases are known to be restricted to the respiratory and the
intestinal tracts. All HA subtypes carrying a monobasic CS cause local infections (Bosch et al.,
1981). Conversely, HPAIV H5 and H7 can contain a polybasic HACS motif like R-X-lysine
(K)/R-R/GLF (X is a random residue), which is activated by ubiquitous subtilisin-like proteases

(Steinhauer, 1999; Stieneke-Grober et al., 1992). Since these proteases occur in many cells
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and organs, HPAIV cause systemic infections, multiorgan dysfunction and up to 100%
mortality. While LPAIV are activated by exogenous proteases, HPAIV are activated by
exogenous and endogenous furin-like proteases located at the plasma membrane or in the ER
(Stieneke-Grober et al., 1992).

2.1.4 Virus evolution

Evolution of AlV in nature occurs through three genetic mechanisms: antigenic drift, antigenic
shift and recombination. Antigenic drift is the gradual accumulation of point mutations in
different proteins. These mutations are frequently acquired due to the error-prone nature of the
viral RNA-dependent RNA-polymerase (Shao et al., 2017). Spontaneous mutations introduced
by the viral polymerase and the absence of exonuclease activity lead to a very high mutation
rate (Ahlquist, 2002; Chen and Holmes, 2006). Since HA and NA are the main immunogenic
proteins, mutations which change the epitopes of these proteins can lead to immune escape.
HA has five epitopes (A-E) where changes in the two major epitopes, epitope A and epitope
B, have the highest impact on immune escape. This plays an important role for vaccination
efficiencies (Gamblin et al., 2004). The NA protein contains three immunogenic epitopes (A, B
and C). However, mutations leading to immune escape are less frequent than in the HA
(Munoz and Deem, 2005). Furthermore, single mutations in the HA receptor binding site can
influence host specificity by the variation of sialic-acid binding affinity (Gabriel et al., 2005).
Mutations in the polymerase complex can also lead to a shift from avian to mammalian species
by increasing replication in the new host (Dortmans et al., 2013). Mutation also plays an
important role in the acquisition of a polybasic cleavage site by HPAIV, mostly through a
spontaneous duplication of a purine-triplet as the most common way for amino acid insertions.
Nevertheless, it could also be shown that insertions can occur without nucleotide repetition
(Perdue et al., 2003).

The second mechanism is called genetic shift which means the exchange of whole gene
segments during infection of a host cell with different parental viruses (Reid and Taubenberger,
2003). These viruses can be highly fatal in naive human and poultry populations without prior
exposure to the new reassortant virus. The influenza pandemics in 1918/1919 and 2009 for
example were caused by human influenza viruses carrying gene segments from avian and/or
porcine influenza viruses. The latter species plays an important role as a mixing vessel
because it expresses the avian-type and mammalian-type of SA receptors (Morens and
Taubenberger, 2011; Morens et al., 2010).

The third mechanism leading to new virus variants is recombination. Parts of influenza virus
gene segments or even RNA fragments from the host are exchanged with parts of other gene
segments (Chare et al., 2003). In H7N3 viruses isolated in Canada (2004) and Chile (2002)

8
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this mechanism led to unusual polybasic cleavage sites by recombination with the M and the

NP gene, respectively (Pasick et al., 2005; Suarez et al., 2004).

2.2 Pathogenicity of AlV in different host species

2.2.1 Domestic Poultry

While all bird species can be affected by AIV (Alexander, 2000), gallinaceous birds like
chickens and turkeys are known to be especially susceptible to AlV infections. Generally,
LPAIV cause asymptomatic or mild infection, which is exacerbated by concurrent viral or
bacterial infections. Infection of the upper respiratory tract with LPAIV is associated mainly with
rhinitis, sinusitis, swollen infraorbital sinuses and nasal discharge, particularly in turkeys
(Pantin-Jackwood and Swayne, 2009). Furthermore, nephrosis or nephritis is common in layer
chickens, while pancreatitis has been reported in turkeys (Pantin-Jackwood and Swayne,
2009). Turkeys can be easily infected experimentally with low virus doses (Pillai et al., 2010).
Also, field outbreaks like the H7N1 epidemic from 1999-2000 in ltaly revealed a high
susceptibility of turkeys with age-dependent mortality ranging from 5 to 97%. After infection
with LPAIV, mortality in young turkeys (up to 40 weeks) is higher than in older birds.
Postmortem examination demonstrated severe pathological findings like hemorrhages in the
pancreas or fibrinous casts in sinuses and trachea leading to death by asphyxia. Breeder
turkeys showed decreased egg production and weight loss, while breeder chicken and broilers
exhibited only mild clinical signs, if any (Capua et al., 2000a). HPAIV infections are usually
severe in both, chickens and turkeys (Alexander et al., 1986; Carnaccini et al., 2019; Jeong et
al., 2009). Clinical signs like hemorrhages on the legs, cyanosis and necrosis of wattles and/or
combs are very prominent in chickens (Figure 3). Also central nervous disorders can be
observed in more slowly replicating viruses in chickens but seem to be more common in
turkeys (Figure 3) (Pantin-Jackwood et al., 2017b). Interestingly, a chicken-origin virus was
more virulent in chickens and a turkey-origin virus showed higher virulence in turkeys which
indicates variations in the susceptibility of chickens and turkeys to some HPAIV (Alexander et
al., 1986; Pantin-Jackwood and Swayne, 2009).

Waterfowl is less affected by AlV than chickens and turkeys. Susceptibility of domestic ducks
to HS viruses has been extensively studied. Several factors modulated clinical signs and
mortality in ducks including species, age and inoculation route (Pantin-Jackwood et al., 2013;
Pantin-Jackwood et al., 2012). The commonly used breeds for experimental infections are
Muscovy, Pekin and Mallard ducks. Infection with LPAIV causes no clinical signs in ducks and
spread is very limited (Franca et al., 2012; Jourdain et al., 2010). Pantin-Jackwood et al. (2013)
reported higher susceptibility of Muscovy ducks to HP H5N1 infections compared to other duck

species. They further showed that all tested duck species including Pekin and Mallard can be
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infected via intranasal, intraocular and intracloacal inoculation routes (Pantin-Jackwood et al.,
2013). Other studies showed differences in virulence in Pekin ducks after intramuscular or
intranasal inoculation (Grund et al., 2018). Interestingly, age-dependent susceptibility is highly
prominent in ducks. The infection with HPAIV H5N1 resulted in more severe clinical signs in
ducklings up to two-weeks-old compared to ducks older than four weeks (Pantin-Jackwood
and Swayne, 2007) which was associated with a difference in the immune response (Pantin-
Jackwood et al., 2012; Wei et al., 2013). Viral RNA sensing in host cells and subsequent
interferon response is mediated by several pathways including the retinoic acid inducible gene
I (RIG-I) (Pichlmair et al., 2006; Schlee et al., 2009; Yoneyama et al., 2004). The resistance of
ducks to AlV infection is associated with upregulation of RIG-I. It is worth mentioning that
chickens and turkeys lack this gene (Barber et al., 2010; Magor et al., 2013). Nevertheless,
although rarely, some HPAIV H5 caused clinical signs including nervous signs (e.g. torticollis
and opisthotonus) and mortality (Ellis et al., 2004; Grund et al., 2018; Kishida et al., 2005; Lee
et al., 2005).

Figure 3: Clinical signs after HPAIV infection. Chicken showing cyanosis and necrosis of
the comb and the wattles (a), turkey with nervous signs like seizures and spasms (b) and duck
with torticollis (c). (Foto: Reiner Ulrich, Abteilung fur Tierhaltung und Biosicherheit, David
Scheibner, Friedrich-Loeffler Institut)

2.2.2 Wild birds

Wild birds are the reservoir of AlVs, where the evolution of AIV is thought to be in an
equilibrium. Aquatic birds like Anseriformes (e.g. ducks and geese) and Charadriiformes (e.qg.
gulls or shorebirds) are the most important reservoir for AlV (Alexander, 2000; Kawaoka et al.,
1988; Slemons et al., 1974). Efficient replication in epithelial cells of the gastrointestinal tract
lead to virus shedding in the feaces at high titers for long periods (Hinshaw et al., 1980;
Webster et al., 1978). Thus, the feacal-oral route is very common for transmission in wild
aquatic birds (Abdelwhab el et al., 2016; Alexander, 2007; Hinshaw et al., 1979). Transmission
of AIV from wild birds to poultry has been frequently reported via direct contact in poultry

premises or live bird markets or by the consumption of contaminated water or feed (Alexander,
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2007; Kung et al., 2003; Sims et al., 2016; Suarez et al., 1999). Wild ducks excrete a high
concentration of the virus mainly via the cloaca, estimated to be around 4.58x10® mean egg
infection doses per gram (Webster et al., 1978). Although AlV induced no clinical signs in wild
birds, in few occasions, high mortality was observed in wild birds caused by HPAIV H5Nx
viruses. The first HPAIV outbreak in wild birds was an HPAIV H5N3 in common terns in South
Africa in 1961 (Becker, 1966). Since 2002 frequent cases of H5N1 infections have been
reported leading to mortality in ducks (Ellis et al., 2004). In 2016, HPAIV H5N8 caused nervous
signs and mortality in Pekin ducks (Grund et al., 2018).

2.2.3 Mammals

AlV infect a wide range of mammals including humans. Pigs are known to be a mixing vessel
for influenza viruses since they express both avian-type and mammalian-type receptors
resulting in devastating pandemics in 2009 and presumably in 1918/1919 (Morens and
Taubenberger, 2011; Morens et al., 2010). Recent infection of horses is mostly limited to H3N8
viruses (Guo et al., 1992; Guo et al., 1995). LPAIV and HPAIV were isolated from cats, dogs,
mink, stone martins, leopards and tigers (Englund et al., 1986; Klingeborn et al., 1985; Kuiken
et al., 2004; Parrish and Voorhees, 2019; Thanawongnuwech et al., 2005; Xue et al., 2018).
Furthermore, AlV was isolated from marine mammals (e.g. seals and whales) which had been
infected sometimes with fatal consequences (Callan et al., 1995; Hinshaw et al., 1986;
Hinshaw et al., 1984; Nielsen et al., 2001). Morbidity and mortality were reported in seals
infected with LPAIV H3N8 in 2011 (Anthony et al., 2012; Karlsson et al., 2014) and H10N7 in
2014 (Bodewes et al., 2016). In addition, mice, ferrets and guinea pigs are susceptible to AlV
and are usually used to study the zoonotic potential of AlV (Nagy et al., 2017; Sutton, 2018;
Sutton et al., 2014).

2.2.4 Humans

Several avian influenza viruses, including H7 subtypes, have high zoonotic potential (Mostafa
et al., 2018). First detections of avian influenza viruses in humans were reported in 1959 in the
USA followed by cases in Australia in 1977 and again USA in 1978-1979 which were all caused
by H7N7 (DelLay et al., 1967; Kalthoff et al., 2010; Webster et al., 1992; Webster et al., 1981).
In 2003, an epidemic of H7N7 in poultry in the Netherlands led to 89 human infections.
Although most of them were self-limiting or caused mild conjunctivitis, one veterinarian died
from the infection (Belser et al., 2009a; Koopmans et al., 2004; van Kolfschooten, 2003). In
addition, HPAIV H7N7 was diagnosed in three poultry workers in Italy in 2013 (Puzelli et al.,
2014). Moreover, several countries reported infections of poultry workers or occupational
groups by different H7N2 in the United Kingdom (UK) and the Unites States of America (USA)
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or H7N3 in Canada, Italy, Mexico and the UK (Nguyen-Van-Tam et al., 2006; Ostrowsky et al.,
2012; Skowronski et al., 2006; Tweed et al., 2004). H7 antibodies were detected in poultry
workers or occupational groups for example in Italy (Puzelli et al., 2005). More recently an
H7N4 affected a 68 year-old woman (Tong et al., 2018). From 2013 to date, H7N9 led to about
1568 confirmed human cases with a fatality rate of 39% in Asia marking the largest human
infections by bird-origin viruses (FAO, 2019b; Lam et al., 2013).

2.3 Genetic determinants for virulence in and adaptation of AlV to poultry
2.3.1 Virulence determinants in chickens

2.3.1.1 Hemagglutinin: HA cleavage site, its vicinity and head domain

HA is a class 1 transmembrane glycoprotein. It is the most abundant viral surface protein and
plays an important role in virulence, immunogenicity and host adaptation of AlV. The HAOQ, the
fusion-inactive precursor, is a trimeric protein which is unable to mediate a membrane fusion
with the host membrane to start the viral replication cycle. HA has to become activated by host
proteases by cleavage into HA1 and HA2 subunits at the arginine and glycine bond (R-X-K/R-
R/G in case of HPAIV or R/G in case of LPAIV) (Stieneke-Grober et al., 1992). The HA has a
globular head domain formed only by HA1, and a stem, which is formed by HA1 and HA2. HA1
mediates attachment to the cell with the receptor binding residues in the globular head domain.
It also carries the five antigenic epitopes A-E. HA2 contains the hydrophobic fusion peptide
which enables fusion of viral and endosomal membranes in early stages of the virus replication
cycle (Durrer et al., 1996). HA2 is anchored with the transmembrane domain in the virus
envelope and carries a cytoplasmic tail at the NHz-terminus (Isin et al., 2002; Laver, 1971;
Wiley and Skehel, 1987). Once HAO is cleaved, the fusion peptide interacts with the endosomal
membrane for release of the viral genome into the host cell (Bullough et al., 1994; Chen et al.,
1999; Durrer et al., 1996).

The transformation of the monobasic HACS of LPAIV to a polybasic HACS usually results in
the evolution of HPAIV H5 and H7 viruses. Several studies have shown that the polybasic
HACS can be sufficient for high virulence of HPAIVs in chickens (Abdelwhab et al., 2016;
Munster et al., 2010; Veits et al., 2012) It is therefore considered the main virulence
determinant in poultry (Bosch et al., 1981; Klenk and Garten, 1994; Stieneke-Grober et al.,
1992). However, some viruses with polybasic HACS are avirulent in chicken (Londt et al.,
2007). Likewise, using reverse genetics insertion of a polybasic HACS to H5 or H7 AlV in
addition to several non-H5/H7 viruses did not result in high virulence in chickens (Bogs et al.,
2010; Stech et al., 2009).
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Mutations in the vicinity of the HACS play an important role in virulence via different
mechanisms. For example, glycosylation sites close to the HACS of the 1983 Pennsylvanian
HPAIV H5N2 sterically hindered the access of proteases to the polybasic CS and limited the
spread to the respiratory and intestinal tracts of chickens resembling LPAIV. Deglycosylation
or increasing the number of basic amino acids in the HACS resulted in trypsin-independent
activation of the virus and shift to high virulence (Kawaoka and Webster, 1989). Moreover, in
addition to the polybasic HACS, three mutations in the HA2 of an HPAIV H7N1 were important
for full virulence and transmission in chickens. These mutations were important for pH fusion,
stability and replication of the virus (Abdelwhab el et al., 2015). Furthermore, the HA1 head
domain is known to carry a variable number of N-glycosylation sites compared to the stem
region where glycosylation is more conserved (Wang et al., 2009). The glycosylation of the HA
head domain and the truncation of the NA stalk domain acted synergistically to exhibit high
virulence in chickens (Li et al., 2011; Matsuoka et al., 2009). In addition, other mutations in the
HA1 domain were found to influence cleavability or fusion activity of the HA of H5N2 and H5N1

viruses and therefore regulated virulence (Deshpande et al., 1987; Wessels et al., 2018).

