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Abstract

Attention has been paid to H5N6 highly pathogenic avian influenza virus (HPAIV)
because of its heavy burden on the poultry industry and human mortality. Since an influenza A
virus carrying N6 neuraminidase (NA) has never spread in humans, the potential for HSN6
HPAIV to cause disease in humans and the efficacy of antiviral drugs against the virus need to
be urgently assessed. We used non-human primates to elucidate the pathogenesis of H5N6
HPAIV as well as to determine the efficacy of antiviral drugs against the virus. HSN6 HPAIV
infection led to high fever in cynomolgus macaques. The lung injury caused by the virus was
severe with diffuse alveolar damage and neutrophil infiltration. In addition, an increase in IFN-o
showed an inverse correlation with virus titers during the infection process. Oseltamivir was
effective for reducing H5N6 HPAIV propagation, and continuous treatment with peramivir
reduced virus propagation and severity of symptoms in the early stage. This study also showed
the pathologically severe lung injury states in the cynomolgus macaques infected with HSN6
HPAIV, even in those that received early antiviral drug treatments, indicating the need for close

monitoring and the need for further studies on the virus pathogenicity and new antiviral therapies.

Introduction

Global epidemics of highly pathogenic avian influenza viruses (HPAIVS) have been
continuing. The number of subtypes detected in domestic birds and the number of countries
affected by HPAIVs are larger than those in past epidemics (2005-2012) (1). By genetic
reassortment, new gene combinations of influenza viruses may create a high risk to human health
due to an increase of the transmission ability and antiviral drug resistance (2-4). The novel

HPAIV of subtype H5NG that has been detected since 2013 is associated with human mortality
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and has caused a great burden on the poultry industry (5-7). Nineteen humans were infected with
H5N6 HPAIV and 13 of them died (fatality rate of 68.4%) (7). The hemagglutinin (HA) protein
of reported H5N6 HPAIVs have both affinity for human-like (02,6) and avian-like (a2,3) sialic
acid receptors, suggesting that HSN6 HPAIV has high potential for avian-human transmission
(8-10). In addition, this subtype virus was transmitted among mammalians by a direct contact
route and was found in wild birds, especially migratory waterfowl that transverse long distances,
posing a potential threat for wide dissemination of this virus (1, 10).

The pathogenesis of HSN6 HPAIV is controversial and remains to be elucidated. One
study in mice and ferrets showed that HSN6 HPAIV was less pathogenic than the other H5
HPAIVs (8). On the other hand, it was shown that HSN6 HPAIV caused more severe disease in
ferrets than did other H5 clade 2.3.4.4 viruses (11). Another study in ferrets also showed the
different pathogenicities among H5N6 HPAIVs (10). The pathogenic characteristics of HSN6
HPAIV must be determined more clearly, especially in models for which the pathogenicity can
be extrapolated to humans.

The state of antiviral drug resistance increases with evolution of an influenza virus.
Neuraminidase inhibitors (NAIs) are currently recommended for treatment of most the influenza
A viruses, but some NAI resistance-conferring mutations have been reported (12-14). The
majority of seasonal influenza A viruses are resistant to M2 ion channel inhibitors, but the
frequency and distribution of amantadine (AMT)-resistant influenza variants depends on HA
subtypes, host species, years of isolation and geographical areas (12, 14, 15). The efficacy of
antiviral drugs against HoN6 HPAIV, the first influenza A virus carrying N6 NA found in
humans, is unknown. Therefore, the efficacy of available and easily accessible antiviral drugs

such as NAIs and M2 ion channel inhibitors should be clarified in in vivo studies.
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In the present study, we used the cynomolgus macaque model to investigate the
pathogenicity and antiviral susceptibility of HSN6 HPAIV A/black swan/Akita/1/2016 (H5NG).
Cynomolgus macaques were used because of their high genetic similarity to humans as well as
their symptoms and histopathologic findings that are similar to those in humans infected with
influenza viruses (16-18). The present study showed that H5N6 HPAIV caused severe
pneumonia in macaques, even in those that received early treatments with NAIs. Oseltamivir
(OTV) was effective for reducing HSN6 HPAIV propagation, and continuous treatment with
peramivir (PRV) reduced the virus propagation and symptoms effectively in the early stage.

However, AMT had no effect on early reduction of virus titers.

