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2-ME 2-mercaptoethanol

cDNA complementary deoxyribonucleic acid
CEF chicken embryo fibroblasts

CHX cycloheximide
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DMEM Dulbecco’s minimal essential medium
Dpi days post-infection
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viral ribonucleic acid
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Preface

Influenza A viruses (1AVs) are widely distributed in birds and mammals, including
humans. The AV genome consists of eight segments of negative-sense RNA, and is
divided into subtypes on the basis of the combination of two surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA), which are classified into each subtype
based on antigenicity (H1-16 and N1-9, respectively) [1]. Epidemiological studies have
revealed that wild water birds, particularly migratory ducks, are the natural reservoirs of
IAVs [1]. All known 1AV subtypes, except for H17N10 and H18N11 whose genomes
were detected in bats [2,3], have been found in water birds [4,5].

Highly pathogenic avian influenza (HPAI) was first reported in Italy in 1878 as “fowl
plague,” a severe, rapidly spreading disease with high mortality in chickens [6]. This
disease spread throughout Europe in the late 1800s and early 1900s via poultry exhibitions
and shows, and it became endemic in domestic poultry until the 1930s [7]. In 1955, IAV
was identified as the causative agent of fowl plague and shown to be related to other 1AVs
that infect mammals, including humans, pigs, and horses [7]. Since then, outbreaks of
HPAI have been reported in many countries, resulting in devastating losses in poultry
production worldwide.

In 1996, outbreaks of HPAI caused by H5N1 viruses occurred at a goose farm in
China [8]. Moreover in 1997, outbreaks of HPAI caused by H5N1 viruses occurred at
live bird markets in Hong Kong and human cases of HSN1 HPAI virus infection were
subsequently reported [9,10]. Since then, HSN1 HPAI viruses have been circulating in
poultry for more than a decade [11], leading to the death or euthanization of vast

number of wild and domestic birds. In 2002, a large number of water birds, including



ducks, geese, and other birds, died because of HSN1 HPAI virus infection in Hong
Kong [12]. Furthermore, in 2005, approximately 6,000 migratory water birds with
H5N1 HPAI virus infection were found dead in Qinghai Lake, China [13]. Since then,
many cases of fatal HPAI virus infection of wild birds, including ducks, have been
reported in several countries. In addition to infection of avian species, it has been
reported that HSN1 HPAI viruses are occasionally transmitted to humans and cause
severe pneumonia with high case fatality rates [14]. Since the transmission of this virus
to humans with a fatal outcome was first reported in 1997, 862 human cases, with 455
deaths, have been reported (as of 14 December in 2015,

http://apps.who.int/iris/bitstream/10665/69373/1/WHO PSM PAR 2006.6 eng.pdf and

http://www.who.int/influenza/human animal interface/EN GIP 20151214cumulativeN

umberH5N1cases.pdf?ua=1).

It is known that HPAI viruses evolve directly from low-pathogenic H5 and H7 viruses
maintained in natural reservoirs [15-18]. Low-pathogenic 1AVs contain a single arginine
residue at the HA cleavage site, which is cleaved only by trypsin-like proteases and thus
produce localized infection of the respiratory and/or intestinal tracts, causing
asymptomatic or mild infection. After introduction into domestic poultry, low-pathogenic
viruses often acquire multiple basic amino acids at the HA cleavage site, which is
recognized by ubiquitous proteases such as furin and PC6 [19], thereby rendering these
viruses capable of causing fatal systematic infection in terrestrial poultry. The polybasic
HA cleavage site is known to be generated by multiple nucleotide insertions/substitutions
to create codons for basic amino acids [17,20-22] or by recombination with cellular or
viral RNA (VRNA) [23-25]. Although the polybasic HA cleavage site is considered to be

the primary marker of HPAI viruses [16,26], it remains poorly understood why the



acquisition of the polybasic HA cleavage site is restricted to only H5 and H7 subtypes
and how multiple nucleotide insertions/substitutions occur to create codons for basic
amino acids.

In addition to the polybasic HA cleavage site, several molecular determinants of
HPAI virus pathogenicity have been identified. Some amino acid residues in the
polymerase subunits were shown to affect polymerase activity and to be important for the
pathogenicity and host range of HSN1 HPAI viruses [27-30]. Deletions in the NA protein
stalk region have been observed in many HPAI viruses [15,31,32]. Certain amino acids
or regions of the NS1 protein have been reported to play a key role in the ability of HSN1
viruses to undermine the antiviral immune response of the host cells and to be critical for
the pathogenicity of H5N1 viruses in mice [33-35]. In addition, other viral proteins have
been reported to participate in the pathogenicity of HSN1 viruses [36-39]. However, in
spite of extensive investigations, the genetic basis and mechanisms underlying the high

pathogenicity of HSN1 HPAI viruses are not completely understood.