2.3.1.2 Neuraminidase: NA stalk deletion and reduction in NA activity

The NA is the second most abundant viral surface glycoprotein. It plays an important role in
virulence, tropism and host adaptation (Li et al., 2011; Varghese et al., 1983). The
neuraminidase is a homotetramer and each monomer contains around 470 amino acids. Four
distinct structural and functional domains can be distinguished: the cytoplasmic tail, the
transmembrane domain, the stalk-domain and the catalytic head-domain (McAuley et al.,
2019). The NHz-terminal cytoplasmic tail interacts with M1 and thus mediates virus budding.
This domain is highly conserved among the Influenza A viruses due to its important impact on
virus replication (Blok and Air, 1982; Enami and Enami, 1996). The transmembrane domain
consists of hydrophobic AA and interacts with cell and viral membrane (Blok and Air, 1982).
Thus, it is essential for NA trafficking to the plasma membrane (Barman and Nayak, 2000).
The stalk domain of NA has conserved cysteine residues and N-glycosylation amino acids,
which stabilize the tetrameric structure of the protein (Blok and Air, 1982). The NA stalk domain
varies in length due to deletions of 1 to 36 amino acids in NA N1, N2, N3, N5, N6 and N7
subtypes. A deletion of 20 amino acids was observed frequently in the goose/Guangdong
H5N1 lineage since 2000s in domestic birds compared to wild bird isolates (Li et al., 2011),
which is probably advantageous for adaptation of AlV from waterfowl to domestic poultry
(Matsuoka et al., 2009). Stech et al. (2015) showed that in addition to the polybasic HACS,
deletion of the NA stalk domain was important for virulence of an HPAIV H5N1 in chickens.
Moreover, it has also been shown that some influenza viruses with shorter NA stalk-domains

replicated less efficiently in mice and/or chicken eggs. Conversely, the pandemic H1N1 virus
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from 2009 with shorter NA stalk exhibited high virulence in mice and ferrets (Park et al., 2017).
This deletion in the NA stalk domain reduced the NA activity of the virus. Reduction of NA
length has probably decreased the access of the NA to sialic acids. This is supported by
simultaneous reduction in binding affinity of the HA to sialic acid which lower the dependency
of the virus on NA alone (Baigent et al., 1999; Baigent and McCauley, 2001; Nguyen et al.,
2013; Wagner et al., 2000). Another explanation is that changes in the stalk domain may
induce conformational changes in the catalytic head domain influencing sialidase activity
(Durrant et al., 2016). Apart from the stalk domain, mutations in the NA head domain also
influenced immune-escape and susceptibility to antivirals (McKimm-Breschkin, 2013;
Yasuhara et al., 2019).

2.3.1.3 Other gene segments

Several studies have shown the importance of other gene segments in virulence of influenza
viruses, mainly in chickens and to lesser extent in ducks. The NS-segment encodes for two
proteins: NS1 and NEP. The latter is mainly mediating the transport of the progeny viral
genome into the cytoplasm, while NS1 has several functions and can play a crucial role in
virulence of AlV. NS1 is composed of a RNA-binding domain which binds to different types of
RNA and the effector domain which contains nuclear export signals and interacts with several
host factors like the RIG-I and different kinases (Abdelwhab et al., 2013). Importantly, the
variation in the COOH-terminal domain of the NS1 due to deletion or extension has been
comprehensively analyzed (Abdelwhab el et al., 2016). In chickens, the NS was not essential
for the virulence of the Italian H7N1, although truncation in the COOH-terminal domain
accompanying the shift of HP to LP was essential for virus excretion (Abdelwhab el et al.,
2016). Moreover, it has been shown that H5N1 virus with a single mutation at position 149
within the NS1, in addition to the polybasic HACS, was highly virulent in chickens due to
increased interferon antagonism (Li et al., 2006). Furthermore, the NS segment from an H5N1
increased virulence of H7 viruses in embryonated chicken and turkey eggs (Petersen et al.,
2013). The contribution of aspartic acid 44 asparagine in the M2, in addition to the polybasic
HACS, to higher virulence of an H5N3 in chickens was reported (Fujimoto et al., 2015)

2.3.2 Virulence determinants in ducks and turkeys

Very little is known about virulence determinants of AlV in turkeys and ducks compared to
chickens. The polybasic CS alone seems not to play an important role as virulence determinant
in ducks since they are mostly resistant against HP infections (Kuchipudi et al., 2014; Pantin-
Jackwood et al., 2017a; Slomka et al., 2018). Thus, mutations in the HA or other gene

segments serve as virulence determinants (Hu et al., 2013). The PB1-F2 encoded by the
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second segment is well conserved among AlV. It is a non-structural pro-apoptotic peptide
which disrupts the mitochondrial membrane potential especially in monocytes (Chanturiya et
al., 2004; Chen et al., 2001). Deletion of the PB1-F2 decreased the virulence of an HPAIV
H5N1 in ducks (Schmolke et al., 2011). In another study, tyrosine 436 histidine in PB1 and
threonine 515 alanine in PA reduced pathogenicity of HP H5N1 in ducks after oculonasal
inoculation (Hulse-Post et al., 2007). The importance of PA as a virulence determinant for
H5N1 viruses in ducks has further been reported in a study by Song et al. (2011). Two
mutations within the PA increased virulence in ducks, polymerase activity and PA-PB1
accumulation in duck embryo fibroblasts (Song et al., 2011). Hu et al. (2013) showed that the
impact of PA on H5N1 virulence in ducks was even higher than the HA. Three mutations in the
PA increased virulence, virus replication, polymerase activity and nuclear accumulation (Hu et
al., 2013). Deletion of PA-X expressed by the third segment increased virus replication and
polymerase activity of an H5N1 in vitro and in vivo in chickens, ducks and mice (Hu et al.,
2015). Two HPAIV H5N1 isolated in Japan showed differences in their PB1 and M1 proteins.
One virus was avirulent in ducks, while the second one was highly pathogenic. Interestingly,
only one mutation at position 43 within the M1 protein increased virulence of the virus in ducks
(Nao et al., 2015). Soubies et al. (2013) showed that truncations of the NS 1 C-terminus of an
H7N1 virus modulated virulence in chickens but not in ducks. In addition, reassortment of
LPAIV H5N1 with NS1 from HPAIV did not significantly alter the virulence of LPAIV in ducks
indicating the importance of other gene segments for virulence in this species (Sarmento et
al., 2010).

2.3.3 Vaccines and antivirals against AlV

In humans, combinations of influenza A (i.e. HIN1 and H3N2) and influenza B are available
as vaccine strains but have to be adjusted every season due to mutations and frequent
changes of the circulating viruses (Schotsaert and Garcia-Sastre, 2014). In poultry, since
1994-1995 vaccines against AlVs are used in some countries to mitigate the socioeconomic
impact of AIV on the poultry industry (Capua and Marangon, 2007). Several inactivated
monovalent or bivalent AIV vaccines are currently used in poultry in several countries. In
addition, viral-vectored vaccines containing HA and sometimes NA were produced using fowl-
pox virus, Newcastle disease virus, herpesvirus of turkeys, infectious laryngotracheitis virus,
alphavirus and Adenovirus as backbone vectors (de Vries and Rimmelzwaan, 2016). Although
these vaccines are able to reduce mortality, morbidity, virus excretion, bird-to-bird transmission
and tissue tropism, annual or biennial update of these vaccines has been recommended to
confer full protection against the immune escape mutants (Abdelwhab et al., 2014). These

antigenic-drift variants evolve due to the immune pressure induced by vaccination of poultry,
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resembling the seasonal influenza viruses in humans. They possess several point mutations

in the immunogenic epitopes in the head domain of the HA (Abente et al., 2016).

There are two main categories of anti-influenza drugs. The M2-inhibitors, adamantanes, block
the influx of protons into the virion in early stages of replication cycle and thus, prevent the
release of the viral genome into the host cell. Representatives of this group are rimantadine
and amantadine hydrochloride (Kato and Eggers, 1969). In humans, NA inhibitors including
oseltamivir, zanamivir, peramivir and lanamivir are effectively used to prevent or treat influenza
infections (Allen et al., 2006). However, resistance against both groups of antivirals has been
frequently reported in both poultry and humans (Hurt et al., 2012). The resistant strains have
higher biological fitness than the sensitive parents (Dong et al., 2015). Furthermore, favipiravir,
a polymerase blocking drug, is available in Japan (Hussain et al., 2017). Chemotherapeutics,
herbs and alternative medicine are also used in poultry and humans (Abdelwhab and Hafez,
2012; Boltz et al., 2010). Nevertheless, chemotherapeutics are not recommended to be used

in poultry, to avoid emergence and transmission of resistant strains to humans.

2.4 Significance of AIV H7 infections in birds and humans

2.4.1 History and subtypes

H7 viruses are very common in birds worldwide. They represent the oldest AlV subtypes known
since 1901. All H7 NA combinations were found in wild birds during surveillance in the last 40
years, where H7N7 was reported the most in more than 21 countries followed by H7N1 and
H7N3 (Abdelwhab et al., 2014; Alexander, 2000; Lang et al., 1981; Webster et al., 1981). So
far only low pathogenic H7Nx viruses have been found in wild ducks (Abdelwhab et al., 2014).
Until the 1990s, there were only few reports on outbreaks caused by viruses of H7 subtype
including the panzootic outbreaks of H7N1 from 1901 to 1930 in addition to H7N3 in 1971,
1979-1980 and H7N9 in 1988 in the USA (Banks et al., 2000; Beard and Helfer, 1972; Lupiani
and Reddy, 2009). Furthermore, outbreaks of H7N1, H7N3 and H7N7 were reported in birds
in UK in 1960 to 1980 (Alexander and Spackman, 1981). In Germany, H7N7 caused large
outbreaks in birds in 1970s and 1980s (Banks et al., 2000).

2.4.2 Direct evolution of HPAIV H7 from LPAIV precursors

Like H5 viruses, after circulation in terrestrial poultry H7 viruses can acquire a polybasic HACS
and become highly pathogenic. A comprehensive review summarizing these outbreaks in
poultry in the last two decades has been published (Abdelwhab et al., 2014). The evolution of
HPAIV from LP precursors in chickens has been reported during the following outbreaks (Table
1). In each of these outbreaks, HPAIV H7Nx viruses acquired an unique polybasic HACS and

additional mutations in other gene segments. So far, only the genetic determinants for
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virulence of the Italian H7N1 and Asian H7N9 were successfully identified (Abdelwhab el et
al., 2016; Abdelwhab et al., 2016).

Table 1: Outbreaks of HPAIV H7NXx directly evolving from LP precursors from 1990s to 2019.
Updated from (Abdelwhab et al., 2014)

Year Country  Subtype Host Cleavage site Reference

species

1994/95 Pakistan H7N3 Chickens PETPKRKRKR/GLF (Aamir et
PETPKRRKR/GLF al., 2009;
PETPKRRNR/GLF Abbas et

al., 2010;
Banks et
al., 2000;
Naeem and
Hussain,
1995;
Naeem et
al., 2007)
1999 Italy H7N1 Several PKGSRVRR/GLF (Capua,
poultry 2008;
species Capua et
al., 2003;
Capua and
Mutinelli,
2001;
Capua et
al., 2002;
Capua et
al., 2000a;
Capua et
al., 2000b;
Magnino et
al., 2000;
Zanella et
al., 2001)
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Host

species

Cleavage site

Reference

Netherlands

2003/2004

Chickens

Chickens,

Humans

Chickens

Chickens,

Humans

Chickens

Chickens

PKTCSPLSRCRKTR/GLF

PKRRRR/GLF

PETPKRRKR/GLF

PKQAYQKRMTR/GLF

PKTTKPRPRR/GLF

PEIPKKKKR/GLF
PEIPKRKKR/GLF
PEIPKKKKKKR/GLF

(Max et al.,
2007; Rojas
et al., 2002;
Suarez et
al., 2004)
(de Jong et
al., 2009;
de Wit et
al., 2004;
Fouchier et
al., 2004;
Meijer et
al., 2006)
(Abbas et
al., 2010;
Naeem et
al., 2007)
(Belser et
al., 2008;
Belser et
al., 2009b
Pasick et
al., 2005;
Tweed et
al., 2004)
(Berhane et
al., 2009;
Pasick et
al., 2010)
(Seekings
et al., 2018)
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Year Country  Subtype Host Cleavage site Reference
species
2012 Mexico H7N3  Chickens PKDRKSRHRRTR/GLF (Kapczynski
et al., 2013;
Maurer-
Stroh et al.,
2013)
2015 Germany H7N7 Chickens PEIPKRKRR/GLF (Dietze et
al., 2018)
2016 USA H7N8 Turkeys, PKKRKTR/GLF (Killian et
Chickens al., 2016)
2017 USA H7N9  Chickens PENPKTDRKSRHRRIR/GLF (Belser et
al., 2018;
Lee et al.,
2017)
2014-to China H7N9 Poultry, KGKRTAR/GLF (Wang et
date Humans KRKRTAR/GLF al., 2017;
Yang et al.,
2017)
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2.4.3 Epidemiology of H7 in Germany
2.4.3.1 H7N7 in Germany

From 2001 to 2015, independent introductions of several H7N7 viruses were reported in wild
and domestic birds in Germany. In 2001, chickens, turkeys, ducks and geese in a household
flock in Southern Germany were infected by H7N7, probably of wild bird origin. This infection
led to culling of 145 birds. In 2003, HPAIV H7N7 caused outbreaks in poultry and humans in
the Netherlands and extended to poultry in Germany and Belgium, marking this outbreak as
the largest H7N7 outbreak in Europe. In Germany, 413000 chickens and ducks died or were
culled (Werner et al., 2003). In 2006, LPAIV H7N7 was detected in wild birds (i.e. pochard and
swans). In 2009, 16700 farmed poultry have been culled during an LPAIV infection. In 2010,
LPAIV H7N7 was isolated from chickens. In May 2011, a large outbreak of LPAIV H7N7 led to
the destruction of around 80000 poultry in 23 commercial and backyard premises. Infected
poultry showed only mild clinical signs. In 2013, a turkey flock with 34000 birds had to be culled
because of LPAIV H7N7 infection. Except for the 2003-virus, LP H7N7 viruses in other
incidences were most likely introduced by wild birds (Abdelwhab et al., 2014; Probst et al.,
2012; Werner et al., 2003).

2.4.3.2 Outbreak of H7N7 in Emsland, Germany 2015

In 2015, H7N7 viruses were isolated within a few weeks from chickens in two separate
premises located at a distance of about 340 m. In June 2015, LP H7N7 was detected in a
chicken flock, 36200 laying hens in an open rearing system, showing general sickness and
decreased egg production. After the confirmation of LPAIV subtype H7N7 all birds were culled
to eradicate the infection. Birds in farms in a restriction zone of 10 km tested negative for AlV.
A few weeks later, birds in an adjacent farm were affected by the same virus. Both, LP and HP
H7N7 viruses, were detected on this farm in July due to increased mortality overnight and
reduction in egg production. Direct epidemiological link between the two farms is still missing.
Hence, the first farm was an open holding with a pond in close vicinity, it is highly likely that
wild aquatic birds transmitted the virus to the flock. In the second farm holding 10000 chickens
in an indoor system, the virus was probably transmitted due to insufficient biosafety or the
access of wild birds to the animals or their feed. All animals in this holding were also culled.
Sequence analyses revealed that the LPAIV contained a monobasic CS motif PEIPKGR/G
and the HP progeny had the polybasic motif PEIPKRKRR/G. Moreover, all segments of HPAIV
possessed synonymous and non-synonymous mutations compared to the LPAIV (Table 2). All
of them, except N92D in the NS1 protein, are of unknown biological function. Phylogenetic
analyses revealed that the virus belonged to the Eurasian lineage, closely related to viruses

from the Netherlands and the UK from 2015 without any reference to the zoonotic H7N9 from
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China. Nevertheless the NS segment originated from a different allele than the one from

outbreaks in UK.