Results

Virus replication in the respiratory tracts of cynomolgus macaques infected with H5N6
HPAIV. Firstly, we investigated the replication of A/black swan/Akita/1/2016 (H5N6) virus in
the macaques’ respiratory tracts (19, 20). Virus was detected in the control group intragastrically
and intravenously treated with saline until day 7 in swab samples from the nasal cavity and
trachea and until day 6 in bronchial samples (Table 1 and Table S1). In the nasal cavity, the virus
titer increased with a peak on day 6. In the groups treated with intragastric oseltamivir phosphate
(30 mg/kg) or intravenous peramivir hydrate (30 mg/kg) for 5 days, no virus was detected on day
7 in the swab samples. The virus titers in NAI treatment groups were lower than that in the
control group after day 5. Meanwhile, in the group treated with intragastric AMT (10 mg/kg)
continuously for 5 days, the virus titers were comparable to those in the control group, although
the M2 gene of the inoculum virus (GenBank LC198539.1) indicated sensitivity to AMT (19).

Viruses were found in macaque A2 (nasal cavity) and macaque A3 (trachea, bronchus) on day 7
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(Table 1). The virus titer areas under the concentration-time curves (AUC, the summation of
virus titers from day 1 to day 7 and from day 2 to day 7), in the nasal swabs of the groups treated
with PRV and OTV was significantly lower than that in the control group (Fig. S1). The AUC in
the AMT-treated group was comparable to that in the control group. Thus, H5SN6 HPAIV
propagated in the macaques, and NAIs, not AMT, were effective for early reduction of virus
titers.

Tissues of the respiratory tract were used to determine the presence of HSN6 HPAIV on
day 7 after virus infection (Table S2). We detected the virus in both upper respiratory tissues and
lower respiratory tissues in the control group. A very small amount of virus was detected in the
group treated with OTV. The AMT-treated group had much less virus titers than those in the
control group in the upper respiratory tracts on day 7. Meanwhile, more virus was detected in
tonsils and lower respiratory samples in the PRV-treated group, and we did not find any NAI-
resistant mutation that has been reported such as E119V, 1222L, R292K, and R371K (data not
shown) (13, 21). No mutation associated with AMT resistance was detected in the genes of the
virus recovered on day 7 in samples from the macaques treated with AMT (both tissues and swab
samples) (data not shown). No virus was detected in other organs including the mediastinum

lymph nodes, heart, spleen, kidney, liver, conjunctiva, and brain (data not shown).

Clinical signs in cynomolgus macaques infected with H5N6 HPAIV. To examine the clinical
signs caused by infection of HSN6 HPAIV, body temperatures in the macaques were monitored.
After HEN6 HPAIV infection, body temperatures in the macaques were very high (Fig. l1a).
Body temperatures in 12 macaques increased by 3.0 °C on average on the first night after virus

inoculation. After that, body temperatures decreased by about 1.5 °C on day 2 and then remained
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unchanged until day 5 and decreased on day 7. The body temperatures in the group treated with
PRV were lower than those in the control group on day 1, day 3, and day 4 after virus
inoculation, although no significant difference was detected after treatment. OTV and AMT did
not reduce body temperature after HSN6 infection compared to saline. After stopping treatment,
the body temperatures in the groups treated with PRV and AMT increased by about 0.7 °C and
then decreased on day 7 (Fig. 1a).

Using the same telemetry system as that for measuring body temperature, we recorded
heart rates of the macaques throughout the experiment. Heart rate has been one of the criteria for
estimating the efficacy of antiviral treatment in clinical trials (22). After HSN6 HPAIV infection,
heart rate increased from 84.4 + 15.6 beats/min (average + standard deviation) in night time
before infection to 145.7 + 24 beats/min at night on day 0 after virus infection and did not
recover completely until day 6 in all groups (Fig. 1b). PRV treatment rapidly decreased the heart
rate, but heart rate increased on days 5 and 6. The heart rate decreased in the OTV-treated group
after day 3 and in the AMT-treated group only on day 6.