Chapter |
A Single Amino Acid in the M1 Protein Responsible for the Different

Pathogenic Potentials of H5N1 Highly Pathogenic Avian Influenza Virus Strains

Introduction

The polybasic HA cleavage site is recognized by ubiquitous protease, and makes
HPAI virus capable of causing systematic infection with fatal outcomes in terrestrial
poultry. This mechanism plausibly explains the high lethality of HPAI viruses in
chickens but not in mice [40]. Interestingly, HPAI viruses are, in general, known to
show no or only mild pathogenicity for ducks although some H5N1 HPAI virus strains
have been reported to kill them [12,41]. Thus, other factors in addition to the presence
of multiple basic amino acids at the cleavage site of the HA should contribute to the
pathogenicity of HPAI viruses for some hosts (e.g., mice and ducks) [30].

In 2010-2011, multiple outbreaks of HSN1 HPAI occurred in various parts of Japan
[42]. In the same year, before those outbreaks, two strains of HSN1 HPAI viruses,
A/duck/Hokkaido/WZz83/2010 (H5N1) (WZz83) and A/duck/Hokkaido/WZ101/2010
(H5N1) (WZz101), were isolated from fecal samples of apparently healthy migratory
ducks arriving at the northernmost stopover site of the birds in Japan [43]. WZ83 and
WZ101 are almost identical genetically and belong to the same clade, which contains
several viruses detected over the whole of Japan and Korea [42]. In this study, it was
found that WZ101 showed higher pathogenicity than WZ83 for chickens, ducks, and
mice, despite the high genetic identity between these strains. To determine the

molecular basis for the difference in pathogenicity between WZ83 and WZ101, we



generated reassortant viruses using a plasmid-based reverse genetics system, and found
that the amino acid at position 43 of the M1 protein, previously not identified as a
molecular determinant of virulence of 1AVs, was the major contributor to the higher

pathogenicity of WZ101 in both avian and mammalian species.



Materials and Methods

Viruses and cells

Influenza virus strains WZ83 and WZ101 were isolated from fecal samples of
healthy migratory ducks arriving at Lake Ohnuma, Wakkanai, Hokkaido, en route south
from their nesting areas in Siberia [43]. After isolated, these viruses were passaged once
in 10-day-old embryonated chicken eggs at 35°C and stored at -80°C until use. Chicken
and duck embryo fibroblasts (CEF and DEF, respectively) were prepared from 10-day-
old chicken embryos and 13-day-old duck embryos, respectively, as previously
described [44,45] with slight modification. Madin-Darby canine kidney (MDCK) cells
[46], CEF, and DEF were grown in Dulbecco’s minimal essential medium (DMEM)
supplemented with 10% calf serum, 100 U/ml penicillin, and 0.1 mg/ml streptomycin.
Human embryonic kidney 293T cells [47] were grown in DMEM supplemented with
10% fetal calf serum and antibiotics as described above . All cells were incubated at

37°C in a 5% CO, atmosphere unless otherwise indicated.

Construction of plasmids

VRNAs of WZ83 and WZ101 were extracted from infectious allantoic fluid using a
QlAamp Viral RNA Mini Kit (Qiagen , Hilden, Germany) and reverse transcribed with
Moloney murine leukemia virus reverse transcriptase (Invitrogen , Carlsbad, USA) using
the unil2 primer (5’-AGCAAAAGCAGG) [48]. Then, for the expression of VRNAS,
complementary DNAs (cDNAs) of WZ83 and WZ101 gene segments were cloned into
the pHH21 vector, which contains the human RNA polymerase | promoter and the mouse
RNA polymerase | terminator separated by the BsmBI sites [49]. For the viral protein

expression, the cDNAs encoding the PB2, PB1, PA, and NP genes of WZ83 and WZ101
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were cloned into the multiple-cloning site of the eukaryotic expression vector
pCAGGS/MCS (controlled by the chicken B-actin promoter) [50]. All of the plasmids

constructed were sequenced to confirm the absence of unexpected mutations.

Generation of viruses from plasmids

Wild-type rgWZ83 and rgWZ101 and their reassortant viruses (rgWz-83PB1/101M,;
WZ83 whose M gene was replaced with that of WZ101 and rgWZ-83M/101PB1; WZ101
whose M gene was replaced with that of WZ83) (Fig. 1) were generated by reverse
genetics as described previously [49] with slight modification. Briefly, 293T cells were
transfected with 1 ug of each of the 12 plasmids (8 plasmids for vVRNA expression and 4
plasmids for viral polymerase and NP protein expression) encoding WZ83 and WZ101
genes using TransIT-LT1 (Mirus Bio, Madison, USA) according to the manufacturer’s
protocol. Forty-eight hours after transfection, the supernatants of transfected 293T cells
were collected, diluted at 1:10, and transferred to confluent monolayers of MDCK cells.
Rescued viruses were propagated in MDCK cells and titers were determined as plaque-
forming units (PFU) using MDCK cells and a 50% tissue culture infectious dose (TCIDso)
using CEF, DEF, and MDCK cells. The genomes of the rescued viruses were sequenced

to confirm the absence of unexpected mutations.