Table 2: Mutations in LP and HPAIV H7N7 from 2015-outbreak in chickens in Germany
(HACS excluded) updated from Dietze et al. (2018).

Segment Mutation LP/HP Location

PB2 E123K N2-Linker, Part of the central RNA
polymerase domain (Nilsson et al.,
2017; Pflug et al., 2014)

PB2 1147V N2-Linker, Part of the central RNA
polymerase domain (Nilsson et al.,
2017; Pflug et al., 2014)

PB2 K335R Cap-binding domain (Pflug et al.,
2014)

PB1 F254C Palm domain in the center (Pflug et al.,
2014)

PA K185R N-terminal Endonuclease (Pflug et al.,
2014)

HA 113S Signal peptide (Nobusawa et al.,
1991)

NP S478F C-terminal region (Hu et al., 2017; Ye
et al., 2006)

NA V439A Head domain (McAuley et al., 2019)

M2 V68L Cytoplasmic tail (Cady et al., 2009)

NS1 N92D Binding domain for eukaryotic
translation initiation factor 4Gl (Zhou
et al., 2010)
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3 Aim of this study
The objective of this study was to increase the knowledge of virulence of AlVs subtype H7 in

different bird species.

In the first publication, the virulence of two German LP and HP H7N7 viruses in birds was
investigated. The HPAIV H7N7 virus evolved from an LPAIV H7N7 precursor in commercial
chickens in Emsland, Germany, in 2015. The evolution from LP to HP was accompanied by
changing the monobasic CS in the HA to a polybasic CS. The contribution of the HA polybasic
CS to high virulence of HPAIV H7N7 in chickens, turkeys and ducks was studied. Viral RNA
was extracted from the LP and HP H7N7 viruses and was transcribed to cDNA. Gene
segments were amplified using PCR and cloned in a specific vector. Moreover, changing the
monobasic CS of LP to a polybasic motif similar to the HPAIV H7N7 was done by site-directed
mutagenesis. Three recombinant viruses were generated by transfection of cultured cells and
propagation in embryonated chicken eggs. Recombinant LP, HP and LP carrying polybasic
CS (LP-poly) were in vitro characterized to assess differences in HA cleavability, replication
kinetics and cell-to-cell spread. Virulence, excretion, tissue tropism and bird-to-bird

transmission of the three recombinant viruses were assessed in chickens, turkeys and ducks.

In the second publication, the susceptibility of different duck species to H7 viruses was studied.
Pekin and/or Muscovy ducks were challenged intrachoanal or intramuscular with two historic
H7N7 and H7N1 and one recent H7N1. Morbidity, mortality, and onset and duration of virus

excretion in the oropharyngeal and cloacal swabs were described.
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4 Outline of publications in this dissertation

4.1 First publication (published in Scientific Reports, 2019)
Variable impact of the hemagglutinin polybasic cleavage site on the virulence of avian influenza

H7N7 virus in chickens, turkeys and ducks

David Scheibner, Reiner Ulrich, Olanrewaju |. Fatola, Annika Graaf, Marcel Gischke, Ahmed
H. Salaheldin, Timm C. Harder, Jutta Veits, Thomas C. Mettenleiterand Elsayed M. Abdelwhab

In 2015, a natural pair of a low pathogenic and a highly pathogenic H7N7 virus was isolated
on the same farm. In this publication, the impact of the polybasic HACS on virulence in
chickens, turkeys and ducks was investigated. Using reverse genetics and site-directed
mutagenesis three different viruses have been rescued: LP, HP and a LP virus carrying the
HP polybasic HACS designated as LP-poly. These viruses were propagated in embryonated
chicken eggs and characterized in vitro. Whereas all three viruses showed comparable
replication kinetics, HP was more efficient in cell-to-cell spread. In vivo studies showed
comparable results of LP and HP in chickens and turkeys, with 0% and 100% mortality,
respectively. Interestingly the LP-poly virus was more virulent in chickens than in turkeys. Thus,
other segments or host factors can modulate virulence in turkeys compared to chickens.
Moreover, Mallard, Pekin and Muscovy ducks were inoculated with the HP virus. Only Muscovy
ducks showed mild to moderate clinical signs and excreted a high amount of virus, while Pekin
and Mallard ducks stayed healthy yet Muscovy ducks shed the virus via the cloacal route. NP
antigen in the endothelial cells as only detected in chickens. Findings in this study suggest that
virulence determinants and the underlying pathomechanism of this H7N7 virus are different in

chickens and turkeys. Muscovy and Mallard ducks may serve as natural reservoir.

4.2 Second publication (published in BMC Veterinary Research, 2019)

Virulence of three European H7Nx viruses in Pekin and Muscovy ducks

David Scheibner, Claudia Blaurock, Thomas Mettenleiter, EI-Sayed Abdelwhab

Compared to H5Nx viruses, the virulence of H7Nx in ducks was not adequately investigated.
Given the wide spread of diverse H7 viruses in wild waterfowl! in Europe including Germany, it
was important to assess the virulence of historic and recent H7N1 in domestic ducks as
potential reservoir. In this paper, three European HPAIV H7N1 and H7N7 have been tested in
Muscovy ducks via intrachoanal inoculation. Furthermore, the effect of duck species and
inoculation route was tested by infection of Pekin ducks intramuscularly or intrachoanally with
an Italian H7N1 from the 1999 epidemic. While the fowl plague H7N7 virus (FPV) from 1927
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killed two out of ten Muscovy ducks, H7N1-FPV 1934 was more virulent and killed eight of ten
inoculated ducklings. The Italian H7N1-1999 was more virulent in Pekin than in Muscovy ducks
after intrachoanal inoculation. Conversely, the virus was more virulent in Muscovy ducks than
in Pekin ducks after intramuscular inoculation. Although all viruses with polybasic HACS, were
HP in chickens mortality rate in ducklings varied from 20% to 80%. There is a need to

determine the genetic markers for virulence determinants of H7Nx viruses in ducks.
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Variable impact of the
hemagglutinin polybasic cleavage
site on virulence and pathogenesis
of avian influenza H7N7 virus in
chickens, turkeys and ducks

David Scheibner?, Reiner Ulrich?, Olanrewaju I. Fatola(®?, Annika Graaf®, Marcel Gischke?,
Ahmed H. Salaheldin?, Timm C. Harder?, Jutta Veits, Thomas C. Mettenleiter' &
Elsayed M. Abdelwhab®?

Avian influenza viruses (AIV) are classified into 16 hemagglutinin (HA; H1-H16) and 9 neuraminidase
(NA; N1-N9) subtypes. All AlV are low pathogenic (LP) in birds, but subtypes H5 and H7 AIV can evolve
into highly pathogenic (HP) forms. In the last two decades evolution of HPAIV H7 from LPAIV has been
frequently reported. However, little is known about the pathogenesis and evolution of HP H7 from

LP ancestors particularly, in non-chicken hosts. In 2015, both LP and HP H7N7 AIV were isolated from
chickens in two neighbouring farms in Germany. Here, the virulence of these isogenic H7N7 LP, HP

and LP virus carrying a polybasic HA cleavage site (HACS) from HP (designated LP-Poly) was studied in
chickens, turkeys and different duck breeds. The LP precursor was avirulent in all birds. In contrast, all
inoculated and contact chickens and turkeys died after infection with HP. HP infected Pekin and Mallard
ducks remained clinically healthy, while Muscovy ducks exhibited moderate depression and excreted
viruses at significantly higher amounts. The polybasic HACS increased virulence in a species-specific
manner with intravenous pathogenicity indices of 3.0, 1.9 and 0.2 in chickens, turkeys and Muscovy
ducks, respectively. Infection of endothelial cells was only observed in chickens. In summary, Pekin and
Mallard were more resistant to HPAIV H7N7 than chickens, turkeys and Muscovy ducks. The polybasic
HACS was the main determinant for virulence and endotheliotropism of HPAIV H7N7 in chickens,
whereas other viral and/or host factors play an essential role in virulence and pathogenesis in turkeys
and ducks.

Avian influenza A viruses (AIV) are members of the family Orthomyxoviridae. They are differentiated according
to the antigenicity of the hemagglutinin (HA) and neuraminidase (NA) proteins into 16 HA (H1 to H16) and 9
NA (N1 to N9) subtypes'. HA is a surface glycoprotein which mediates virus attachment and fusion with the host
cell endosomal membrane. It plays essential roles in virulence, immunogenicity and interspecies transmission
(e.g. from birds to mammals)?. The HA is synthesized in a fusion-inactive form (HAO), which is activated through
cleavage by host proteases into HA1 and HA2 subunits. The HA monobasic cleavage site (CS) of low pathogenic
(LP) AIV is recognized by trypsin-like proteases in the respiratory and digestive tracts. LPAIV cause mild, if any,
clinical signs, while highly pathogenic (HP) AIV carry a multibasic CS, which is cleaved by ubiquitous furin-like
proteases resulting in systemic infections and high mortality>-°. In nature, only H5 and H7 subtypes can evolve
from LP precursors to HPAIV by acquisition of mutations particularly in CS of the HA protein*. This transition
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mostly occurs in terrestrial poultry but can spill to wild birds”. Evolution of HPAIV from LPAIV is usually accom-
panied by mutations in other gene segments in addition to HA. These mutations are unique to each HPAIV and
can modulate virulence and bird-to-bird transmission® '2. Therefore, it is important to study the virulence deter-
minants of each HPAIV separately.

Recently, the prevalence of H7 viruses and the evolution of HPAIV H7 from low pathogenic precursors
increased remarkably'*-'7. Turkeys are more susceptible than chickens to AIV, enabling adaptation of wild
bird-origin viruses to other domestic birds and play an important role in interspecies transmission (e.g. from
birds to pigs and humans and vice versa)'s-2. Nevertheless, data on the virulence determinants of HPAIV in
turkeys are scarce. Likewise, few studies have been conducted in domestic ducks to evaluate the pathogenicity of
HPAIV H7Nx. Several HPAIV H7N3 from Chile, Canada and Mexico, H7N4 from Australia and H7N7 from the
Netherlands did not cause any mortality in two-week-old Pekin ducks?!. Similarly, Pekin and Mallard ducklings
were clinically resistant to the Italian HPAIV H7N1%"*2. Commercial young or adult Pekin ducks did not succumb
to mortality with different Dutch and Australian HPATV H7N7%-%. Virulence of HPAIV H7 in Muscovy ducks
has not been studied before, although under natural conditions neurological disorders and high mortality during
the 1999-2000 outbreaks in Italy were linked to infection by HPAIV H7N1%. Muscovy ducks were more sensitive
to HPAIV H5N1 than Pekin ducks?-*’, probably due to differences in immune responses**° which may vary
according to the virus strain, age of ducks and route of virus inoculation®*3"*2, Importantly, virulence determi-
nants of HPAIV H5Nx in chickens differ from those in ducks®*-¢.

In 2015, an HPAIV H7N7 was isolated from a commercial chicken layer flock in Germany. The virus evolved
from LP H7N7, which was simultaneously isolated from the same farm. The HA of the low pathogenic virus
carried a monobasic HACS (PEIPKGR/G), while the HP specified a polybasic CS (PEIPKRKRR/G)*. Here, the
impact of the polybasic HACS on virus replication, virulence, bird-to-bird transmission and tropism was investi-
gated in chickens, turkeys and different duck breeds.

Results

Three recombinant H7N7 viruses were successfully generated using reverse genetics.  All gene
segments of LPAIV A/chicken/Germany/AR915/2015(H7N7) (designated hereafter LP) and HPAIV A/chicken/
Germany/AR1385/2015(H7N7) (designated hereafter HP) were successfully amplified and cloned. Moreover, to
generate an LP with a polybasic CS (designated hereafter LP-Poly), the HA segment of LP was used to change
the monobasic (PEIPKGR/G), to the polybasic PEIPKRKRR/G, exactly resembling the HP H7N7 CS. LP, HP
and LP-Poly were successfully rescued and showed comparable titres from 107 to 107 plaque forming unit per
ml (PFU/ml) in the allantoic fluids after propagation in specific pathogen free (SPF) embryonated chicken eggs
(ECE).

The impact of a polybasic HACS on virus replication, spread and HA cleavability in cell cul-
ture. All three viruses replicated in avian and mammalian cell lines. No significant differences were observed
in chicken embryo kidney (CEK) cells (Fig. 1 panel b). In Madin-Darby canine kidney cells type IT (MDCKII),
LP-Poly replicated to higher titres than the LP and HP viruses (Fig. 1 panel b), which, however, was not statisti-
cally significant (P >0.05). The HP virus induced significantly (P < 0.0001) larger plaques in MDCKII than LP
and LP-Poly (Fig. 1 panel c). The HA of LP was only efficiently activated in the presence of trypsin, while insertion
of a polybasic cleavage site allowed cleavage of the LP HA in the absence of trypsin (Fig. 1 panel d).

Insertion of the polybasic CS increased virulence and tropism of LP H7N7 comparable to HP
H7N7 after oculonasal (ON) or intravenous (IV) infection of chickens. After oculonasal (ON)
inoculation with LP, chickens showed mild clinical signs (i.e. ruffled feathers and diarrhoea) for a few days and
recovered quickly. All contact birds in this group survived without showing clinical signs. Conversely, 5/6 and 6/6
inoculated chickens, and 3/4 and 4/4 contact chickens died after infection with LP-Poly and HP viruses with path-
ogenicity indices (PI) of 1.8 and 2.2, and a mean death time (MDT) of 5 and 4.3 days, respectively (Table 1, Fig. 2
panel a). Birds showed clinical signs typical of HPAIV infection, e.g. cyanosis of comb and wattle, haemorrhages
on the shanks and unfeathered parts of the body and moderate to severe depression. After intravenous (IV) injec-
tion, LP infected-birds showed transient mild clinical signs with an intravenous PI (IVPI) of 0.1 (Table 1; Fig. 2
panel b). All chickens injected with LP-Poly and HP died and the calculated IVPI was 3.0 (Table 1; Fig. 2 panel b).
Using ELISA, anti-NP antibodies were detected in all surviving chickens inoculated IV and ON with LP or ON
with LP-Poly (data not shown).

Virus excretion was quantified using RT-qPCR of swab samples collected at 4 days post inoculation (dpi). All
chickens excreted viruses in oropharyngeal (OP) and cloacal (CL) swabs (Fig. 2 panels c—f). LP virus was detected
in the oropharyngeal swabs of inoculated chickens and their cagemates at lower titres than in cloacal swabs (Fig. 2
panels c—f). The insertion of a polybasic HACS significantly (P < 0.05) increased LP excretion in oropharyngeal
swabs to a level comparable to HP (Fig. 2 panel c).