We also observed changes in appetite and the body weight in the period of infection (Fig.
1c, d). On the day after infection (day 1), all of the macaques left more than 50% of the food
pellets. Appetite started to recover after day 3 in all groups, but complete recovery on day 3 was
only seen in macaques treated with AMT. Appetite in the OTV group was completely recovered
on day 7. The food consumption had still not returned to normal on the last day in the control
group and the PRV group. Body weights of all macaques decreased after day 2 or 3 (Fig. 1d).
We did not find any significant difference in weight loss or change of appetite among the groups

on each day.
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Pathological characteristics in the lungs of cynomolgus macaques 7 days after infection
with HS5N6 HPAIV. Viral pneumonia was histologically examined 7 days after virus inoculation.
All of the macaques survived and were autopsied on day 7. Macroscopically, dark red areas
indicating lung congestion were observed in the control macaques as well as in the antiviral
drug-treated macaques (data not shown). Microscopically, many CD163 positive macrophages
and neutrophils were present in the alveoli of the lungs of all cynomolgus macaques and the
levels of lung injury appeared to be similar in the four groups (Fig. 2 and Fig. S2a). There was no
significant difference of acute lung injury score among four groups (Fig. S2b). We also found a
larger number of bronchus-associated lymphoid tissues (BALTS) in the group treated with AMT
than in the other treated groups, although the difference was not significant. (Fig. S2c). Thus,
H5N6 HPAIV caused severe pneumonia and lymphocyte responses in the lung of cynomolgus

macaques.

Changes in peripheral blood cells and cytokine responses in cynomolgus macaques infected
with H5N6 HPAIV. Inflammatory responses in peripheral blood after virus infection were
examined. Increases in the number of total leukocytes, monocytes, and granulocytes (Fig. 3a-c)
and a decrease in the number of lymphocytes (Fig. 3d) were detected on day 1 before treatment,
and then they gradually returned to normal levels. In plasma, levels of IFN-a, IL-6, and MCP-1
were significantly increased on day 1 and then decreased on day 3 (Fig. 3e-g). Levels of IL-8 did
not increase on day 1 but tended to increase after day 3 (Fig. 3h). Levels of IFN-y, TNF-a, and
IL-4 in plasma were increased slightly after infection (Fig. S3a-c). The increase in IL-6 had no
relation to virus titers (data not shown), and we found that the increase in IFN-o was inversely

correlated with virus titers in the trachea and bronchus on day 1 (Fig. 3e and Fig S4). Cytokine
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responses in lung tissues were examined since severe pneumonia was observed histologically.
Compared to the levels in the other three groups, high levels of IFN-y, IL-6, MCP-1, and IL-8
were found in lung homogenates in the PRV group on day 7 (Fig. S3d-g), but there were no
statistically significant differences. Thus, HSN6 HPAIV induced significant cytokine responses

in peripheral blood on day 1 followed by inflammatory cytokine responses in the lung on day 7.

Efficacy of antiviral drugs against HSN6 HPAIV in vitro. The efficacy of the antiviral drugs
was investigated in an in vitro study using Madin-Darby canine kidney (MDCK) cells. A/black
swan/Akita/1/2016 (H5N6) was sensitive to OTV and PRV, as indicated by a decrease in virus
titers when the drug concentrations were increased. At concentrations of 1 and 10 pg/mL (24 h),
virus titers in the presence of PRV were significantly lower than those without PRV. Half
maximal effective concentrations (ECso values) at 24 h culture were 1.07 pg/mL and 0.47 ug/mL
for OTV and PRV, respectively (Fig. 4a, b). AMT had no inhibitory effect on the propagation of
H5N6 HPAIV even with 10 pg/mL (Fig. 4c), whereas AMT showed an inhibitory effect on the
propagation of A/Aichi/2/1968 (H3N2) (Fig. S5). These results are consistent with virus titers in
swab samples of treated macaques. Furthermore, the virus isolated from a tonsil of macaque P2
on day 7 was sensitive to PRV in vitro (Fig. 4d), as indicated by that the virus titers were
significantly lower than those without treatment at PRV concentration of 1 ug/mL (both 24 h and

48 h).

Discussion
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In the present study, we found that HPAIV A/black swan/Akita/1/2016 (H5NG6)
propagated in both the upper and lower respiratory tracts of macaques and caused severe
inflammation with pneumonia and cytokine responses in the macaque model, being comparable
to the severe states in humans infected with HSN6 HPAIV (7). NAls (OTV and PRV), but not an
M2 inhibitor (AMT), showed inhibitory effects on virus replication in in vivo and in vitro studies.