Experimental infection of chickens, ducks, and mice

All experimental protocols were reviewed and approved by the Hokkaido University
Animal Care and Use Committee (Approval number: 08-0234, 13-0138). Four-week-old
chickens (Boris Brown), 2-week-old domestic ducks (Cherry Valley, kindly provided by

Takikawa Shinseien, Hokkaido, Japan), and 7-week-old female mice (BALB/c) were used



to assess the pathogenicity of the viruses. Eight chickens in each group were
intravenously infected with each virus (10° PFU/bird) and monitored clinically at 8-hour
intervals over the period of 6 days. Six chickens in each group were intranasally infected
with each virus (10° PFU/bird) and monitored clinically at 24-hour intervals over the
period of 14 days. Five ducks in each group were infected intranasally with each virus
(10°® PFU/bird) and monitored clinically at 12-hour intervals over the period of 14 days.
Clinical signs of infected ducks were evaluated and scored daily on the scale of 0-3 (0 =
healthy; 1 = mild ill; 2 = severe ill; 3 = dead) during the observation period. Birds
exhibiting severe disease signs (i.e. severe neurological symptoms or paralysis) were
euthanized with isoflurane and death was recorded as occurring the next day. Three mice
in each group were intranasally infected with each virus (10, 102, 10%, and 10* PFU/head),
and their body weights and survival (fatality) rates were monitored at 24-hour intervals
over the period of 14 days. Mice with body weight loss of more than 25% of their original
body weight were euthanized with isoflurane and death was recorded as occurring the
next day. These animal experiments were carried out in the biosafety level 3 facility at
the Hokkaido University Research Center for Zoonosis Control, Japan. Statistical
significance of survival time for chickens that died during the experimental period and
the mean clinical score of individual ducks were calculated using student’s t-test with

Bonferroni correction.

Growth kinetics of viruses in DEF, CEF, and MDCK cells
Cultured DEF, CEF, and MDCK cells were infected with each virus at the multiplicity
of infection (MOI) of 0.001. After adsorption for 1 hour, the inoculum was removed and

cells were washed and overlaid with Eagle’s minimal essential medium (MEM)
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containing bovine serum albumin (0.3%), penicillin (100 U/ml), and streptomycin (0.1
mg/ml). DEF, CEF, and MDCK cells were incubated at 40°C or 35°C, and the culture
supernatants were collected at various time points. The titers of viruses released into cell

culture supernatants were determined by plaque assays in MDCK cells.

Cycloheximide treatment and detection of M1 protein in infected CEF

CEF were infected with each virus at the MOI of 2 and incubated for 6 hours. Then
the culture medium was replaced by MEM supplemented with bovine serum albumin
(0.3%), penicillin (100 U/ml), and streptomycin (0.1 mg/ml) containing cycloheximide
(CHX) (100 pg/ml) or ethanol (solvent for CHX) and the incubation was continued for
further 6 hours at 37°C. Cells were lysed in sodium dodecyl sulfate (SDS) buffer
containing 2-mercaptoethanol (2-ME), and the M1 protein and B-actin in whole cell lysate
was detected as described below. Samples were heated for 5 minutes at 98°C and analyzed
by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis,
separated proteins were blotted onto a polyvinylidene difluoride membrane (Merck
Millipore, Guyancourt, France). Mouse monoclonal antibodies against the M1 protein
(APH6-23-1-6) [51] and B-actin (Abcam, Cambridge, USA) were used as primary
antibodies to detect the M1 and B-actin, respectively. The bound antibodies were detected
with peroxidase-conjugated goat anti-mouse 1gG (H+L) (Jackson ImmunoResearch, West
Grove, USA), followed by visualization with Immobilon Western (Merck Millipore,
Guyancourt, France). Band intensities of the M1 protein were analyzed with a
VersaDocTM Imaging System (Bio-Rad, Hercules, USA) and Image LabTM software

(Bio-Rad, Hercules, USA).
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Results

Characterization of WZ83 and WZ101

It was first first found that chickens infected intravenously with WZ83 or WZ101
uniformly showed loss of appetite, lethargy, subcutaneous hemorrhages in the legs, edema
of the face and legs, and paralysis. However, it was noted that WZ101 killed the chickens
more rapidly than WZ83; chickens infected with WZ83 died at 72-128 hours post-
infection (hpi) whereas those infected with WZ101 died at 40-56 hpi (Fig. 2A) (p<0.001
for the comparison of the mean death time). Then all the RNA segments were sequenced
and it was demonstrated that WZ83 and WZ101 were almost identical and differed by
only two amino acids in the M1 and PBL1 proteins, the primary products of the M and PB1
RNA segments. WZ83 and WZ101 have isoleucine (lle) and methionine (Met) at amino
acid position 43 of M1, and Ile and Met at amino acid position 317 of PB1, respectively.
No difference was found in the M2 and PB1-F2 proteins, which were also expressed by

the respective gene segments.