On day 4 after ON inoculation, viral NP antigen was detected by immunohistochemistry (IHC) and histology
in organs of two chickens per group (Figs 3 and 4). In parenchymal tissues, LP was detected in the intestinal tract
(duodenum, jejunum and cecum) and spleen (Fig. 3 panel a). Insertion of the polybasic CS resulted in the distri-
bution of the LP-Poly in all analysed organs at a level comparable to HP. Only LP-Poly was detected in the gizzard.
The highest amount of HP and LP-Poly was detected in the brain and lungs (Fig. 3 panel a). LP was not detected
in any endothelial tissue, whereas LP-Poly was present in the endothelium of all tissues resembling HP infection
(Fig. 3 panel b and Fig. 4). Moreover, histopathological examination of birds inoculated with LP revealed mild
inflammation in the lungs only (Fig. 3 panel d). Conversely, HP and LP-Poly induced mild to severe necrosis or
necrotic inflammation in the Bursa of Fabricius, thymus, cecum, spleen (Fig. 3 panel d), pancreas and heart (Fig. 3
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Figure 1. In vitro characterisation of recombinant H7N7 viruses in this study. The replication efficiency in
MDCKII (a) and CEK (b) cells at an MOTI of 0.001 for 1, 8, 24, 48 and 72 hours post infection is illustrated.
Results are shown as the mean and standard deviations of all values of triplicates of two independent runs.
Cell-to-cell spread was determined by measuring the diameter of plaques induced by the indicated viruses

in MDCKII cells. The size of plaques induced by HP was set as 100%. The results are expressed as mean and
standard deviation. (c) The cleavability of HAO into HA1 and HA2 subunits was studied using Western Blot after
the infection of MDCKII cells at an MOI of 1 PFU per cell of indicated viruses in the presence (+) or absence
(—) of trypsin. The viral proteins were detected by polyclonal chicken serum against H7N1 at a ratio 1:500 after
separation in a 10% polyacrylamide gel. NC refers to the mock control (non-infected cells). (d) The original
Western Blot figure is available as a Supplementary Fig. S1.

LP 0/6 0/4 0.0 01 |00 /5 02 01 |00 /5 00 0.0
LP-Poly | 5/6 3/4 ;fg(f; 30 |3/10 25 1155 |19 |or10 /s 0.0 | 0.2
HP 6/6 4/4 §'_25()4'3‘ 30 |10/10 5/5 22(55 |28  |o/10 /5 0105

Table 1. Clinical scoring after oculonasal (ON) or intravenous (IV) infection of chickens, turkeys and
Muscovy ducks “Number of dead birds to the total number of inoculated or contact birds. ON = oculonasal,

IV = intravenous, PI = pathogenicity index, IVPI = intravenous pathogenicity index, MDT = mean death time
for primarily inoculated birds, “range” refers to the first and last day when birds died. Birds were observed daily
and the severity of clinical signs were given scores from 0 (no signs) to 3 (dead). PT and IVPI values range from
0 (avirulent) to 3 (high virulent) and were calculated by dividing the sum of the arithmetic mean values of daily
scores of inoculated birds by 10 (the number of observation days) according to the OIE protocol®.

panel c). Moreover, only HP caused lesions in the jejunum, proventriculus, duodenum, liver, brain and trachea
(Fig. 3 panels c and d).

In turkeys, the LP with polybasic HACS exhibited lower virulence than in chickens and was not
detected in the endothelium of any organ.  After ON inoculation of turkeys with LP transient mild
clinical signs (i.e. ruffled feather and slight depression) were observed in inoculated and contact animals which
quickly recovered. None of the turkeys died. All turkeys inoculated ON with HP showed severe depression and
central nervous signs (i.e. opisthotonus, torticollis, paralysis) at 4 dpi. They were humanely killed and scored as
dead at 5 dpi resulting in a pathogenicity index (PI) of 2.2. All contact turkeys died within 7 days. Interestingly,
only 3/10 inoculated and 2/5 contact turkeys died after ON inoculation with LP-Poly. The PI value for this virus
was 1.1 which was significantly less than in chickens (P < 0.05) (Fig. 2 panel a). As was observed in chickens, the
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Figure 2. Clinical scoring and virus excretion in experimentally infected chickens, turkeys and Muscovy

ducks. Clinical scoring after oculonasal (a) or intravenous (b) infection was calculated by dividing the sum of
the arithmetic mean values of daily scores by 10 (the number of observation days). The PI and IVPI values for
each virus ranged from 0 (avirulent) to 3 (highly virulent) and the results are expressed as mean and standard
deviation. Virus excretion at 4 days post inoculation in oropharyngeal (c,d) and cloacal (e,f) swabs of inoculated
(cand e) and contact (d and f) birds was determined by RT-qPCR against standard curves using ten-fold
dilutions of HPAIV H7N7 and the mean and standard deviations were expressed as equivalent plaque forming
unit pro ml (eq. PFU/mL). Asterisks indicate significant differences at p <0.05 (*) or 0.01 (**) or 0.0001 (**#%3),

IVPI of LP and HP were 0.1 and 2.8, respectively, whereas LP-Poly killed only 5 out of 9 birds with an IVPI of 1.9
which was remarkably less than in chickens (Table 1; Fig. 2 panels a and b). All surviving turkeys seroconverted
as demonstrated by the detection of anti-NP antibodies by ELISA (data not shown).

Viruses were detected at similar levels in oropharyngeal swabs from inoculated and contact animals (Fig. 2
panels c and d). Like HP inoculated turkeys, LP-Poly inoculated birds excreted higher amounts of viruses via the
cloacal route than LP inoculated birds, whereas in-contact turkeys excreted LP-Poly at higher levels than either
LP or HP. Compared to chickens, inoculated turkeys oropharyngeal excretion of LP-Poly and HP was about 10- to
100- times decreased, whereas LP and HP were found at about 10 times decreased amounts in the cloacal swabs.
LP-Poly and HP were detected at comparable amounts in both cloacal and oropharyngeal swabs, but contact
turkeys excreted LP-Poly in cloacal swabs at higher levels than LP and HP (Fig. 2 panels c-f). LP was detected in
the cloacal swabs of 4/10 and 2/5 inoculated and contact turkeys, respectively, and in oropharyngeal swabs of all
turkeys. All turkeys excreted LP-Poly and HP in cloacal and oropharyngeal swabs.
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Figure 3. Distribution of influenza A antigen in different organs of inoculated chickens. Distribution of NP
antigen in the parenchyma (a) and endothelium (b) of different organs of two inoculated chickens at 4 days post
inoculation was detected by immunohistochemistry. The intensity and distribution of NP signals are scaled 0
(no signal), 1 (focal to oligofocal), 2 (multifocal) or 3 (confluent to diffuse). The severity of lymphatic necrosis,
apoptosis and/or depletion (c) and necrotizing inflammation (d) was assessed by histopathological examination
on a scale 0 (negative), 1 (low), 2 (moderate) or 3 (high). Values are shown as median and standard deviation
scores of two chickens.

Using IHC, a focal to oligofocal distribution of the NP antigen of LP was observed only in the cecal epithelium
and parenchyma of pancreas. The distribution of LP-Poly in the parenchyma of different organs was similar to HP,
although at slightly lower levels (Figs 5 and 6). The highest amount of LP-Poly was detected in the brain, cecum
and pancreas, while HP was concentrated in the brain, cecum, kidneys and heart. Interestingly, like in chickens,
only LP-Poly was detected in the gizzard parenchyma in addition to the jejunum (Fig. 5 panel a). Remarkably,
and in stark contrast to chickens, none of the viruses were detected in the endothelium of any organ of examined
turkeys (Fig. 6). No pathological changes were observed in turkeys inoculated with LP at 4dpi. LP-Poly and HP
caused comparable lymphatic necrosis, apoptosis and/or depletion in the bursa, cecum and thymus and compa-
rable mild to severe necrotic encephalitis, pancreatitis and myocarditis (Fig. 5 panels b and c). Nevertheless, only
HP caused low to severe necrosis in the spleen and lungs (Fig. 5 panel c).

Muscovy ducks were more susceptible than Pekin and Mallard ducks and excreted virus at sig-
nificantly higher levels. Virulence of HP was assessed in Pekin, Mallard and Muscovy ducks after ON and/
or IV infection. After ON inoculation of Muscovy ducks with LP, LP-Poly and HP, five sentinel Muscovy ducks
were added to assess bird-to-bird transmission. Ducks that were oculonasally inoculated with LP and LP-Poly did
not show any clinical signs or mortality. After ON challenge with HP, only Muscovy ducks exhibited a transient
mild depression with a PI 0.1, while Pekin and Mallard ducks remained clinically healthy. None of the contact
Muscovy ducks showed clinical signs. After IV injection, only Muscovy ducks exhibited mild to moderate depres-
sion, reluctance to move and steady gait after infection with HP, and to a lesser extent with LP-Poly with IVPI
values of 0.5 and 0.2, respectively (Table 1).

HP was detected in cloacal swabs at higher levels than in the oropharyngeal swabs in all duck breeds (Fig. 7
Panel a). Pekin ducks excreted the lowest amount of virus and presented the lowest number of shedders. Eight
Mallard ducks were positive in cloacal swabs but only one duck was positive in oropharyngeal swabs. Mallard
ducks presented higher amounts of virus in cloacal than Pekin ducks. All Muscovy ducks excreted significantly
higher amounts of HP oropharynx compared to Mallards and Pekin ducks (Fig. 7 Panel a). Moreover, significantly
higher virus titres were found in cloacal swab samples of the Muscovy ducks compared to Pekin ducks. After the
ON inoculation with HP, LP, and LP-Poly, viral RNA was detected in oropharyngeal and cloacal swabs from all
inoculated Muscovy ducks except one LP-Poly inoculated duck (Fig. 7 Panel b). The average amount in the cloacal
swabs was higher than in the oropharyngeal swabs of all viruses (Fig. 7 Panel b). All contact Muscovy ducks were
positive in oropharyngeal and cloacal swabs but HP and LP viruses were present in higher amounts in oropharyn-
geal and cloacal swabs of contact birds compared to LP-Poly (Fig. 7 Panel c). At the termination of the experiment
all ON and IV inoculated Pekin and Mallard ducks had anti-NP antibodies as detected by ELISA. Likewise, all
Muscovy ducks infected with LP, LP-Poly and HP as well as contact animals seroconverted (Fig. 7 Panel d).
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Figure 4. Distribution of influenza A NP antigen in different organs in chickens. Distribution of influenza

A NP antigen in different organs in chickens at 4 days post inoculation with LP (a-c), LP-Poly (d-f) or HP
(g-i) displaying variable level of organ tropism ranging from a minimum of none to a maximum of coalescing
nucleoprotein within brain (a,d,g), lung (b,e,h) and heart (c,f,i). Arrows point to parenchymal cells with
influenza A virus nucleoprotein-positive nuclei (neuroglia cells, pneumocytes or cardiomyocytes). Arrowheads
point to endothelial cells with influenza A virus nucleoprotein-positive nuclei. Inmunohistochemistry; avidin-
biotin-peroxidase complex method; polyclonal rabbit anti-influenza A FPV/Rostock/34-virus-nucleoprotein
antiserum®'; 3-amino-9-ethyl-carbazol (red-brown); hematoxylin counterstain (blue); Nomarski contrast;
Bars=50pum.

NP detection by IHC was done only for Muscovy ducks. Antigen was not detected in endothelial cells
in any Muscovy duck and neither microscopic lesions nor antigen were found in the gizzard or brain. After
inoculation with LP, a focal distribution of NP was detected in the epithelium of cecum and trachea (score 1).
Histopathological changes were observed in at least one bird including lymphohistiocytic infiltration in the tra-
chea and proventriculus with mild lymphoid depletion in the bursa of Fabricius and thymus. Inoculation of
Muscovy ducks with LP-Poly resulted in focal distribution of NP antigens in the parenchyma of thymus, lung,
jejunum, cecum and/or bursa of Fabricius of at least one bird. Furthermore, trachea had moderate multifocal
degeneration of the epithelium with loss of cilia with lymphocytic infiltration of the lamina propria. In the lungs,
hyperplasia of bronchial associated lymphocytes (BALT) and bronchitis with epithelial degeneration and neutro-
phils infiltration were seen. The pancreas, liver and kidneys contained a mild focal lymphohistiocytic infiltrate
and the duodenum had focal lymphocytic aggregation in the gut-associated lymphocytes (GALT). Ducks inoc-
ulated with HP had antigen prominently in the thymus and trachea. The trachea exhibited moderate multifocal
epithelial degeneration with loss of cilia and lymphocytic infiltration. In the lungs, mild interstitial oedema and
congestion with mild lymphatic depletion of BALT was observed. Moreover, mild, acute, oligofocal lymphohistio-
cytic infiltration in the pancreas and mild lymphoid depletion in the proventriculus were found (data not shown).

Discussion

In the last few years evidence for direct evolution of HP H7 from LP precursors has been reported!*-1¢3. H7N7
viruses have been very prominent (excluding the current panzootic H5Nx Goose/Guangdong outbreak) during
the last decades in Europe causing diseases in poultry and humans®. However, little is known about the mecha-
nism underlying the shift of virulence of H7 viruses particularly in turkeys and ducks. In 2015, both HP and LP
H7N7 viruses were isolated simultaneously from two neighbouring chicken layer flocks in Germany representing
a rare natural isogenic precursor-progeny LPAIV/HPAIV pair. Compared to the LP precursor, the resulting HP
had acquired a polybasic HACS but specified, in addition, 10 amino acids alterations namely E123K, 1147V,
K355R in PB2, F254C in PB1, K185R in PA, I13S in HA, S478F in NP, V439A in NA, V68L in M2 and N92D in
NSI1 37. In this study, the virulence of the pair of LP and HP viruses, and the impact of the polybasic HACS on
virulence and transmission in chickens, turkeys and ducks were investigated.

In previous studies, we have shown that three German LP H7N7 viruses from 2003, 2011 and 2013 required
only a specific polybasic HACS to exhibit full virulence equivalent to a genuine HPAIV'2 Conversely, the inser-
tion of different polybasic HACS motifs in an LP H7N7 isolated in 2001 from a small backyard turkey flock in
Germany'? and in an Italian LP H7N1 virus of 1999® did not result in full virulence of these viruses. Similarly,
several H5N1 and H5N2 viruses with authentic or synthetic polybasic HACS were avirulent in chickens®*°. Other
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Figure 5. Distribution of influenza A antigen in different organs of inoculated turkeys. Distribution of NP
antigen in the parenchyma (a) of different organs of three inoculated turkeys at 4 days post inoculation was
detected by immunohistochemistry. NP was not detected in the endothelium of any organ of any of the three
examined turkeys. The intensity and distribution of NP signals are scaled 0 (no signal), 1 (focal to oligofocal),
2 (multifocal) or 3 (confluent to diffuse). The severity of necrotizing inflammation (b) and lymphatic necrosis,
apoptosis and/or depletion (c) was assessed by histopathological examination on a scale 0 (negative), 1 (low), 2
(moderate) or 3 (high). Values are shown as median and standard deviation scores of three turkeys.

Heart

Figure 6. Distribution of influenza A NP antigen in different organs in turkeys. Distribution of influenza

A NP antigen in different organs in turkeys at 4 days post inoculation with LP (a—c), LP-Poly (d-f) or

HP (g-i) displaying variable level of organ tropism ranging from a minimum of none to a maximum of
coalescing nucleoprotein within brain (a,d,g), lung (b,e,h) and heart (c,f,i). Arrows point to parenchymal
cells with influenza A virus nucleoprotein-positive nuclei (neuroglia cells, macrophages/pneumocytes or
cardiomyocytes). Inmunohistochemistry; avidin-biotin-peroxidase complex method; polyclonal rabbit anti-
influenza A FPV/Rostock/34-virus-nucleoprotein antiserum 61; 3-amino-9-ethyl-carbazol (red-brown);
hematoxylin counterstain (blue); Nomarski contrast; Bars = 50 um.

mutations in the HA1, HA2, NA or other viral genes were required for expression of high virulence in inoculated
and/or sentinel chickens®*"*2. We show here that the insertion of the polybasic HACS increased virulence of the
LP in chickens to a level comparable with the HP as indicated by IVPI and PI values. While LP was limited to the
respiratory and intestinal tracts, insertion of the polybasic HACS resulted in efficient proteolytic activation in
vitro and systemic distribution resembling the HP infection particularly in the lungs, brains and endothelial cells.
These results indicate that the polybasic HACS is the main virulence determinant of this HP H7N7 in chickens,
and that other mutations play at most a minimal role in virulence and tropism.