The macaques infected with A/black swan/Akita/1/2016 (H5N6) showed fever up to 40
°C on average and lymphopenia on day 1, similar to symptoms in H5N6 HPAIV-infected
patients (7, 23). The prominent pathological characteristic of diffuse lung inflammation in the
macaques was the same as that found in post-mortem studies on human cases of infection with
H5N6 HPAIV and other influenza virus infections (24-27). Thus, the macaques represented
human patients in clinical signs and pneumonia. However, this strain, which preferentially bound
to 02,3-linked sialic acid receptors (unpublished data), propagated in both the upper and lower
respiratory tracts, whereas the other HSN6 HPAIVs possessed binding affinity to both 02,6-
linked sialic acid-bearing receptors and a2,3-linked receptors (8-10). Therefore, receptor-binding
preference is not only a factor to determine the pathogenicity of this strain in macaques.

Cytokines/chemokines are associated with pathogenicity, relating with the disease
severity of influenza infection and also potential for new therapy development (28, 29). In the
present study, most of the cytokines increased in plasma of the macaques on day 1 and then
decreased to normal ranges, the same as the findings on macaques infected with HSN1 HPAIV
(30). IL-8 increased later (after day 3) and continued to increase until day 7. Previous studies
showed that increases in IL-6 were correlated with high virus loads in the respiratory tracts and
symptoms that appeared in the macaques and humans after HSN1 HPAIV infection (30, 31), but

the increase in IL-6 did not show a correlation with virus titers in the present study. Differences
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in genes and proteins other than the HA between H5N6 HPAIV used in the present study and
H5N1 HPAIV used in our previous study might affect cytokine responses, although further
studies are required to identify amino acids responsible for the differences in the future. IFN-a
increased significantly and was inversely correlated with virus titers, indicating that IFN-a may
be a protective factor against HSN6 HPAIV infection in macaques. Together with NAIs, early
treatment with IFN-a might be a potential therapy for HSN6 HPAIV infection as HSN1 HPAIV
and H7N9 virus (32, 33).

NAIs were effective against HSN6 HPAIV infection in the present study. The virus titers
in swab samples were reduced on day 5 in the groups treated with both NAIs in vivo. NAIs at
higher concentrations also inhibited virus propagation at 24 h and/or 48 h after infection in vitro.
Treatment with PRV, which resulted in rapid reduction in body temperature and heart rate,
seemed to be more effective than OTV in the early stage after virus infection. On day 7, the virus
was detected in tonsils and lung tissues of the cynomolgus macaques that had been treated with
PRV, and the symptoms (high body temperature, high heart rate, decreased body weight) in this
group did not recover well after day 5. A recent study on humans with seasonal influenza virus
infections showed a rebound of the virus load after stopping PRV treatment (30, 34). However,
no NAI-resistant mutation was found in the present and previous studies (30, 34). These results
suggest that additional administration of PRV is required for treatment of H5N6 HPAIV
infection.

AMT, a drug that has not been used widely for a long period of time due to rapid
emergence of drug resistance in seasonal influenza virus infection, did not show any effect on
early reduction of virus shedding compared to that in the control group in the present study,

although no AMT-resistant mutation was found in the M2 gene before and after virus inoculation.
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Ilyushina et al reported that AMT-resistance of H7N7 HPAIVs without any M2 gene mutation
was associated with the contribution of HA to the viral fusion activity (35). Therefore, the
efficacy of AMT against HSN6 HPAIV might be dependent on a gene constellation and/or high
pathogenicity of the virus since susceptibility of amantadine to H5 HPAIV was various among
strains without amino acid residues associated with resistance of amantadine in the M2 protein
(36, 37).

AMT showed no direct antiviral effects on reduction of virus titers from day 2 to day 5
during administration. However, we found lower virus titers in respiratory tissues of macaques
treated with AMT than in control macaques on day 7, and this difference might be related to
slight increase of BALTS in the lungs compared with other groups. AMT is a dopamine agonist
that has potent effects on T cells and the disable function of regulatory T cells leads to BALT
development (38, 39). Therefore, it is possible that the late efficacy of AMT for reduction of
tissue virus titers is dependent on the immune response of BALT formation after viral infection
instead of direct anti-viral effects of AMT.