Pathogenicities of rgWz83, rgWwz101, rgWzZ-83PB1/101M, and rgWZ-83M/101PB1
in chickens

To investigate the genetic basis of the difference in pathogenicity between WZ83 and
WZ101, the author established a reverse genetics system for these viruses and rescued
wild-type and their reassortant viruses (Fig. 1). Intravenous inoculation of these viruses
caused similar clinical symptoms and 100% mortality in 4-week-old chickens. Consistent
with the difference between the original strains (Fig. 2A), rgWZ101 killed chickens more

rapidly than rgWZ83 (i.e., while chickens infected with rgWZ83 died at 64-112 hpi, those

12



infected with rgWZ101 died at 40-64 hpi) (p<0.01 for the comparison of the mean death
time between rgWZzZ83 and rgWz101). Interestingly, the pathogenicities of rgWZ-
83PB1/101M and rgWZ-83M/101PB1 were similar to those of rgWwz101 and rgWZ83,
respectively (i.e., chickens infected with rgWZ-83PB1/101M died at 40-64 hpi whereas
those infected with rgWZ-83M/101PB1 died at 64-104 hpi) (Fig. 2B) (p<0.01 for the
comparison of the mean death time between rgWz83 and rgWzZ-83PB1/101M and
between rgwWz101 and rgWZ-83M/101PB1). The pathogenicities of these viruses were
also investigated in chickens infected intranasally (Fig. 2C). It was found that all 4 viruses
were highly lethal in intranasally infected chickens, and there was an appreciable
difference between rgWz83 and rgWz101, as was the case with intravenously infected
chickens (p<0.001 for the comparison of the mean death time between rgWZzZ83 and
rgwz101). Chickens infected with rgWZz101 or rgWZ-83PB1/101M died at 3-7 days
post-infection (dpi), whereas chickens infected with rgWz83 or rgWzZ-83M/101PB1 died
at 5-8 dpi except for one rgWz83-infected chicken surviving during the 14-day
observation period (Fig. 2C) (p<0.01 for the comparison of the mean death time between
rgwz83 and rgWz-83PB1/101M and between rgWz101 and rgWZ-83M/101PB1).
These results indicated that the M gene of WZ101 contributed to the higher pathogenicity

of rgWwz101 in chickens.

Pathogenicities of rgWz83, rgWwz101, rgWz-83PB1/101M, and rgWZ-83M/101PB1
in ducks

Then pathogenicities of all 4 rescued viruses in ducks were compared (Fig. 2D). All
ducks infected with rgWZ83 survived and showed no or only mild clinical symptoms (e.g.

somnolentia and lethargy) during the 14-day observation period. In contrast, ducks
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infected with rgWZz101 showed loss of appetite, lethargy, torticollis, uncontrollable
shaking, marked loss of balance, and paralysis, and 4 of the 5 ducks died at 5-7 dpi
(p<0.01 for the comparison of the mean clinical score between rgWzZ83 and rgWZ101).
Unlike rgWZ83, rgWZ-83PB1/101M caused severe clinical symptoms in all ducks and
killed 3 of the 5 infected ducks at 7-10 dpi (p<0.01 for the comparison of the mean clinical
score between rgWz83 and rgWZ-83PB1/101M). Interestingly, rgWZ-83M/101PB1 did
not kill any ducks and caused no or only mild clinical symptoms, as was the case with
rgwz83 (p<0.01 for the comparison of the mean clinical score between rgWz101 and
rgWz-83M/101PB1). These results indicated that the single amino acid difference in the

M1 protein was a critical factor associated with the lethality of WZ101 in ducks.

Pathogenicities of rgWz83, rgWwz101, rgWZz-83PB1/101M, and rgWZ-83M/101PB1
in mice

Furthermore, the pathogenicities of these viruses in mice were compared (Fig. 2E). Four
infectious doses (10, 102, 103, or 10* PFU) of each virus were inoculated intranasally into
mice (three mice for each dose). It was found that rgWz101 killed all the mice, even at
the lowest dose tested (10 PFU), whereas a much higher dose (10* PFU) was required for
rgWz83 to kill all three mice. Both rgWZ-83PB1/101M and rgWZ-83M/101PB1 were
lethal for mice at the highest dose (10* PFU) but not at the lowest dose (10 PFU).
Interestingly, at the moderate dose (10? PFU), rgWZ-83PB1/101M was lethal and killed
all three mice, whereas rgWZ-83M/101PBL.1 killed no mice. The 50% mouse lethal doses
(MLDso) of rgwz83, rgwz101, rgWZ-83PB1/101M, and rgWZ-83M/101PB1 were 103,
<10, 3.16x10, and 1.78x10° PFU, respectively. These results suggested that the single

amino acid difference in the PB1 protein, in addition to the M1 protein, was also involved
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in the higher pathogenicity of WZ101 in mice.