In turkeys, the virulence of LP and HP was comparable to or slightly higher than in chickens. Turkeys are
more vulnerable to LP and HP AIV## but it is largely unknown whether virulence markers in both “galliform”
species are different. Although it is widely accepted that chickens and turkeys are similar in their high suscepti-
bility to AIV, these hosts are not identical. For example, chickens exhibit high susceptibility to Newcastle disease
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Figure 7. Virus excretion and seroconversion in inoculated and/or contact Pekin, Mallard and Muscovy ducks.
Shown are the results of virus excretion at 4 days post inoculation in oropharyngeal (OP) and cloacal (CL)
swabs using RT-qPCR expressed by equivalent Log10 PFU/mL in oculonasal (ON) inoculated Pekin, Mallard
and Muscovy ducks with HPAIV H7N7. (a) Excretion of LP, LP-Poly or HP in inoculated (b) and contact (c)
Muscovy ducks were also determined by RT-qPCR. All values are shown as mean and standard deviation

of positive samples. Antibody titres at the end of the experiment in ducks inoculated ON or intravenously

(IV) were measured by an NP antibody inhibition ELISA at the end of the experiments. Results are shown

as 100- optical density (OD) reading. Lower and upper dashed lines indicate the 45-55% cut-off ratio where
samples lower than 45% are negative, from 45 to 55% are questionable and over 55% are positive. (d) Statistical
significance shown in asterisk indicate P values < 0.05 (*), <0.01 (**), <0.001 (***) or <0.0001 (**#%%),

virus, infectious bursal disease virus and infectious laryngeotracheitis virus with severe morbidity and mortality.
Nevertheless, these viruses are apathogenic or significantly less virulent in turkeys*-*. In the current study, we
demonstrate that insertion of a polybasic HACS increased virulence, excretion, tropism and transmission of the
LP virus in turkeys. However, this LP-Poly was significantly less virulent than in chickens as demonstrated by
lower IVPI and PI values. Intriguingly, only HP-and LP-Poly-inoculated turkeys exhibited neurological signs
and no viruses were detected in the endothelial cells of any organ in turkeys suggesting a different pathogenesis
of HPAIV in turkeys compared to chickens. This could be the result of virus spread to the brain via the nerv-
ous system in turkeys and via the blood stream in chickens. These results are congruent with recent findings of
Pantin-Jackwood, et al.** who reported neurological signs in turkeys but not in chickens or Mallards after the
inoculation with HPAIV H7N8 from the 2016-outbreak in the USA. Therefore, the contribution of host factors to
the pathogenesis of H7 viruses in turkeys merits further investigations.

Here, we demonstrated that Mallard and Pekin ducks excreted considerable amounts of HP without showing
clinical signs supporting the role of anatid ducks as reservoir for HPAIV2"?, It is important to mention that all
gene segments of the precursor LP H7N7 were closely related to AIV of wild duck origin indicating a high level
of adaptation to ducks”” (unpublished data). Interestingly, LP also replicated in and was excreted from Muscovy
ducks at the same high level as HP. A higher susceptibility of Muscovy ducks compared to Pekin or Mallard ducks
to the 2013 Asian LPAIV H7N9 has been described*. Generally, independent of the duck species, excretion
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through the cloaca was higher than via the oral cavity, which is in accordance with the preferential replication of
some AIV in the digestive tract of ducks***’. The IVPI of HP H7N7 in Muscovy ducks was 0.5 indicating moder-
ate virulence. LP-Poly exhibited a slight increase in virulence but was still slightly less virulent than field isolated
HPAIV H7N7. This demonstrates that acquisition of the polybasic HACS is the crucial mutation in the transition
of LP to HP AIV. However, it also shows that other mutations play a role in determining, in a species-specific
manner, high pathogenicity. Contribution of mutations in PA or PB1, in addition to HA, to the high virulence
and/or efficient transmission of HPAIV H5N1 in ducks was reported**-*¢>152, Resistance of ducks, particularly
Mallards, to HPAIV H5N1 was linked to several host immune factors including interferon-induced transmem-
brane proteins (IFITM) and retinoic acid-inducible gene I (RIG-I) which are absent in chickens®>*. Therefore, it
is interesting to study the variation of these host factors in different duck species, particularly in Muscovy ducks.

In summary, the recent German HP H7N7 exhibited comparably high virulence in chickens and turkeys,
while Pekin and Mallard ducks did not show overt clinical signs. Infected Muscovy ducks developed moderate
illness. Tropism of H7N7 viruses to the endothelium was observed in chickens but not in turkeys or ducks.
Insertion of a polybasic cleavage site into the HA of the precursor LPAIV H7N7 resulted in increased virulence
to different levels in a species-specific manner. In chickens, virulence of LP carrying a polybasic HACS was com-
parable to the field isolated HPAIV H7N7 supporting the relevance of acquisition of a polybasic cleavage in the
transition from LP to HP AIV in chickens. However, in turkeys (and to lesser extent in Muscovy ducks) the viru-
lence increased but significantly less than in chickens suggesting the contribution of other viral or host factors in
virulence and pathogenesis of H7N7 in these two species.

Materials and Methods

Viruses and cells. LP and HP H7N7 isolated from two commercial layer flocks in Emsland, Germany*”
were obtained from the National Reference Laboratory for Avian Influenza, Friedrich-Loeffler-Institut (FLI),
Greifswald Insel-Riems, Germany. MDCKII used for virus titration and in combination with HEK293T cells
for virus rescue were obtained from the Cell Culture Collection in Veterinary Medicine of the FLI. Primary
CEK cells were prepared from 18-day-old embryonated chicken eggs as previously done®® with few modification.
Briefly, embryos were decapitated and the kidneys were obtained using sterile scissors and forceps. After two
times incubation with warm trypsin at 37 °C for 20 to 25 minutes, the cells were isolated through a sterile gauze.
After centrifugation at 1200 rpm for 5 minutes, the cell pellet was resuspended in minimum essential medium
(MEM) containing 10% foetal calf serum (FCS), antibiotics (penicillin and streptomycin) and anti-mycotics
(amphotericin).

Virus propagation. All viruses were propagated in the allantoic sac of SPF ECE purchased from VALO
BioMedia GmbH (Osterholz-Scharmbeck, Germany) according to the standard protocol®®. The allantoic fluid
was collected and the hemagglutination activity was measured using 1% chicken erythrocytes*. Aliquots of virus
stocks were kept at —70 °C until use. Viruses with polybasic HACS were propagated and handled in biosafety level
3 (BSL3) laboratory at the FLI.

SPF ECE were inoculated with the supernatant of transfected cells and candled daily. Dead embryos were kept
in the refrigerator for at least one day. Subsequently the allantoic fluids were harvested and checked for bacterial
contamination by culturing on Columbia sheep blood agar plates (VWR International, Germany).

Generation of recombinant viruses. Recombinant viruses were generated by reverse genetics as pre-
viously described”” 5. Briefly, RNA was extracted from LP and HP AIV using the Qiagen RNeasy Kit (Qiagen,
Germany) and transcribed to cDNA using the Omniscript Reverse Transcription Kit (Qiagen). All gene segments
were amplified, cloned into the plasmid pHWSccdB* and transformed into E. coli TOP10™ (Invitrogen, USA),
XL1-Blue™ or SURE2™ (Stratagene, Netherlands). Plasmids containing LP or HP gene segments were extracted
using Plasmid Mini or Maxi kits (Qiagen). Moreover, the insertion of polybasic CS resembling the HP was intro-
duced in the HA gene of LP by QuikChange II XL Site-Directed Mutagenesis Kit (Invitrogen). Primers used
for mutagenesis are available upon request. All recombinant viruses were rescued in HEK293T and MDCKII
co-culture using Lipofectamine® 2000 and OptiMEM (Fischer Scientific, Germany)*’. Three viruses were suc-
cessfully generated: LP, HP and LP containing the polybasic CS (designated LP-Poly). Absence of undesired for-
tuitous mutations in all gene segments of stock viruses was confirmed by Sanger sequencing and comparison to
the wild-type viruses using Geneious software (Biomatters, New Zealand).

Virus titration.  Viruses were titrated by plaque assay. Confluent MDCKII cells in 12-well plates were infected
with ten-fold serial dilutions of specified viruses for an hour at 37°C/5% CO,. Cells were overlaid with semisolid
Bacto™ Agar (BD, France) containing minimal essential medium (MEM), NaHCO,, non-essential amino acids,
NA-pyruvate and 4% bovine serum albumin (BSA) (MP Biomedicals, USA). For propagation of LPAIV, 2 pg/
mL of N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma, Germany) was added. All
plates were incubated for three days at 37 °C. Cells were fixed by 10% formaldehyde containing 0.1% crystal violet.
Plaques were counted and viral titres were expressed as plaque forming units per ml (PFU/ml). For measurement
of plaque size Nikon NIS-Elements software was used. Up to 100 plaques were measured for each recombinant
virus and the results are shown as the mean and standard deviation relative to HP virus.

Replication kinetics. MDCKII and primary CEK cells were infected at a multiplicity of infection (MOI) of
0.001 for one hour at 37°C/5% CO,. The inoculum was removed and the cells were incubated for two minutes
with citric acid buffer pH = 3.0 to inactivate the extracellular virions. Cells were washed twice with PBS, covered
by MEM containing 0.2% BSA (Sigma) and incubated at 37°C/5% CO, for 1, 8, 24, 48 and 72 hours post infec-
tion (hpi). The cells and supernatant were harvested and stored at —70 °C. The assay was run in triplicates in two
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independent rounds for each virus in each type of cells. Virus titres were determined using plaque assay and
expressed as mean titres with standard deviation.

Western blot. The HA cleavage-activation of the three viruses was assessed after infection of MDCKII cells
with an MOI of 1 using Western Blot™. Briefly, cells were harvested after 24 hpi. After washing with PBS and two
centrifugation rounds at 6000 rpm/10 minutes, the cell pellet was suspended in Laemmli buffer (Serva, Germany)
and PBS (1:1) and incubated at 95 °C for 10 minutes. Finally the cells were centrifuged at 14000 rpm for 5 min-
utes. The viral proteins were separated from cell lysate by sodium dodecyl sulphate 10% polyacrylamide gels
and then electrotransferred to nitrocellulose membranes using a TransBlot cell (BioRad, USA). The H7 AIV
proteins were detected using a polyclonal chicken anti-H7N1 serum at a concentration of 1:500 and peroxidase
conjugated rabbit anti-chicken IGY** antibodies (Dianova, Germany) at a concentration of 1:20000 in TBS-T.
Immunodetection was achieved by chemiluminescence using Clarity™ Western ECL Substrate (BioRad, USA)
and images were captured using a Bio-Rad VersaDoc Imaging System and Quantity One software.

Animal experiments. Animal experiments were performed after approval by the authorized ethics commit-
tee of the State Office of Agriculture, Food Safety, and Fishery in Mecklenburg - Western Pomerania. The com-
missioner for animal welfare at the FLI representing the Institutional Animal Care and Use Committee (IACUC)
also approved the animal experiments, which were performed in accordance with the German Regulations for
Animal Welfare.

Chickens.  SPF ECE from white leghorn chickens were purchased from VALO BioMedia GmbH and incubated
for 21 days at the hatchery facilities of the FLI. Six week-old chickens were divided in separate groups with ten
animals each. Food and water were added ad-libitum. For the ON infection 6 chickens were inoculated with
0.2ml of a virus dilution in PBS containing 10° PFU/chicken via the oculonasal route. At 1 dpi, four sentinel
chickens were added to assess virus transmission. The IVPI was measured by IV injection of ten chickens accord-
ing to the OIE recommendations®. All birds were observed daily for ten days and clinical scoring was done on a
scale of 0, 1, 2 and 3®. Briefly, healthy birds were given score (0), sick birds showing one clinical sign (e.g. diarrhea,
nervous manifestations, respiratory disorders) were given score (1), severely sick birds showed more than one
clinical sign were given score (2) and dead birds were given score (3). The pathogenicity index (PI) was calculated
by dividing the sum of the arithmetic mean values of daily scores by 10 (the number of observation days). The PI
for each virus ranged from 0 (avirulent) to 3 (highly virulent).

Turkeys. Commercially available one-day-old white-breasted turkeys were purchased and kept at the FLI ani-
mal facilities. Six week-old turkeys were inoculated with the different viruses via ON or IV routes. Ten birds were
inoculated ON and 1dpi five sentinel turkeys were added to each group. Moreover, eight week-old turkeys were
injected IV to determine the IVPI after OIE regulations and clinically scored as mentioned above.

Ducks.  One-day old Pekin, Mallard and Muscovy ducks were purchased from a local commercial source. At the
FLI, faecal samples were collected from all ducks and examined to exclude, among others, infection with AIV and
Salmonella spp. Each experimental room contained a swimming pool filled daily with fresh water. Two to three
weeks-old, ten (Pekin and Mallard) or 15 (Muscovy) ducks were allocated to separate groups. At day 0, ten birds
were inoculated with 0.2 mL containing 10° PFU via the ON route. For assessing transmissibility of LP, LP-Poly
and HP in Muscovy ducks, on day 1 after inoculation of ten Muscovy ducks, five sentinel Muscovy ducks were
added. All animals were observed for up to 14 days and clinically scored as mentioned above. To determine the
IVPI of indicated viruses, ten 4-to-5-week-old ducks from each breed were injected in the wing vein as previously
described?.

Virus excretion. Oropharyngeal (OP) and cloacal (CL) swabs were collected from ON inoculated birds and
their contact peers at 4 dpi and stored at —70 °C until use. The quantity of virus excretion in swab samples was
determined using generic real-time reverse-transcription polymerase chain reaction (RT-qPCR)®. The RNA was
extracted from swab media using NucleoSpin® 8/96 Virus PCR Clean-up Core Kit (Macherey & Nagel GmbH,
Germany) in Tecan Freedom Evo System (Tecan, Switzerland). Standard curves using HPAIV H7N7 were run
in each RT-qPCR round. The relative amount of excreted virus was quantified by plotting the Ct-values in the
standard curves and the results are expressed as the average and standard deviation equivalent log,, PFU/ml.

Serological examination. Blood was collected at the end of the experiments from all surviving birds after euth-
anization using isoflurane® (CP-Pharma, Germany). Sera were tested for anti-AIV nucleoprotein (NP) anti-
bodies using enzyme-linked immunosorbent assay (ELISA) by ID screen Influenza A Antibody Competition
Multispecies kit (IDvet, France). Plates were read in a Tecan® ELISA reader. The cut-off point according to the
manufacture guideline was 55%, samples between 45 and 55% were considered questionable and samples lower
than 45% were considered negative.