Despite the symptomatic and virological improvements due to the antiviral treatment, the
pathology finding of severe alveolar damage was not greatly different between the three
treatment groups and control group. Therefore, antiviral treatment with both NAIls and an M2
inhibitor may have limited effectiveness pathologically until day 7. This study showed the need
for close monitoring and the need for further studies on virus pathogenicity and the development

of new antiviral therapies.

Materials and Methods

11
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Ethnics statement. This study was done in strict accordance with the Guidelines for the
Husbandry and Management of Laboratory Animals of the Research Center for Animal Life
Science at Shiga University of Medical Science and Standards Relating to the Care and
Fundamental Guidelines for Proper Conduct of Animal Experiments and Related Activities in
Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology, Japan. The protocols were approved by the Shiga University of
Medical Science Animal Experiment Committee (Permit Numbers: 2017-3-15(H1)). The
Research Center for Animal Life Science at Shiga University of Medical Science has permission
for importing cynomolgus macaques and provides regular veterinary care, monitoring, balanced
nutrition and environmental enrichment. At the endpoint of 7 days after virus inoculation, the
macaques were euthanized with ketamine and then intravenously injected with pentobarbital
(200 mg/kg body weight). The animals were monitored every day with the clinical score system
shown in Table S3 and veterinary examinations were also performed to alleviate suffering. It
was decided that they would be euthanized if the scores reached 15 (a humane endpoint). Ten-
day-old chicken embryonated eggs were used to propagate an inoculum virus (obtained from

Sasaki Chemical, Co. Ltd., Kyoto, Japan).

Animals. Twelve healthy adult female cynomolgus macaques (Macaca fascicularis) (4 - 13
years old) from China, Indonesia and Vietnam were used in this study. A study schedule was
shown in Table S1. To reduce suffering, ketamine (5 mg/kg) and xylazine (1 mg/kg) were used
to make the animals anesthetic before collecting samples and virus inoculation. The animals
were provided food pellets of CMK-2 (CLEA Japan, Inc., Tokyo, Japan) once a day after

recovery from anesthesia and ad libitum available drinking water. The appetite percentage was

12
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calculated in the following way: %appetite = [(number of pellets given in the morning - number
of pellets left at night)/number of pellets given in the morning] x 100. Each macaque was housed
individually with controlled humidity (71% - 82%), temperature (23.8 - 27.4 °C) and light (12 h
light/12 h dark cycle; dark from 8:00 p.m. to 8:00 a.m.). Three weeks before virus inoculation,
we implanted telemetry probes (TA10CTA-D70; Data Sciences International, St. Paul, MN) into
the macaques’ peritoneal cavities under anesthetic conditions with ketamine/xylazine and
isoflurane inhalation in order to mainly monitor body temperature and heart rate. The macaques
used in the present study were negative for herpes B virus, hepatitis E virus, Mycobacterium
tuberculosis, Shigella spp., Salmonella spp., and Entamoeba histolytica. Twelve macaques were
divided into four groups: S1, S2, S3 (animal identification) macaques were treated with saline as
controls; O1, O2, O3 were treated with OTV; P1, P2, P3 were treated with PRV; and Al, A2, A3
were treated with AMT. Under an anesthetic condition, swab samples were collected from the
eyes, nasal cavity, oral cavity and trachea in about 30 seconds using cotton sticks from day 1 to
day 7 after virus inoculation. Bronchial swab samples were collected using a bronchoscope
(MEV-2560; Machida Endoscope Co. Ltd., Tokyo, Japan) and cytology brushes (BC-203D-
2006; Olympus Co., Tokyo, Japan). Each of the samples (from cotton sticks and brushes) was
put into 1 mL Eagle’s minimal essential medium (EMEM) containing 0.1% bovine serum
albumin (BSA) and antibiotics (penicillin G and streptomycin). On day 7, macaques were
autopsied and tissue samples were sectioned into small pieces and stored at -80°C. On the day of
virus titration or tissue cytokine measurement, tissue samples were homogenized. The
homogenate was adjusted with EMEM medium (0.1% BSA, penicillin, and streptomycin) into
10% weight/volume, and centrifuged at 8000 rpm for 3 min at 4 °C. The supernatants were