Growth kinetics of rgwWwzZ83, rgwz101, rgWz-83M/101PB1, and rgWZ-
83PB1/101M in CEF, DEF, and MDCK cells

To compare the in vitro replication capacities of the viruses, their growth Kinetics
were tested in CEF, DEF, and MDCK cells at 40°C and 35°C. It was found that rgWzZ101
replicated more efficiently than rgWwz83 in CEF and DEF at 40°C, as indicated by
approximately 10-fold higher titers than those of rgWz83 at 48 and 72 hpi (Fig. 3A and
B). The growth kinetics of rgwZzZ-83PB1/101M and rgWZ-83M/101PB1 were similar to
those of rgWwz101 and rgWz83 in CEF and DEF, respectively (Fig. 3A and B).
Interestingly, the difference was less significant when the viruses were grown in CEF and
DEF at 35°C (Fig. 3D and E). In MDCK cells, rgWZz101 and rgWZ-83PB1/101M showed
higher titers than rgWz83 and rgWZ-83M/101PB1 at several time points when grown at
40°C (Fig. 3C). However, unlike the growth kinetics in CEF and DEF, overall differences

between the viruses were limited and not clear in MDCK cells.

Difference in the stability of the M1 proteins in cultured cells

Since the M1 protein was shown to be important for the difference in the
pathogenicity and replication capacity between WZ83 and WZ101, the author then sought
to find the difference in biological properties of the M1 protein among the strains. The
stability of the M1 protein was focused on since the author hypothesized that it might be
involved in viral pathogenesis. rgWZz83- and rgWz101-infected CEF were incubated for
6 hours followed by the incubation with CHX for 6 more hours, and the amounts of the

M1 protein were compared (Fig. 4A and B). Without CHX treatment, similar amounts of

15



the M1 protein were detected in CEF infected with rgWZ83 and rgWZ101. As expected,
reduced amounts of the M1 protein of rgWZ83 and rgWZ101 were detected in infected
CEF incubated with CHX. Interestingly, it was found that the amount of the rgwWwz101
M1 protein was significantly lower than that of the rgWz83 M1 protein in CHX-treated
CEF. These results suggested that the WZ101 M1 protein was more unstable and degraded

more rapidly in CEF than the WZ83 M1 protein.
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Discussion

In this study, it was found that two HSN1 HPAI virus strains isolated in Japan,
WzZ83 and WZ101, were genetically almost identical but had different pathogenicities.
It was demonstrated that rgWZ101 had higher pathogenicity than rgWZzZ83 in chickens,
ducks, and mice and that the amino acid at position 43 in the M1 protein, not reported
previously to be associated with virulence of 1AVs, was responsible for the higher
pathogenicity of WZ101. It was further demonstrated that this amino acid affected the in
vitro replication capacity of WZ83 and WZ101 and the stability of the M1 protein in
infected cells.

Based on sequences obtained from the NCBI Influenza Virus Resource Database,
the amino acid at position 43 of the M1 protein is highly conserved among 1AV (i.e.,
1194 of 1201 viruses isolated from avian species and 2648 of 2662 viruses isolated from
all hosts have Met at this position of the M1 protein). In 2010 and 2011, many strains of
the H5N1 HPAI viruses closely related to WZ83 and WZ101 were isolated not only in
Japan but also in China, Mongolia, Russia, and Korea. However, all of these viruses
except for WZ83 have Met at amino acid position 43 of the M1 protein. These
observations suggest that Met at amino acid position 43 of the M1 protein is important
for the viral life cycle and/or not exposed to selection pressure. Importantly, however,
WZz83 still retained high pathogenicity in chickens and high replication capacity in
vitro, indicating that the substitution at this position might not affect the fundamental
functions of the M1 protein.

The M1 protein is a multifunctional protein playing many essential roles throughout

the viral replication cycle. It forms the major structural component of influenza virus
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particles, plays an essential role in viral assembly associated with influenza virus
ribonucleoprotein (RNP) and RNA [52-56], functions in transcription inhibition [57],
and controls RNP nuclear import and export [58-62]. However, little has been reported
about the direct contribution of the M1 protein to the pathogenicity of HSN1 HPAI
viruses. Two amino acid residues at positions 30 and 215 of the M1 protein were
reported to be important for the pathogenicity of HSN1 HPAI viruses in mice [38].
While these 2 amino acids are located in the second helix and C-terminal domain of the
M1 protein, respectively, amino acid position 43, which is responsible for the difference
in the pathogenicity between WZ83 and WZ101, is located in the N-terminal domain
and fold into the third helix of the M1 protein [63,64]. The amino acid substitution at
position 41 of the M1 protein has been reported to be associated with increased
replication and virulence of human influenza viruses in mice, suggesting a role in host
adaptation [65]. This amino acid residue was also implicated in determining the virion
morphology (i.e., filamentous or spherical) of influenza viruses [66,67], while both
rgWwz83 and rgWz101 virions were spherical (data not shown). These observations
suggested the different contributions of these amino acids to the pathogenicities of
H5N1 HPAI viruses in different animals.