Histopathology and immunohistochemistry. To determine the distribution of the different viruses in
organs from chickens, turkeys and Muscovy ducks inoculated ON with LP, HP and LP-Poly, samples from tra-
chea, lungs, pancreas, heart, liver, spleen, kidneys, proventriculus, gizzard, duodenum, jejunum, cecum, bursa
of Fabricius, thymus and brain from primarily infected chickens (n=2), turkeys (n=3) and ducks (n=3) at 4
dpi were fixed in 10% formalin and embedded in paraffin using standard methods. 5 jum sections were stained
by hematoxylin and eosin, and screened for histopathological changes, whereas other sections were subjected to
immunohistochemical examination using primary rabbit anti-NP (1:750) antibodies and secondary biotinylated
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goat anti-rabbit IgG1 (1:200) (Vector, USA)®!. The level of nucleoprotein antigen was estimated on a 0 to 3 scale:
0 = negative; 1 =focal to oligofocal, 2 = multifocal or 3 = confluent to diffuse and the severity of necrotizing
inflammation on a scale of 0 to 3: 0 =no obvious change; 1 = mild, 2 = moderate or 3 =severe as done before®.

Statistics. Statistical differences were analysed using a Kruskal-Wallis with post hoc Tukey tests. Results were
considered statistically significant at p value <0.05. All analysis was done by GraphPad Prism software 7.04 (La
Jolla California USA, www.graphpad.com).
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Abstract

intramuscular (IM) infection.

higher than in the cloacal swabs.

Background: There is paucity of data on the virulence of highly pathogenic (HP) avian influenza viruses (AIV) H7 in
ducks compared to HPAIV H5. Here, the virulence of HPAIV H7N1 (designated H7N1-FPV34 and H7N1-1t99) and
H7N7 (designated H7N7-FPV27) was assessed in Pekin and/or Muscovy ducklings after intrachoanal (IC) or

Results: The morbidity rate ranged from 60 to 100% and mortality rate from 20 to 80% depending on the duck
species, virus strain and/or challenge route. All Muscovy ducklings inoculated IC with H7N7-FPV27 or H7N1-FPV34
exhibited mild to severe clinical signs resulting in the death of 2/10 and 8/10 ducklings, respectively. Also, 2/10 and
6/9 of inoculated Muscovy ducklings died after IC or IM infection with H7N1-1t99, respectively. Moreover, 5/10 Pekin
ducklings inoculated IC or IM with H7N1-t99 died. The level of virus detected in the oropharyngeal swabs was

Conclusion: Taken together, HPAIV H7 cause mortality and morbidity in Muscovy and Pekin ducklings. The severity
of disease in Muscovy ducklings depended on the virus strain and/or route of infection. Preferential replication of
the virus in the respiratory tract compared to the gut merits further investigation.

Keywords: Ducks, Muscovy duck, Pekin duck, Highly pathogenic avian influenza virus, HPAIV, H7N7, H7N1, Virulence

Background

Avian influenza viruses (AIV) belong to the family
Orthomyxoviridae. The genome of AIV contains eight
gene segments, which encode at least 11 viral proteins.
They are classified according to the antigenic properties
of the hemagglutinin (HA) and neuraminidase (NA) pro-
teins into 16 HA (H1 to H16) and 9 NA (N1 to N9) sub-
types [1]. Wild aquatic birds are the reservoir for all AIV
and they transmit the virus to domestic birds. All AIV
subtypes are low pathogenic (LP) causing mild local in-
fection with or without overt clinical signs. Some H5
and H7 viruses can exhibit a highly pathogenic (HP)
phenotype, mostly in domestic birds, causing multiorgan
dysfunction due to systemic replication of the virus [2].
Wild and domestic ducks play an important role as a
reservoir for AIV since the infection is usually

* Correspondence: sayed.abdel-whabe@fli.de; sayedabdelwhab@yahoo.com
Institute of Molecular Virology and Cell Biology, Friedrich-Loeffler-Institut,
Federal Research Institute for Animal Health, Stidufer 10, 17493 Greifswald,
Insel Riems, Germany

K BMC

asymptomatic. However, unlike the high mortality gener-
ally caused by HPAIV in chickens, some studies showed
that the susceptibility of ducks to HPAIV differs by duck
species (e.g. Pekin, Mallards or Muscovy), infection
route, and/or age of ducks (i.e. ducklings are more sus-
ceptible than adult ducks) [3-9]. Muscovy ducks are
more vulnerable than Pekin ducks to HPAIV H5N1 due
to differences in immune responses [3, 4, 8]. However,
these studies had been conducted using H5 HPAIV. In
contrast, only limited data are available on the virulence
of European H7 viruses, particularly in Muscovy ducks.
HPAIV H7 were first isolated in Europe in the early
1900s and have frequently been detected in poultry and
wild birds in several European countries in the last two
decades. Historical outbreaks caused by several H7Nx vi-
ruses in Europe in 1902, 1927, 1934, 1980s as well as re-
cent outbreaks in 1999, 2003 and 2015 were described
[10-15]. There is little information, if any, on the viru-
lence of these H7 viruses in ducks. Neurological disor-
ders and high mortality were observed in Muscovy

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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ducks during the HPAIV H7N1 outbreaks in Italy in
1999-2000 [16]. However, experimental data from Mus-
covy ducks are still lacking. Three-week-old Pekin ducks
did not show clinical signs, weight loss and/or mortality
after the challenge with two different Italian HPAIV
H7N1 [17, 18].

The objective of this study was to compare the viru-
lence of two historic HPAIV A/FPV/Dutch/27 (H7N7)
(designated hereafter as H7/N7-FPV27) and A/Germany/
FPV/1934 (H7N1) (designated hereafter H7N1-FPV34)
and the recent HPAIV A/chicken/Italy/445/1999 (H7N1)
(designated hereafter H7NI1-I1t99) in Muscovy ducks
(Cairina moschata) after intrachoanal (IC) inoculation.
Furthermore, the impact of route of infection and spe-
cies of ducks on virulence of H7N1-It99 was studied in
Muscovy ducks and Pekin ducks (Anas platyrhynchos
domesticus) after IC or intramuscular (IM) infection.
The IC route was recommended for studying the patho-
genesis of AIV to simulate natural upper respiratory ex-
posure/transmission and to ensure that each bird
receives the full dose [19, 20]. Likewise, IM injection was
recently used to assess the pathogenicity of HPAIV in
ducklings, resembling intravenous pathogenicity index
(IVPI) in chickens [9]. Previous studies have shown that
all three viruses were highly lethal in chickens under ex-
perimental conditions [10, 21, 22].

Results

In this study, the virulence of the two historic
H7N7-FPV27 (group 1) and H7N1-FPV34 (group 2) in
Muscovy ducks was assessed. The impact of duck spe-
cies and inoculation route on virulence of H7N1-1t99
was tested in Muscovy (groups 3 and 4) and Pekin ducks
(groups 5 and 6) after IC or IM infection. All birds were
observed for 10 days and clinically scored as 0 (healthy),
1 (sick), 2 (severely sick) or 3 (dead) and the pathogen-
icity index (PI) was calculated as a scale from 0 (aviru-
lent) to 3 (highly virulent) [23].

Page 2 of 7

Clinical examination

After challenge, Muscovy ducks showed diarrhea and
nervous signs including circling, rolling, incoordination,
steady gait and/or opisthotonus starting from 2 dpi. The
morbidity rate ranged from 60 to 100% and mortality
from 20 to 80% (Fig. 1a and b).

All Muscovy ducklings inoculated with H7N7-FPV27
(group 1) showed mild depression at 1 dpi, which be-
came more prominent at 2 dpi. All ducklings in this
group returned to normal starting from 3 dpi except two
ducklings that died or were killed for humane reasons
by day 7 (Table 1) after showing severe depression and
central nervous signs. Both birds were scored dead at 8
dpi. The PI value was 0.8 (Table 1).

Muscovy ducklings challenged with H7N7-FPV34
(group 2) exhibited significantly (p <0.01) more severe
and prominent signs than ducklings in group 1 and
group 3 with a PI of 1.8 (Table 1). At 3 dpi, two duck-
lings showed moderate nervous signs. At 4 dpi, one bird
died and four birds were humanely killed due to severe
nervous signs and scored as dead at 5 dpi. Likewise, at 6
dpi, two ducklings died and another duckling was killed
and scored dead at 7 dpi. In total, eight out of ten duck-
lings died between 4 and 7 dpi with MDT of 5.4 days.
Two birds survived, however showing mild to moderate
clinical signs at 10 dpi (Fig. 1a and b).

Seven out of ten Muscovy ducklings inoculated IC
with H7N1-1t99 (group 3) showed neurological signs,
while three ducklings remained healthy to the end of the
experiment (PI of 0.5). Clinical signs started at 4 dpi.
One bird showed mild to severe clinical signs from 4 dpi
to 10 dpi. Meanwhile, four birds showed mild transient
depression and recovered by 8 dpi. Two ducklings were
killed at 5 and 6 dpi (and scored dead at the next day)
for humane reasons after showing severe clinical signs
(MDT = 6.5) (Table 1, Fig. 1a and b).

Muscovy ducklings inoculated IM with H7N1-I1t99
(group 4) showed higher morbidity and mortality
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Fig. 1 Pathogenicity index, survival rate and seroconversion in Muscovy and Pekin ducks after challenge with H7 viruses. Shown are the average
clinical scores for each group. All birds were observed for 10 days and clinically scored according to the OIE recommendations as O (healthy), 1
(sick), 2 (severely sick) or 3 (dead) and the pathogenicity index (Pl) was calculated as a scale from 0 (avirulent) to 3 (highly virulent). The PI, shown
as numbers, was calculated by dividing the sum of the arithmetic mean values of daily scores by 10 (the number of observation days). Dead
birds were score 3 until the end of the experiment according to the OIE recommendations (a). Survival rate in each group showing the daily
mortality of ducks after infection (b) and antibody titers at the end of experiment using ELISA (expressed as mean =+ standard deviation) (c)
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Table 1 Clinical examination of Muscovy and Pekin ducks after challenge with H7 viruses

Group Species Challenge route Virus Morbidity (%) Mortality (%) MDT (range) Pl

1 Muscovy IC H7N7-FPV27 10/10 (100%) 2/10 (20%) 7(7) 0.8
2 Muscovy IC H7N1-FPV34 10/10 (100%) 8/10 (80%) 54 (4-7) 1.8
3 Muscovy IC H7N1-1t99 7/10 (70%) 2/10 (20%) 6.5 (6-7) 0.5
4 Muscovy IM H7N1- 1t99 9/9 (100%) 6/9 (66.7%) 5.7 (5-8) 14
5 Pekin IC H7N1- 1t99 6/10 (60%) 5/10 (50%) 5(5) 09
6 Pekin IM H7N1- 1199 0 (80%) 5/10 (50%) 6 (5-7) 09

Range refers to the day of first and last mortality

IC intrachoanal, IM intramuscular, MDT mean death time per day calculated for dead birds, PI Pathogenicity index

compared to IC-inoculated animals (group 3). In total,
six out of nine Muscovy ducklings inoculated IM with
H7N1-1t99 died with a PI of 1.4 and MDT of 5.7 days:
three ducklings were killed at 4 dpi and one at 7 dpi.
Two birds were found dead at 5 and 6 dpi. Two duck-
lings remained sick until 10 dpi and one bird recovered
at 9 dpi (Fig. 1a and b).

Six out of ten Pekin ducklings inoculated IC with
H7N1-1t99 (group 5) showed clinical signs (PI 0.9)
where five Pekin ducklings died at 5 dpi (Fig. 1a and b)
with or without showing moderate depression and ner-
vous signs. One bird had temporary torticollis; however,
it accessed food and water easily until 10 dpi. The other
four ducklings did not show any clinical signs.

Eight out of ten Pekin ducklings injected IM with
H7N1-1t99 (group 6) showed clinical signs (PI=0.9)
where five Pekin ducklings died at 5 dpi (n =2), day 6
dpi (7 =2) and 7 dpi (n = 1) after showing mild to mod-
erate nervous signs (Fig. la and b). Three ducklings
showed transient mild to moderate depression two of

which recovered after 2 days. Two ducklings did not
show any clinical signs during the observation period.
No statistical difference in clinical scoring of IM or IC
inoculated ducks was observed (P > 0.99).

Virus shedding

Influenza virus RNA was not detected in swab samples
collected before infection. Cloacal (CL) and oropharyn-
geal (OP) swabs collected from inoculated birds at 2, 4,
7 and 10 dpi were tested by real time RT-PCR. Results
are summarized in Figs. 2 and 3. Swab samples collected
at 10 dpi were negative (data not shown).

IC-inoculated Muscovy ducks (groups 1, 2 and 3)

Virus excretion in the OP swabs was higher than in CL
swabs particularly at 2 and 4 dpi (Fig. 2). The mean
quantity of virus excreted in the OP and CL swabs at 4
dpi was higher than the quantity of virus excretion at 2
and 7 dpi (Fig. 2). At 2 dpi, the virus was detected in OP
swabs in all ducks, except 2 Muscovy ducks inoculated
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Fig. 2 Virus excretion in oropharyngeal and cloacal swabs after intrachoanal inoculation of Muscovy ducks with HPAIV H7 viruses. Virus excretion
in oropharyngeal and cloacal swabs at 2 (a-b), 4 (c-d) and 7 (e-f) days post inoculation using RT-qPCR expressed by equivalent Log10 PFU/mL. All
results are expressed as average and standard deviation (mean + SD) per group at indicated time points post infection. The viruses were not
detected in swabs collected at 10 dpi (data not shown). Statistical significance shown in asterisks indicate P values < 0.05
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Fig. 3 Virus excretion in the oropharyngeal and cloacal swabs in Muscovy and Pekin ducks challenged with H7N1-1t99 by intrachoanal or
intramuscular routes. Virus excretion in oropharyngeal and cloacal swabs at 2 (a-b), 4 (c-d) and 7 (e-f) days post inoculation using RT-gPCR
expressed by equivalent Log10 PFU/mL. All results are expressed as average and standard deviation (mean + SD) per group at indicated time
points post infection. The viruses were not detected in swabs collected at 10 dpi (data not shown). Statistical significance shown in asterisks
indicate P values < 0.05. For clarity, results of H7N1-1t99 IC-inoculated ducks (group 3) was presented in Figure 3 again for comparison

with H7N7-FPV27 (group 1) (Fig. 2a). The latter virus
was excreted in OP swabs at significantly lower amounts
than H7N1-FPV34 (group 2) and H7N1-1t99 (group 3)
(P <0.001) at 2 dpi (Fig. 2a). At 4 dpi, H7N1-FPV34 was
shed with significantly higher amounts in the OP swabs
than the other two viruses (Fig. 2c), while at 7 dpi
(Fig. 2e) and in CL swabs at each time all viruses were
excreted at comparably similar levels (Fig. 2b, d and f).

Muscovy ducks (groups 3 and 4) and Pekin ducks (groups
5 and 6) challenged with H7N1-1t99

The mean quantity of virus excretion in the OP swabs
was higher than in CL swabs particularly at 2 and 4 dpi
regardless of duck species or inoculation route
(Fig. 3a-d). In the OP swabs, there was no significant dif-
ference in the amount of H7N1-It99 excreted from Mus-
covy (groups 3 and 4) or Pekin ducklings (groups 5 and
6) after IM or IC challenge at each time point. The mean
quantity of virus excreted in the OP swabs by Muscovy
ducks was higher than the virus excreted by Pekin ducks

(Fig. 3).

Seroconversion

All serum samples collected before infection were nega-
tive for anti-influenza antibodies. At the end of the ex-
periment, all surviving birds possessed anti-NP
antibodies detectable by ELISA. There was no significant
difference in antibody titers between the different groups
of ducklings regardless of the virus subtype, species or
inoculation route (Fig. 1c).