collected and used for virus titration and cytokine measurement.
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Viruses. The highly pathogenic avian influenza virus A/black swan/Akita/1/2016 (H5SN6) (NCBI
taxonomy ID: 1921521) was isolated from a dead black swan in a zoo (19). The virus was
propagated in 10-day-old chicken embryonated eggs at 35 °C for 24 h once at Hokkaido
University and once at Shiga University of Medical Science and was titrated with MDCK cells
(American Type Culture Collection, Manassas, VA). The macaques were challenged with
Al/black swan/Akita/1/2016 (H5N6) (3 x 10° TCIDso (50% tissue culture infective dose) in 7 mL
Hanks buffer saline solution (HBSS) medium). The virus solution (0.05 mL for each conjunctiva,
0.5 mL for each nostril, 0.9 mL for the oral cavity, and 5 mL for the trachea) was inoculated on
day 0. An influenza virus A/Aichi/2/1968 (H3N2) was propagated in MDCK cells. Virus titers in
samples were determined as described before (40). Briefly, the MDCK cells were cultured in
EMEM with 10% fetal bovine serum (FBS), penicillin G (50000 units/mL) and streptomycin (50
mg/mL) in a humidified incubator (5% CO, at 37 °C). MDCK cells (in cell-confluent wells) were
washed twice and incubated with 100 puL sample in the multiple 10-fold dilution (quadruplicate)
for 1 h in 5% CO, at 35 °C. Then the cells were washed with HBSS once and cultured in EMEM
with 0.1% bovine serum albumin (BSA), penicillin G (50000 units/mL), and streptomycin (50
mg/mL) in a humidified incubator (5% CO; at 35 °C) for 3 days. Cytopathic effect (CPE) was
observed with microscope. The level of detection was 0.67 logioTCIDso/mL, which means one
CPE-positive well in quadruplicate culture with undiluted samples. All experiments were done
under the conditions of biosafety level 3 containment of the Research Center for Animal Life

Science at the Shiga University of Medical Science.
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Compounds. Oseltamivir phosphate (Chugai Pharmaceutical Co., Ltd., Tokyo, Japan), peramivir
hydrate (Shionogi Co., Ltd., Osaka, Japan) and amantadine hydrochloride (Symmetrel®, Tanabe
Mitsubishi Co., Ltd., Osaka, Japan) were used in the in vivo study. Oseltamivir phosphate and
amantadine phosphate were dissolved in distilled water and administrated into the stomach with
a catheter (30 mg/kg and 10 mg/kg, respectively) once a day for 5 days. Peramivir phosphate (30
mg/kg) was intravenously injected into the macaques once a day for 5 days (30). Saline was
administrated in cynomolgus macaques by both intragastric route and intravenous route with
adjusted volumes to administration of oseltamivir (intragastric route) and peramivir (intravenous
route). The doses of oseltamivir phosphate and peramivir hydrate used in the present study are
doses that induce higher areas under the concentration-time curve than those standardly indicated
in humans (oseltamivir phosphate at 75 mg twice a day and peramivir hydrate at 600 mg once a
day) (16, 30). The dose of amantadine phosphate was higher than that recommended for pediatric
patients (from 4.4 to 8.8 mg/kg/day). In in vitro experiments, oseltamivir carboxylate
(ChemScene, LLC, Monmouth Junction, NJ), peramivir hydrate (Shionogi Co.) and amantadine
hydrochloride (LKT Laboratories, Inc., MN) were used with MDCK cells. The compounds were
diluted to indicated concentrations with EMEM (0.1% BSA and antibiotics) and then added to

the culture of the virus-infected MDCK cells for 24 h or 48 h.

Blood cell and cytokine measurement. Peripheral blood was collected before virus infection or
before antiviral drug/saline administration on days indicated in Table S1. Plasma and peripheral
blood mononuclear cells and plasma were separated by Leucosep™ (Greiner bio-one) following
the manufacturer’s instruction and stored at -80 °C. The cell components of peripheral blood

were counted by using a hemocytometer (Vetscan HMII, Abaxis, Union City, CA). Levels of
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cytokines/chemokines in plasma or lung homogenate (10% weight/volume) were measured using
the Milliplex MAP non-human primate cytokine panel and Luminex 200 (Millipore Corp.,

Billerica, MA) following the manufacturer’s instructions.