It was also noted that the difference in growth kinetics experiments between WZ83
and WZ101 was most apparent in avian cells at the higher temperature. In general, avian
influenza viruses replicate at higher temperatures than human influenza viruses, most
likely due to higher temperature of avian species compared to mammals. It was shown
that in vitro replication capacity at higher temperature (41°C) was correlated with the
pathogenicity of some HAPI virus strains in chickens [68]. Therefore, efficient

replication of WZ101 at higher temperature is likely linked to its increased
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pathogenicity particularly in chickens and ducks. It was also suggested that the M gene
segment of a live attenuated human influenza vaccine strain affected temperature
sensitivity of the virus [69]. Although detailed mechanisms are not clear, it is assumed
that amino acid position 43 is involved in the thermal stability of the WZ101 M1
protein which might contribute to the pathogenicity.

It has been suggested that difference in viral protein degradation in infected cells
could affect the pathogenicity of the rabies virus [70]. A rabies virus strain with a higher
degradation rate of its G protein induced less apoptosis in infected neuronal cells and
had a 50% higher pathogenicity index for mice than a variant strain with a lower
degradation rate of the G protein [70]. It is known that the M1 protein of IAVs mediates
the activation of caspase, which plays essential roles in inducing apoptosis both in viral
infected and M1-expressing cells [71]. Although the transient expression of WZ83 and
WZzZ101 M1 proteins in 293T and Hela cells did not affect the caspase activity (data not
shown), these data suggested that the WZ101 M1 protein was more unstable and
degraded more rapidly in virus-infected CEF than the WZ83 M1 protein. Thus, it might
be possible that rapid degradation of the WZ101 M1 protein results in weaker anti-viral
host responses due to reduced apoptosis and/or antigen presentation of infected cells.

In summary, it was demonstrated that the amino acid at position 43 of the M1
protein could be a critical factor contributing to high pathogenicities of HSN1 HPAI
viruses for both avian and mammalian species, although the underlying mechanisms
remain to be determined. It is noteworthy that the amino acid difference at this position
particularly affected viral pathogenicity in ducks. These data underscore the need for
continued global monitoring of HSN1 HPAI viruses for early detection of HPAI viruses

with reduced virulence to ducks due to the substitution at this amino acid position,
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enabling us to take preemptive measures to minimize the risk of their transmission to
domestic poultry. It is also important to investigate whether such viruses are naturally

selected and become predominant in wild duck populations.
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Summary

Two HPAI virus strains, WZ83 and WZ101, which were isolated from wild ducks in
Japan, were found to be genetically similar, with only two amino acid differences in
their M1 and PBL1 proteins at positions 43 and 317, respectively. It was found that both
WZ83 and WZ101 caused lethal infection in chickens but WZ101 killed them more
rapidly than WZ83. Interestingly, ducks experimentally infected with WZ83 showed no
or only mild clinical symptoms, whereas WZ101 was highly lethal. Then reassortants
between these viruses were generated and it was revealed that exchange of the M gene
segment completely switched the pathogenic phenotype in both chickens and ducks,
indicating that the difference in the pathogenicity for these avian species between WZ83
and WZ101 was determined by only a single amino acid in the M1 protein. It was also
found that WZ101 showed higher pathogenicity than WZ83 in mice and that WZ83,
whose M gene was replaced with that of WZ101, showed higher pathogenicity than
wild-type WZ83, although this reassortant virus was not fully pathogenic compared to
wild-type WZ101. These results suggest that the amino acid at position 43 of the M1
protein is one of the factors contributing to the pathogenicity of HSN1 HPAI viruses in

both avian and mammalian hosts.

21



Origin of gene segment

Virus PB2 PB1 PA  HA NP NA M NS
rgWwz83 [ ] [ ] [ ] [ ] [ | [ ][ ] [ ]
rgWz101 COEN OO OO . T
rgWZ-83PB1/101M CO I CO CCO O O W

rgWz-83M/101PB1 CO N O O O O 1 /3@

Fig. 1. Viruses used in this study.

Wild-type (rgwWZz83 and rgWZ101) and reassortant viruses (rgWwZz-83PB1/101M; WZ83
whose M gene was replaced with that of WZ101 and rgWZ-83M/101PB1; WZ101
whose M gene was replaced with that of WZ83) were generated as described in the

Materials and Methods section.