Discussion

Ducks play an important role as a reservoir for AIV in-
cluding HPAIV [8, 24]. However, data on the susceptibil-
ity of Pekin ducks are scarce and no data on the
susceptibility of Muscovy ducks to H7 viruses particu-
larly from Europe are available. In Muscovy ducklings,
the historic H7N1-FPV34 was more virulent than his-
toric H7N7-FPV27 and contemporary H7N1-1t99 after
IC inoculation as indicated by higher morbidity and
mortality. This is partially in agreement with findings in
a previous historic study [10] which showed that 9/10
intranasally inoculated two-week-old Khaki Campbell
ducklings, an egg-laying duck breed, with H7N1-FPV34
exhibited clinical signs and 2/10 ducklings died at 7 and
11 dpi while H7N7-FPV27 did not cause any clinical
signs or mortality [10].

Muscovy ducklings infected with H7N7-1t99 showed
more severe symptoms than IC inoculated animals,
while no impact of the infection route on virulence was
observed in Pekin ducklings. In a previous study, intra-
nasal, intrachoanal or ocular infection with an HPAIV
H5N1 produced similar outcome in two-week-old Pekin
or Muscovy ducks with an HPAIV H5N1 [8]. C Grund,
et al. [9] reported higher mortality in Pekin and Mus-
covy ducks after IM injection than oculonasal inocula-
tion with HPAIV H5NS8. Mortality in Mallard ducks
after intravenous injection was strain-dependent (i.e.
some HPAIV H5N1 induced 100% mortality while
others were avirulent) [25].

In the current study, five of ten Pekin ducklings died
after IC or IM infection with H7NI-It99, whereas
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inoculation of three-week-old Pekin ducks with two dif-
ferent Italian HPAIV H7N1 induced no mortality [17,
18]. Here, we used ten-day-old ducklings because it has
been shown that younger ducklings are more susceptible
to some HPAIV H5N1 than adult ducks [26, 27]. Differ-
ences in the age of Pekin ducks as well as the use of dif-
ferent virus strains may explain the higher mortality in
Pekin ducks in the current study compared to previous
studies using HPAIV H5 [17, 18, 26].

Muscovy ducks are more vulnerable than Pekin ducks
to some H5N1 viruses [6, 8, 9]. On the other hand, mor-
tality was observed only in Pekin but not in Muscovy
ducklings after challenge with an HPAIV H5N1 [7]. So
far, no data are available on the susceptibility of Mus-
covy ducks to HPAIV H7. Recently, we have shown that
a German HPAIV H7N7 did not result in any mortality
in Pekin or in Muscovy ducks (Scheibner et al. submit-
ted). In the current study, H7N1-1t99 induced a lower
mortality rate in Muscovy ducklings inoculated IC (20%)
than Pekin ducklings inoculated by the same route
(50%). Interestingly, Muscovy ducklings excreted
H7N1-It99 virus at significantly higher levels than Pekin
ducklings indicating important role in spreading of the
virus into the environment. Therefore, it is important to
consider subtype/strain variations in the assessment of
virulence of HPAIV H7 in different duck species.

AIV preferentially replicate in the digestive tract of
ducks, which may enable continuous shedding of the
virus into the environment (i.e. water ponds) [28-30].
Interestingly, our results indicated that although all vi-
ruses were excreted in OP and CL swabs at 2, 4 and 7
dpi, the amount in OP swabs was higher than in CL
swabs regardless of the challenge virus, duck species or
route of infection. Similar results were observed after ex-
perimental infection of Mallard ducks with HPAIV Tk/
Italy/99 (H7N1), Ck/Netherlands/03 (H7N7), Ck/North
Korea/05 (H7N7) and Ck/Victoria/85 (H7N7). Con-
versely, HPAIV Ck/Jalisco/12 (H7N3) and Ck/Canada/05
(H7N3) were excreted in a higher amount in the CL
than in OP swabs [24]. The preferential pattern of virus
excretion of H7 viruses from the oropharynx merits fur-
ther investigation.

Conclusions

Taken together, the three European H7 viruses used in
this study exhibited variable virulence in Muscovy duck-
lings. H7NI1-FPV34 induced 80% mortality, while
H7N7-FPV27 and H7NI1-1t99 killed only 20% of
IC-inoculated ducklings. H7N1-1t99 exhibited higher
virulence in IM-injected Muscovy than in IC inoculated
ducklings with 66.7% and 20 mortality, respectively. Fur-
thermore, H7N1-1t99 exhibited moderate virulence in
Pekin ducklings with no difference between the IC or
IM inoculation routes. Moreover, regardless of the
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challenge route, Muscovy ducks excreted higher
amounts of H7N1-1t99 than Pekin ducks. Findings in
this study showed the variable virulence of HPAIV H7 in
different duck species.

Methods

The main goal of this study was to assess the virulence
of three European H7 viruses in domestic ducks. Mus-
covy and Pekin ducklings were inoculated via the intra-
choanal and/or intramuscular and were observed for 10
days post inoculation/injection (dpi). Swab samples were
collected from all ducklings at 2, 4, 7 and 10 dpi and
tested by generic real time RT-PCR.

Virus propagation

Viruses in this study were kindly provided by Timm C.
Harder. All viruses were propagated in the allantoic sac
of specific pathogen free (SPF) embryonated chicken
eggs (ECE) (VALO BioMedia GmbH) according to the
standard protocol [23]. Allantoic fluid was collected and
the hemagglutination activity was measured using 1%
chicken erythrocytes [23]. Aliquots of virus stocks were
kept at —70°C until use. All viruses were propagated
and handled in biosafety level 3 laboratory at the FLIL

Virus titration

Virus titration was done using plaque assay. Confluent
MDCKII cells in 12-well plates were infected with
ten-fold serial dilutions of specified viruses for an hour
at 37 °C/5% CO,. Cells were overlaid with semisolid Bac-
toTM Agar (BD) containing minimal essential medium
(MEM) and 4% bovine serum albumin (BSA) (MP Bio-
medicals). All plates were incubated for 3 days at 37 °C.
Cells were fixed by 10% formaldehyde containing 0.1%
crystal violet. Plaques were counted and viral titers were
expressed as plaque forming units per ml (PFU/ml).

Animal experiment

Animal experiments were carried out after approval by
the authorized ethics committee of the State Office of
Agriculture, Food Safety, and Fishery in Mecklenburg —
Western Pomerania (No. 7221.3-1-060/17) and approval
by the commissioner for animal welfare at the FLI repre-
senting the Institutional Animal Care and Use Commit-
tee (IACUC) following the German Regulations for
Animal Welfare.

One-day old commercial Pekin and Muscovy duck-
lings were purchased from Czarkowski GbR, Storkow,
Germany. At the FLI, swab samples were collected from
all ducks and examined to exclude infection by influenza
[31] and Salmonella spp. [32, 33]. Birds were housed in
different groups and food and water were added
ad-libitum. At 10 days of age, male and female Pekin and
Muscovy ducklings were randomly allocated to separate
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groups. At day 0, ten birds were inoculated with 0.2 mL
containing 5 x 10°> PFU via the IC or IM route as de-
scribed in Table 1. All animals were observed for 10 days
and clinically scored [21]. Briefly, healthy ducks were
given score (0), sick birds showing one clinical sign (e.g.
depression, diarrhea, nervous manifestations, respiratory
disorders) were given score (1), severely sick birds
showed more than one clinical sign were given score (2)
and dead birds were given score (3). The pathogenicity
index (PI) was calculated by dividing the sum of the
arithmetic mean values of daily scores by 10 (the num-
ber of observation days). The PI for each virus ranged
from O (avirulent) to 3 (highly virulent) [23]. Serum and
swab samples were collected and stored in BSL-3 labora-
tories, at — 20° and — 70 °C, respectively.

Virus excretion

OP and CL swabs were collected before infection and at
2, 4, 7 and 10 days post inoculation/injection (dpi) on
swab media and stored at -70°C until use. Swabs
medium contained (pro liter) MEM Eagle (Sigma-Al-
drich), 5.6 mL BSA (MP Biomedicals) and antibiotics
(1% enrofloxacin, 0.5% lincomycin and 0.1% gentamy-
cin). The RNA was extracted from swab media using
NucleoMagVet® 8/96 PCR Clean-up Core Kit (Macherey
& Nagel GmbH, Germany) in KingFisher Flex Purifica-
tion System (Thermo Fisher Scientific, USA). The quan-
tity of virus excretion in swab samples was determined
using SuperScript™ III Platinum™ One-Step qRT-PCR Kit
(Invitrogen, Germany) according to the manufacturer
guidelines and generic real-time reverse-transcription
polymerase chain reaction (RT-qPCR) [31]. The
RT-qPCR reactions were performed in AriaMx
Real-time PCR System (Agilent, Germany). For RT-PCR
amplification the following thermal profile was applied:
30 min at 50 °C (reverse transcription) and 15 min at 94°
C (inactivation of the reverse transcriptase/activation
Taq polymerase), followed by 42 cycles at 94 °C for 30s
(denaturation), 58 °C for 30s (annealing) and 68 °C for
30s (elongation). Standard curves using HPAIV H7N7
(10" to 10° pfu/mL) were run in each RT-qPCR round.
The relative amount of excreted virus was quantified by
plotting the Ct-values in the standard curves and results
are expressed as average * standard deviation equivalent
logo PFU/ml

Serological examination

Blood was collected before infection (5 samples pro spe-
cies) via wing vein puncture and at the end of the exper-
iments from all surviving ducks after euthanization
using isoflurane® (CP-Pharma). Briefly, the ducklings
were gently and carefully put inside a tightly close bea-
ker containing four to five isoflurane-soaked gauze
sponges for about 2min to ensure deep anesthesia.
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Complete loss of consciousness was achieved as assessed
by complete suppression of pedal and ocular reflexes.
Ducklings were taken out and whole blood was collected
in 50 mL Falcon tubes via cutting the jugular vein using
knife. Thereafter, the head was separated from the body
rapidly and completely. The serum was separated from
the blood after 24 h incubation in the fridge followed by
centrifugation and inactivation at 72 °C. sera were tested
for anti-AIV nucleoprotein (NP) using enzyme-linked
immunosorbent assay (ELISA) by ID screen Influenza A
Antibody Competition Multispecies kit (IDvet). Plates
were read in Tecan® ELISA reader. The cut-off point ac-
cording to the manufacture guideline was 55%, samples
between 45 and 55% were considered questionable and
samples lower than 45% were considered negative.

Statistics

Statistical differences were analyzed using non-parametric
Kruskal-Wallis and Mann-Whitney Wilcoxon tests with
post hoc Tukey tests. Results were considered statistically
significant by any test at p value <0.05. All analysis was
done by GraphPad Prism software. Clinical scoring for
mean values for each bird in 10 day-observation period
was compared.
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5 General Discussion

Avian influenza viruses cause significant economic losses in poultry worldwide and pose a
serious public health threat (Alexander, 2000; Mostafa et al., 2018; Pantin-Jackwood and
Swayne, 2009). A number of factors such as a broad host range, high mutation rates and the
ability for reassortment and recombination result in fast, unpredictable and complex virus
evolution (Ferguson et al., 2003). Only H5 and H7 viruses are able to evolve naturally to highly
pathogenic viruses from low pathogenic ancestors (Alexander, 2000). In contrast to H5Nx

viruses, the mechanism for the evolution of HPAIV H7 has not been adequately investigated.

H7 viruses, particularly H7N7 and H7N1, are very common in birds worldwide (Abdelwhab et
al., 2014). In Germany, H7N7 viruses had been frequently isolated from domestic birds in the
last two decades. The vast majority of reported outbreaks caused by low pathogenic AlV
resulted in only mild clinical signs, if any. Nevertheless, these birds had to be culled since H5
and H7 viruses are notifiable because of their potential to shift to high virulence (Abdelwhab et
al., 2014; Verbraucherschutz, 2019). Classification of AlV into LP and HP pathotypes is based
on the pathogenicity of the viruses in chickens, which is the most common domestic bird
species. However, virulence markers differ greatly from the species to another (e.g. chickens
vs. ducks or chickens vs. mammals) (Mostafa et al., 2018; Pantin-Jackwood and Swayne,
2009). Therefore, understanding the genetic mechanism for the evolution of LP H5 and H7 into
HP in different bird species is of great importance for risk assessment and implementation of
effective control measures. In 2015, isolation of HPAIV H7N7 and the putative LP ancestor
from the same chicken farm provided the opportunity to analyze the underlying mechanism for
the evolution of HPAIV H7N7 in different poultry species (Dietze et al., 2018).

Chickens are known to be highly susceptible to AlV infections which is indicated by high
mortality and morbidity after infection with HPAIV (Pantin-Jackwood and Swayne, 2009). As
described in the first study by Scheibner et al. (2019b), LPAIV H7N7 was avirulent in chickens,
excreted in oropharyngeal and cloacal swabs and tissue tropism was limited mainly to the
spleen and intestinal tracts. This is in accordance with the common knowledge about LPAIV
infection in chickens (Pantin-Jackwood and Swayne, 2007). However, multiorgan tropism of a
Chinese HON2 virus to lung, trachea, kidney and bursa of Fabricius leading to death has also
been reported in immunocompromised chickens because of secondary infections with bacteria
(Bano et al., 2003; Li et al., 2003). Conversely, HPAIV H7N7 caused 100% mortality in both
inoculated and sentinel chickens and the NP antigen was detected in the parenchyma and
endothelial cells of all organs. Insertion of the polybasic CS (designated LP-Poly) increased
virulence to levels that were only slightly lower than that of the HP after oculonasal inoculation
and the virus was detectable in most of the examined organs. Previous studies have also

shown that the polybasic HACS is the main virulence determinant in some HPAIV H5Nx and
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H7N7 in chickens (Abdelwhab et al., 2016; Kobayashi et al., 1996). However, Abdelwhab el et
al. (2015) showed that the polybasic HACS as virulence marker is virus-specific. The German
LP H7N7 viruses from 2001, 2003 and 2013 with polybasic HACS were as virulent and
transmissible as HPAIV H7N7. In contrast, H7N7 from 2001 and the ltalian H7N1 viruses
required additional mutations in the HA or other gene segments to confer high virulence in
chickens. Furthermore some H5 viruses required, in addition to the polybasic HACS, mutations
in the NA (Stech et al., 2015), NS1 (Chen et al., 2013) or other segments (Chen et al., 2017;
Feng et al., 2016; Zhong et al., 2018) to exhibit high virulence in chickens. Altogether, results
from Scheibner et al. (2019b) are in line with the central role of the polybasic HACS in
cleavability, wide dissemination into multiple organs and increased pathogenicity of AIV in
chickens. Importantly, findings in this study showed that the polybasic HACS is the main
determinant for endotheliotropism in chickens, but not in turkeys or ducks. Replication of the
virus in the endothelial cells of chickens may result in coagulopathy, thrombosis, disruption of
cell junctions and extravasation of erythrocytes and plasma resulting in cyanosis of comb and
wattles, edema and/or death most likely due to shock (Pantin-Jackwood and Swayne, 2009).
Moreover, the spread of HPAIV in chickens in different organs including the brain is mostly
hematogenous in nature. This is also in accordance with results published by Kobayashi et al.
(1996).