Histopathological examination. Immediately after autopsy, lung tissues were fixed with 10%
neutral buffered formalin. The fixed tissues were embedded in paraffin. They were then cut into
3-um-thick sections and stained with hematoxylin and eosin (H&E). Acute lung injuries were
estimated by two pathologists according to a four parameter scoring system: alveolar capillary
congestion; hemorrhage; infiltration or aggregation of neutrophils in airspace or vessel wall;
thickness of alveolar wall (41). Each parameter was scored from 0 to 4: 0, no or little damage; 1,
lower than 25% damage; 2, 25% - 50% damage; 3, 50 - 75% damage; 4, higher than 75%
damage. Totally 8 H&E staining sections for each macaque’s lung were examined (one section
from upper and middle lobes and two sections from lower lobes in bilateral lungs). Averages of

three macaques was used to compare the acute lung injury level among four groups.

Statistical analysis. Statistical differences of the values (virus titers, symptoms, pathological
features, cytokines) among four groups were analyzed by an ANOVA multi-comparison test.
Statistical analysis was performed with R software version 3.6.2. Student’s t-test was used for
comparison in the neuraminidase inhibition tests. P values of lower than 0.05 were considered as

a statistically significant difference.
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Table 1. Virus titers in swab samples of cynomolgus macaques infected with H5N6 and

treated with antiviral drugs.

Virus titers (Log;oTCIDgo/mL)

Sample® = Treatment = Animal
Days after virus inoculation
1 2 3 4 5 6 7
s1° 3.50 2.67 ¢< ©<0.83 2.50 2.67 h<1.33
Saline S2 3.83 3.23 1.83 2.00 3.44 4.83 3.00
S3 4<0.67 1.50 2.33 3.50 3.50 3.67 3.23
o1 3.50 1.50 <0.67 < < < <
Oseltamivir 02 3.83 <0.67 2.00 I<15 9<1.23 < <
Nasal 03 < <1.33 < < < < <
swab P1 <133 < < < < < <
Peramivir P2 3.50 f<1.00 <1.00 < < <0.67 <
P3 4.00 <0.67 <1.00 < < < <
Al 3.50 1.67 2.23 2.50 2.23 <177 <
Amantadine A2 <1.33 < <1.50 <1.77 2.50 2.33 <1.00
A3 <1.33 < < < < < <
S1 4.67 3.33 < 1.67 2.00 <0.67 <
Saline S2 3.67 <1.00 < < <0.67 <0.67 <
S3 < 2.50 2.50 <0.75 1.83 <0.67 <0.67
01 2.67 2.83 M<1.83 <0.83 < < <
Oseltamivir 02 3.50 2.00 2.00 2.50 < < <
Trachea 03 4.33 3.77 2.33 < < < <
swab P1 2.5 2.67 <15 <144 <1 < <
Peramivir P2 4.00 <1.00 <144 < < < <
P3 4.50 2.77 20 1.83 < < <
Al 5.67 2.50 <217 3.33 2.67 <1.23 <
Amantadine A2 4.50 k<167 <100  <1.50 2.63 <1.50 <
A3 4.67 3.50 < 2.33 3.50 < 2.23
S1 3.67 4.00 1.67 2.83 1.50 2.67 <
Saline S2 5.00 3.00 <1.00 <1.00 1.67 <1.50 <
Bronchial S3 2.00 < 2.50 2.67 2.23 1.50 <
swab o1 1.83 2.50 2.00 < <0.67 < <
Oseltamivir 02 4.00 <1.00 < 2.23 <0.83 < <
03 3.33 2.50 <1.23 < <0.67 < <
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519

520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

543
544

P1 3.00 2.50 2.00 <1.50 <1.00 <

N

Peramivir P2 4.33 3.50 <0.67 < < < <

P3 4.67 3.00 < 1.38 < < <

Al 3.67 3.00 <1.00 <1.00 2.23 < <

Amantadine A2 4.50 <123 <177 <1.50 3.50 °<225 <
A3 4.00 2.33 <133 3.23 3.00 2.25 <1.00

& . Sampling organs.

b+ Macaque identification.

¢ <: No CPE-positive well in quadruplicate culture. A detection limit was 0.67 log;oTCIDso/mL.
¢ < 0.67: One CPE-positive well in quadruplicate culture with the undiluted samples was
observed.