22



A D e e e
( ,)-.100 (’_)‘ 100 o—o—-o-—0—-0 '.:}
£ 80 b £ 80 4 ;
2 : © :
© 60 : T 60 1 6-9
— — 1
g 40 i g 40 &-9
S 50 | Chickens | € o0 | Ducks 0 OO OO
(73] n=8 o 2 n=8
0 0 T T T T T T T T T T T T T 1
0 16 32 48 64 80 96 112 128 012345678 91011121314
Hours post-infection Days post-infection
—%—WZ83 --0--WzZ101 ——rgWZz83 --0=--1g WZ101
—t—rg\WZ-83PB1/101M rgWZ-83M/101PB1
(B 100 oo—oroo (E) Virus MLDgq
80 A rgWZz83 10° PFU

‘ rgWZz101 <10 PFU
?

rgWz-83PB1/101M| 3.16 x 10 PFU

Survival rate (%) ~—
(2]
o

20 Chickens
n=8

:)E-::-s rgWZ-83M/101PB1[1.78 x 10° PFU
0 16 32 48 64 80 96 112 128
Hours post-infection

Mice
n=3 for each groups

—x—rgWZ83 =-=-0=--rgWZ101
—2—rgWZ-83PB1/101M rgWzZ-83M/101PB1
(©) 100 o—o—-o-< _T
= 80 .-
2 |
@ 60 A |
S 40 -
g o Chickens |
n n=5 1
0 +———0-0—0 1 -o—0—0—0—0—0—0Q

01234567 891011121314
Days post-infection

——rgWZ83 --0--rg WZ101
—t—rgWZ-83PB1/101M rgWZ-83M/101PB1

Fig. 2. Pathogenicities of HSN1 HPAI viruses for chickens, ducks, and mice.

Eight chickens of each group were intravenously infected with 106 PFU of 2 original
isolates (WZ83 and WZ101) (A). Eight chickens of each group were intravenously
infected with 10° PFU of plasmid-derived viruses (rgwz83, rgwz101, rgWzZ-
83PB1/101M, and rgWZ-83M/101PB1) and observed for clinical symptoms every 8
hours (B). Six chickens of each group were intranasally infected with 10® PFU of each
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virus and observed for clinical symptoms every 24 hours (C). Five ducks of each group
were intranasally infected with 10° PFU of rgwz83, rgwz101, rgWZ-83PB1/101M, or
rgwz-83M/101PB1 and observed for clinical symptoms every 12 hours (D). Three mice
of each group were intranasally infected with one of 4 infectious doses (10, 102, 10%, or
10* PFU) of each virus, and MLD50 was calculated (E).
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Fig. 3. Comparison of growth kinetics of HSN1 HPAI viruses in cultured cells.
Growth kinetics of rgqwWzZ83, rgwz101, rgWZ-83PB1/101M, and rgWZ-83M/101PB1 in
CEF (Aand D), DEF (B and E), and MDCK cells (C and F) at 40°C (A, B, and C) and
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35°C (D, E, and F) were compared. The results are presented as the averages and standard
deviations of three independent experiments. Statistical significance was calculated using
student’s t-test for the comparison between rgWz83 and rgwWz101, rgWZ83 and rgWZ-
83PB1/101M, rgWZ101 and rgWZ-83M/101PB1, and rgWZ-83PB1/101M and rgWZ-
83M/101PB1 with Bonferroni correction for time points 48 and 72 hpi (*p<0.01 for all
comparisons).

26



(A) rgwzg83  rgWz101

CHX - + - +
NP s Wl &N
B-actin  wes o — —

M7 v —

©

120 - *
< 100 A

D
o o
1 L

EoS
o
L

% M1/B-actin (%
H

N
o
L

o

CHX - + - +
Wz83 WZ101

Fig. 4. Stability of the M1 protein in cultured cells.

CEF were infected with rgWz83 and rgWzZ101 and incubated for 6 hours at 37°C. Then
cells were treated with CXH and further incubated for 6 hours. The amount of the M1
protein was measured by western blotting and f3-actin was used as a loading control.
Representative data of three independent experiments are shown (A). Relative
percentages of band intensities of the M1 protein are presented as the averages and
standard deviations of three independent experiments (B). Statistical significance was
calculated using student’s t-test (*p<0.01).
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Chapter 11

A genetic basis for the acquisition of basic amino acid residues at the cleavage site
of influenza virus hemagglutinin
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MXEE

EIRIRER A 7 v B (HPAL) U A L AEE BTG T 5 & mve e
R LERZBRFEOEELZ 69 L L bl FRCE MO LEE MR %
FlEEZ T, HPAI U A )L ZADJRIFEMHERBUIIEROR 235 L TR Y |
HPAI 7 A )L 2D H T b K48 AT D IRIREPEITARIC L - TR 5, HPAI U A
IV ADIFRFMERER FAZ DN TLZNE TIZE S OWFFER R STV DD, &K
TEARBZR B0,

H5 E71X H7 RO REE X R E~~ T VTF = (HA) 8T 550
MEA TN T T A NVANEZEOM TR & FFIZ HA OBAZLT
LT DA T X V2R L. =U F VIS L TRWIRRMEZ R
HPAI A LA L 72 %, 20 HA BRSSO 2T X/ iRiT HPAIL &
ANVAZDIFRFHERER & LTI HBATWD A, AT I JBAFHAS
NDAN = AL ICEERLFZENORES D HPAL 7 A L ADHS L7
L H7 AN RE SN TW A BEHIIATH 5,