Turkeys are a common source for poultry meat worldwide (FAO, 2019a). They are known to
be very susceptible to AlVs and generally show faster and more severe clinical signs than
chickens (Halvorson et al., 1985; Karunakaran et al., 1983; Pantin-Jackwood and Swayne,
2009; Pillai et al., 2010). Particularly young turkeys are very sensitive to AlV infections with
high mortality rates even after LPAIV infections as recorded in the H7N1 epidemic from 1999
in Italy (Capua et al., 2000a). Nevertheless, adult breeding turkeys show mostly clinical signs
comparable to those observed in chickens (Lebarbenchon and Stallknecht, 2011). So far, most
H7 subtypes such as H7N1, H7N2, H7N3, H7N6, H7N7, H7N8 and H7N9 have been found in
turkeys (Abdelwhab el et al., 2013; Abdelwhab et al., 2014; Killian et al., 2016). The importance
of the polybasic CS for virulence in turkeys was investigated in the first study (Scheibner et
al., 2019b). While clinical scoring of LP and HP H7N7 were comparable to those in chickens,
LP-Poly was less virulent after oculonasal and intravenous inoculation. In turkeys results may
indicate that genetic determinants for virulence are different from those in chickens. Since
mutations were found in all eight gene segments in the current HPAIV H7N7 compared to the
putative LP H7N7 precursor, the role of other gene segments in virulence in turkeys now has
to be studied. It is worth mentioning that the only mutation which has already been investigated
before is located in the NS1. The role of NS in virulence, transmission and/or replication of
HPAIV in vivo and in vitro has been described (Abdelwhab et al., 2013; Li et al., 2006; Petersen
et al., 2013). Importantly, HP H7N7 carries N92D, which is located in the NS1 effector domain.

49



Discussion

It has already been found that mutation in position 92 (Glutamic acid or D) played a role in the
interferon response in cell culture (Ngunjiri et al., 2013). However, the impact of NS1-N92D on
virulence of HPAIV in turkeys has not been studied before. Other mutations may also modulate
virulence in turkeys. V439A in the NA head domain may affect the NA activity and/or anti-NA
antibody recognition (McAuley et al., 2019). The only other mutation within the HA is located
in the signal peptide which may affect trafficking in the cytoplasm (Schafer et al., 1995). Given
the pivotal role of M2 in uncoating, it is possible that the mutation M2-V68L, located in the
cytoplasmic domain, may be necessary for pH activation of the virus (Cady et al., 2009).
Moreover, since this mutation resides in the cytoplasmic domain of M2, an impact on virus

budding through the interaction with M1 can not be excluded and will be further investigated.

Histopathological examination revealed limited antigen distribution in the intestinal tract and
the pancreas for the LP virus, which is commonly observed in turkeys (Pantin-Jackwood and
Swayne, 2009). In contrast, introduction of the polybasic CS led to a wide virus dissemination
in different tissues similar to HP. The highest amounts of HP virus were found in the brain
causing severe damage and severe neurological signs like seizures were remarkable.
Interestingly, in contrast to chickens, nucleoprotein was not detected in the endothelium for
any virus in turkeys. Narayan (1972) has shown that an H5N9 virus was able to spread to the
brain causing severe damage without infection of endothelial cells. Similar results have been
described in a more recent study where H5Nx inoculations lead to a wide host cell tropism
without the infection of the endothelium (Carnaccini et al., 2019). On the other hand an HPAIV
H7N8 from outbreaks in the USA in 2016 was detected in the vascular endothelium in
experimentally infected turkeys (Pantin-Jackwood et al., 2017b). Three potential pathways of
AlV neuroinvasion in birds have been described by Kobayashi et al. (1996): transport from the
nasal cavity to the brain via the bulbus olfactorius, dissemination through the cardiovascular
system, and infection of ependymal cells. While in chickens all three ways are conceivable,
our findings suggest that the first and the last one are propably seen in turkeys. Endothelial
infection in both species requires further investigation. Moreover, lymphatic depletion in the
spleen and the lungs of turkeys was exclusively observed after HP infection indicating that
mutations in other gene segments are important for inhibiting the host immune response (e.g.
in spleen and lungs). Taken together, these findings reveal that the polybasic CS induces a
wide tropism to several organs in turkeys. Unlike the hematogenous spread in chickens,
systemic spread of HPAIV H7N7 in turkeys probably occurred via the nervous system,
although the lymphatic pathway as a potential route for viral distribution is not excluded, since

lymphatic organs were highly affected.

Ducks are known to be the natural reservoir of AIV. AIV infection in ducks is mostly
asymptomatic with high virus replication and excretion (Alexander, 2000; Pantin-Jackwood and

Swayne, 2009). Ducks are usually resistant to HP H5 or H7 infections and show only mild
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clinical signs, if any, depending on the species and age of ducks as well as the challenge route
(Kim et al., 2009; Pantin-Jackwood et al., 2017a). So far, only few HP infections in wild birds
have been reported. The first was caused by an H5N3 in terns in 1961 in South Africa. Since
2002 H5N1 led to frequent infections of wild bird populations and the recent HSN8 from 2016
is also frequently detected in dead wild birds (Becker, 1966; Ellis et al., 2004; Ghafouri et al.,
2019; Kishida et al., 2005; Muzyka et al., 2018; Pantin-Jackwood and Swayne, 2007; Soliman
et al., 2012). Very little is known about H7 viruses in ducks (Kim et al., 2009; Pantin-Jackwood
et al., 2017a; Pantin-Jackwood and Swayne, 2009). Scheibner et al. (2019b) described that
infections of Pekin and Mallard ducks with the German HPAIV H7N7 were asymptomatic after
ON or IV inoculation. Muscovy ducks were more sensitive, exhibited moderate clinical signs,
and excreted higher virus levels which is in accordance with the higher susceptibility of
Muscovy ducks to HPAIV H5Nx (Ellis et al., 2004; Kishida et al., 2005). Scheibner et al.
(2019a) assessed the virulence of historic H7N1 and H7N7 from 1934 and 1927 outbreaks,
respectively and a recent Italian H7N1 from 1999 epidemic in ducks. These viruses are highly
virulent in chickens (Alexander et al., 1978; Capua et al., 2000a) but virulence in Muscovy
ducklings was variable. While H7N1 from 1934 was highly virulent, H7N7 from 1927 and H7N1
from 1999 exhibited moderate virulence with a low mortality rate in Muscovy ducks after
intrachoanal inoculation. These findings indicate that virulence determinants of HPAIV H7 in
ducks differ from those in chickens. Viral and host factors that contribute to the virulence in
chickens and (different species of) ducks remain to be investigated. Previous studies have
shown that, in addition to a polybasic HACS, mutations in the polymerase genes conferred
high virulence in ducks (Hulse-Post et al., 2007; Song et al., 2011). While ducks used for the
experiments described by Scheibner et al. (2019b) were 4-weeks-old, the ducks used in the
second study were 10-days-old (Scheibner et al., 2019a). This difference in age may explain
the lack of any mortality after inoculation with the German H7N7-2015 by Scheibner et al.
(2019b). Age dependent differences in susceptibility and virus transmission have already been
reported for Mallard ducks (Costa et al.,, 2010). Therefore, it is important to assess the
pathogenicity of this virus in young ducks. Together, experiments described in both studies
included in this thesis showed that viral and host factors including virus strain, route of
inoculation, species and probably age of ducks can modulate virulence of H7Nx viruses in
ducks (Scheibner et al., 2019a; Scheibner et al., 2019b).

In the study of Scheibner et al. (2019b), Mallard (and Pekin) ducks showed no clinical signs
after inoculation with the German H7N7. This is in accordance with the role of Mallard ducks
as a main reservoir for AlV (Alexander, 2000; Munster et al., 2005; Pantin-Jackwood et al.,
2017b; Pantin-Jackwood and Swayne, 2009). Moreover, Muscovy and Mallard ducks excreted
considerable amounts of virus in the cloaca. This is in line with several studies describing high

virus replication in the digestive tract of ducks leading to high cloacal shedding (Kida et al.,
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1980; Slemons and Easterday, 1978; Webster et al., 1978). Conversely, all viruses tested in
the study of Scheibner et al. (2019a) showed higher virus amounts in the oral swabs. Previous
experiments demonstrated that some H7 viruses were also excreted mainly via the oral route
(Pantin-Jackwood et al., 2016). Therefore, the impact of excretion of different HPAIV H7 via
the oral and/or cloacal routes on virus spread (e.g. direct contact via oral route or contamination
of water and feed via cloacal route) and the genetic determinants contributing to this altered

excretion should be further investigated.

In conclusion, in this dissertation the virulence of H7 AlV in chickens, turkeys and ducks was
investigated. While the polybasic CS led to almost full virulence and transmission in chickens,
in turkeys other gene segments seem to be essential. Another striking difference is the
endotheliotropism of HPAIV H7N7 in chickens, which was not observed in turkeys or ducks. In
ducks, HPAIV H7 viruses exhibited variable virulence ranging from no signs to high mortality.
Several factors including virus strain, duck species, route of inoculation and probably age at
infection modulate virulence of HPAIV in ducks. In addition, Mallard ducks could play a crucial
role for HP H7N7 spread among wild birds. These findings highlight variable molecular

determinants and pathomechanisms for the evolution of HPAIV H7 in different bird species.
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6 Summary

Avian influenza viruses of subtype H7Nx cause high economic losses and can evolve, similar
to H5NXx viruses, to highly pathogenic viruses from low pathogenic ancestors. Some H7Nx
viruses are endemic in Europe and are frequently reported to cause outbreaks in different
poultry species. While turkeys and chickens are highly susceptible as indicated by high

mortality, ducks are mostly clinically resistant to avian influenza virus (AlV).

In 2015 a natural pair of low pathogenic AlV (LPAIV)/ high pathogenic AIV (HPAIV) H7N7 virus
was isolated from the same farm in the district Emsland, North West Germany. The genetic
comparison between the LP and the HP H7N7 virus showed mutations in all eight segments
and a polybasic cleavage site motif in the HP virus leading to high virulence and 100% mortality
in chickens. In this thesis virulence determinants of this virus were investigated by reverse

genetics and infection experiments in chickens, turkeys and ducks.

In the first publication we focused on the impact of the polybasic cleavage site of the H7N7
virus as a main virulence determinant in different bird species. While the polybasic cleavage
site increased virulence and endothelial tropism of LPAIV in chickens to levels similar to the
HP virus, it was less important but still necessary for high virulence in turkeys, but not in ducks.
Pekin, Mallard and Muscovy ducks were susceptible to infection with HPAIV H7N7, but only
Muscovy ducks showed mild to moderate clinical signs. Since Mallard ducks shed remarkable

amounts of virus, they may play a role in the silent spread of HPAIV H7 viruses.

In the second publication, we assessed virulence of different European H7 viruses in Muscovy
and Pekin ducks. In Muscovy ducks, the Fowl Plague Virus (FPV) H7N7 from 1927 caused
20% mortality, while the two H7N1 viruses from 1934 from Germany and from 1999 from Italy
showed moderate to high virulence with a mortality rate ranging from 20 to 80% after
intrachoanal inoculation. Although all viruses were highly virulent in chickens and possess a
polybasic CS they exhibit variable virulence in ducks. These findings show the importance of

the investigation of virulence determinants of H7 viruses in ducks.

Taken together, virulence determinants and pathobiology of HPAIV H7 is different according
to the bird species. In chickens, the polybasic CS is the major determinant for virulence and
tropism, while other gene segments are important for virulence and transmission in turkeys.
Chickens and turkeys are dead-end hosts playing minimal role in the spread of HPAIV,
whereas asymptomatically infected ducks can further spread the virus. These findings are

crucial to understand the molecular biology of HPAIV in different bird species.
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7 Zusammenfassung

Virulenz von aviaren Influenzaviren des Subtypes H7 in Vogein:

Der Einfluss der polybasischen Spaltstelle im Hamagglutinin auf die Virulenz eines
aktuellen deutschen H7N7 Virus und die Pathogenitit von europaischen H7N7 und
H7N1 Viren in Enten

Aviare Influenzviren (AlV) des Subtypes H7Nx verursachen grofde wirtschaftliche Schaden und
kénnen sich, genau wie H5Nx Viren, zu hoch virulenten Viren aus niedrig pathogenen
Vorlaufern entwickeln. Einige H7Nx Viren sind endemisch in Europa und fihren regelmafig
zu Ausbriichen in verschieden Geflligelspezies. Wahrend Huhner und Puten sehr empfanglich
sind, was durch eine hohe Mortalitatsrate gekennzeichnet ist, sind Enten meistens klinisch

resistent gegen aviare Influenzaviren.

2015 konnte ein natlrliches Paar niedrig- (LP) und hochpathogener (HP) Phanotypen eines
H7N7 Virus von einem Geflligelbetrieb im Landkreis Emsland, im Nordwesten Deutschlands,
isoliert werden. Der genetische Vergleich beider Viren zeigte Mutationen in allen acht
Segmenten und eine polybasische Spaltstelle im HP Virus, welche zu hoher Virulenz und
100% Mortalitat in Hihnern fuhrten. In dieser Arbeit wurden die Virulenzdeterminanten dieser
Viren mithilfe reverser Genetik und Infektionsversuchen in Hihnern, Puten und Enten

untersucht.

In der ersten Publikation lag das Augenmerk auf dem Einfluss der polybasischen Spaltstelle
des H7N7 Viruses als Hauptvirulenzdeterminante in verschiedenen Vogelspezies. Wahrend
die polybasische Spaltstelle die Virulenz und den Endotheltropismus des niedrigpathogenen
aviaren Influenzaviruses (LPAIV) in Hihnern auf vergleichbare Werte wie das hochpathogene
(HP) Virus erhdhte, war sie weniger wichtig, aber dennoch fir hohe Virulenz in Puten
notwendig, jedoch nicht in Enten. Peking-, Stock- und Moschusenten sind empfanglich fir die
Infektion mit HP H7N7, aber nur die Moschusenten zeigten ein mildes bis moderates
Krankheitsbild. Da Stockenten beachtenswerte Mengen des Virus ausschieden, konnten sie
eine Rolle als stille Ubertrager von hochpathogenen avidren Influenzaviren (HPAIVs) des

Subtyps H7 spielen.

In der zweiten Publikation haben wir die Virulenz verschiedener europaischer H7 Viren in
Moschus- und Pekingenten ermittelt. In Moschusenten verursachte das Fowl Plague Virus
(FPV) H7N7 von 1927 eine Mortalitat von 20%, wahrend die beiden H7N1 Viren von 1934 aus
Deutschland und von 1999 aus Italien moderate bis hohe Virulenz mit einer Mortalitat von 20
bis 80% nach intrachoanaler Inokulation zeigten. Obwohl alle Viren hochvirulent in Hihnern

waren und eine polybasische Spaltstelle aufwiesen, fiihrten sie zu variabler Virulenz in Enten.
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Diese Ergebnisse zeigen die Notwendigkeit der Untersuchung von Virulenzdeterminanten von
H7 Viren in Enten.

Zusammenfassend ist zu sagen, dass die Virulenzdeterminanten und die Pathobiologie von
HPAIV H7 in Bezug auf die Vogelspezies variiert. In Huhnern stellt die polybasische Spaltstelle
die Hauptvirulenzdeterminante dar, wahrend andere Gensegmente wichtig fir die Virulenz und
die Ubertragung in Puten sind. Hilhner und Puten sind Endwirte, die eine minimale Rolle fir
die Verbreitung von HPAIVs spielen, wobei asymptomatisch infizierte Enten diese Viren
weiterverbreiten kénnen. Diese Ergebnisse sind entscheidend flir das Verstandnis der

Molekularbiologie von HPAIVs in verschiedenen Vogelspezies.
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