< 0.83: Two CPE-positive wells were observed in quadruplicate culture: one with undiluted
samples and one with 10-fold diluted sample.

"< 1: Two CPE-positive wells in quadruplicate culture with undiluted sample were observed.
9<1.23: Three CPE-positive wells were observed in quadruplicate culture: two with undiluted
sample and one with 10-fold diluted sample.

h<1.33: Three CPE-positive wells in quadruplicate culture with undiluted sample were observed.
'< 1.44: Four CPE-positive wells were observed in quadruplicate culture: two with undiluted
sample; one with 10-fold diluted sample and one with 100-fold diluted sample.

J< 1.5: Four CPE-positive wells were observed in quadruplicate culture: two with undiluted
sample and two with 10-fold diluted sample.

k< 1.67: Five CPE-positive wells were observed in quadruplicate culture: three with undiluted
sample; one with 10-fold diluted sample and one with 1000-fold diluted sample.

'<1.77: Five CPE-positive wells were observed in quadruplicate culture: three with undiluted
sample and two with 10-fold diluted sample.

M< 1.83: Six CPE-positive wells were observed in quadruplicate culture: three with undiluted
sample; one with 10-fold diluted sample and two with 100-fold diluted sample.

"< 2.17: Six CPE-positive wells were observed in quadruplicate culture: three with undiluted
sample; three with 10-fold diluted sample.

< 2.25: Seven CPE-positive wells were observed in quadruplicate culture: three with undiluted
sample; two with 10-fold diluted sample and two with 100-fold diluted sample.
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Figure legends

Fig 1. Symptoms of cynomolgus macaques challenged with A/black swan/Akita/1/2016
(H5N).

Cynomolgus macaques (n = 3) were inoculated with the virus on day 0. (a) Averages and
standard deviations of body temperature and (b) heart rate were determined by using a telemetry
probe system during the night (from 8:00 p.m. to 8:00 a.m.) and data were adjusted to day -1. (c,
d) Averages and standard deviations of food consumption and body weight are shown. (c) Food
consumption was estimated by the following formation: food consumption = [(number of pellets
given in the morning - number of pellets left at night)/number of pellets given in the morning] x
100 (%). (d) Body weight was monitored every day. Statistical differences among groups are

calculated with an ANOVA multi-comparison test.

Fig 2. Viral pneumonia in cynomolgus macaques challenged with A/black
swan/Akita/1/2016 (H5N6).

H&E staining of lung tissues collected 7 days after virus infection. Representative photos of
cynomolgus macaques treated with saline (a), oseltamivir (b), peramivir (c) and amantadine (d).

Black arrow heads point neutrophils. Bars, 50 um.

Fig 3. Peripheral blood cell populations and cytokine/chemokine responses in cynomolgus
macaques challenged with A/black swan/Akita/1/2016 (H5NG).

(a-d) Concentrations in peripheral blood cells collected on the indicated days: (a) total leukocytes,
(b) granulocytes, (c) monocytes, and (d) lymphocytes. (e-h) Levels of cytokines/chemokines in

plasma after virus infection. The average values and standard deviations were shown.
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Fig 4. Efficacy of antiviral drugs against A/black swan/Akita/1/2016 (H5NG6) virus in vitro.

MDCK cells were infected with the virus at a multiplicity of infection (MOI) of 0.01 and
cultured with antiviral drugs of various concentrations: (a) oseltamivir, (b, d) peramivir, and (c)
amantadine. Sensitivity of the inoculum virus (a-c) and the virus recovered from a tonsil of
macaque P2 on day 7 (d) was examined. The supernatant of each well was collected at 24 h and
48 h after virus infection. Then virus titers in the supernatants were determined by the Reed
Muench method. Averages and standard deviations of three independent experiments were
shown in a-c. Averages and standard deviations of triplicate culture were shown in d. ECsg
values were calculated by "Quest Graph™ EC50 Calculator." AAT Bioquest, Inc, 03 Feb. 2020,
https://www.aatbio.com/tools/ec50-calculator. The asterisks show significant differences in virus
titers with treatment at each antiviral drug concentration and without treatment (0 pg/mL)
(Student’s t-test, *: P < 0.05, **:P<0.01).
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