—FTIE, HPAI 7 A /L A D HA DOBIZMELAS O FR [ R E K] - O figE IR 2

AEg & LT, 2Kk HPAIL 7o /L 2 Alduck/Hokkaido/WZ83/2010 (H5N1) (WZ83)
& A/duck/Hokkaido/WZ101/2010 (H5N1) (WZ101) % f##r L7-, Wz83 & Wz101
XBEANZIERITTHE THY . RNAKRY X7 —ED—>Th2 PBL D 317 %
HE~x b w7 RAZUNITEMLDABEEBDOT XV BEHELRS>TNDHDHRTH
LR, =T MY TATE, v URTHT DREMEISEVA R b 7s, WZ83
& WZ101 ZF RN E 7X@ ENICEERE L7 =D b U 1, WZ83 Z R &EHfE L 7=
1P EFRWTEPIIET L72hy, WZ101 BERREIT WZ83 BfifiE K vV & FRF[H] TAE
C L7, ZOREEDENIT A HETLVBEEZETHY, WZ101 &5 L 7= {H
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RITFET S L <IXEERERIER 2R LIZ0ICR L, WZ83 BRI X ME IR b
L IEBREDHKIEREZ R LIZOATH-TZ, 512, v~ 7RI LTH
WZ101 1Z WZ83 LV @Rl Z R LTz, UN—RATV 2 xT 4 7 AEIZE - T
M £7213 PBlL Binf % 2 BROM CTANE AT VANV A EH L, £ OWEMA
T L= 2 A, WZ83 & WZ101 =7 kU &7 A AEIZxtd DIREMEDEN
EMLDABHEROT I /VBICEIVIRESNTWDLZERHA L, —FH, vV

23t D IRIEMEDOEWITIEPBL O 317 FHOT X VLS LT\, ML
DAZFHOT I BRITEI AT DIRIEMEIZINZ T, in vitro TOHEFHEE &K Y
JEYSHIIENIC I T 5 ML O EMEIC HBIS LTz,

TETIE, HABIZEBALITHEENET X A ERA SN D A T = X L OfFEN
ZHRE LT, HABRZE A2 27— R 95 U A /L 25 7 5 RNA BLA~D i FE A
NEFRNT LT, FEBRANIZ=T MY THMUT 2 2 & T HA BRZEB LIS AT T <
JBEEIEG L. HPAl T A L AICR T2 2 ERRE SN TV B IEFEEM S A
7 v Wy A LA Alwhistling swan/Shimane/499/83 (H5N3) (Shimane) Dk
B L REF O HA Bia RS2 L7z, BAts= K2, Shimane ™ HA B
FENL R & = — N9 D3RS (28-30 L) B LU= R 2 R io vy
7 7 —VEL A2 L, £ ORI AIPuerto Rico/8/1934 (HIN1) (PR8) HA
WA OFREEZ OV R —F—T T AI REHEELE, ZOFTFTAIFR
EPREDARY AT —BROBEHX /X7 E NP #%EBL4 577 A3 R%& QT6 Aifid
(ZHAL, UA /LA RNA OIS - HEGEFEIZIW T HA BIZRERLIEL 2 = —
N4 HBLF] (28 F 7213 29 M) ICHEM AN LRHIRE T HLe 7 =2 T —
POEMEZREST 22 Lok, HEHRAOKEZ E&EMICHE Lz, TRk
. HABRZESNLJEL O RNA BN RIFA R AL H 2 & b NET T =
OEFRLSN DN IR A OBHEZ NS5 Z RS iz, £72. RNA DR
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WEE T 225 Shimane @ HA BISSEAA L 2 =2 — R34 5 RNAESNIE T 7=
LT T =R o TR SN DN —THEEZ AL TWAD Z ERTHIS L, —
THEEORE S LHEFAOHEEIIIEER S H 2 LRI, I
UANARLTHIZEEND T ARG 7 5 RNA LI T L HHEAHR A O K Y
B A R — 7 = —Z2 W THT L7, £ 0fE%. Shimane @ HA B

SGERLDOT VF =2 D 1O (AvA =) £721F2 201 (FVZIVEE) OF
R/ BEA—RTLHa NP, SHEELT T =COARR LR, Ez,
Shimane ® HA BIZEBNEL 2 20— R T 28 ICE < G ENLT T = 77
=V OFER, BEOBERSFANE CBRICEEET R B (TArx=rEk
XV V) Za— RT3 5a R (AAA, AAG, AGA, AGG) A LT &F
L EHERI ST,

ARIFFRIC L > TELNIZARIE, 7T REMENE T L7z HPAL 7o
NADYEEZ AT D720 DEA VTN PP —_ S T ADEEM, 2R
& LB, FBDOMTIRDR > TODIERIFFMER A 7 VT T A )V 2D EIR
JFHEALD Y 27 TR+ 2 =B b0 LB s LD,
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