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ABSTRACT H7N9 highly pathogenic avian influenza virus (HPAIV) infection in a
human was first reported in 2017. A/duck/Japan/AQ-HE29-22/2017 (H7N9) (Dk/HE29-
22), found in imported duck meat at an airport in Japan, possesses a hemagglutinin
with a multibasic cleavage site, indicating high pathogenicity in chickens, as in the
case of other H7 HPAIVs. In the present study, we examined the pathogenicity of
Dk/HE29-22 and the effectiveness of a cap-dependent endonuclease inhibitor (balox-
avir) and neuraminidase inhibitors (oseltamivir and zanamivir) against infection with
this strain in a macaque model (n=3 for each group). All of the macaques infected
with Dk/HE29-22 showed severe signs of disease and pneumonia even after the virus
had disappeared from lung samples. Virus titers in macaques treated with baloxavir
were significantly lower than those in the other treated groups. After infection, levels
of interferon alpha and beta (IFN-a and IFN-b) in the blood of macaques in the
baloxavir group were the highest among the groups, whereas levels of tumor necrosis
factor alpha (TNF-a) and interleukin 13 (IL-13) were slightly increased in the untreated
group. In addition, immune checkpoint proteins, including programmed death 1 (PD-
1) and T cell immunoreceptor with Ig and ITIM domains (TIGIT), were expressed at
high levels in the untreated group, especially in one macaque that showed severe
signs of disease, indicating that negative feedback responses against vigorous inflam-
mation may contribute to disease progression. In the group treated with baloxavir,
the percentages of PD-1-, CTLA-4-, and TIGIT-positive T lymphocytes were lower than
those in the untreated group, indicating that reduction in virus titers may prevent
expression of immune checkpoint molecules from downregulation of T cell responses.
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Since 2013, H7N9 low-pathogenic avian influenza viruses (LPAIVs) have been a
threat in China, with 1,568 cases of infection and 616 deaths reported up to 2020

(1, 2). In 2016–2017, a period with the largest number of patients infected with H7N9
virus, the emergence of H7N9 highly pathogenic avian influenza viruses (HPAIVs) was
first reported in January 2017 (3). H7N9 HPAIVs have caused outbreaks in poultry farms
in eight provinces of China. Among the H7N9 HPAIVs, viruses isolated from humans

Citation Suzuki S, Nguyen CT, Ogata-Nakahara
A, Shibata A, Osaka H, Ishigaki H, Okamatsu M,
Sakoda Y, Kida H, Ogasawara K, Itoh Y. 2021.
Efficacy of a cap-dependent endonuclease
inhibitor and neuraminidase inhibitors against
H7N9 highly pathogenic avian influenza virus
causing severe viral pneumonia in cynomolgus
macaques. Antimicrob Agents Chemother
65:e01825-20. https://doi.org/10.1128/AAC
.01825-20.

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Yasushi Itoh,
yasushii@belle.shiga-med.ac.jp.

Received 23 August 2020
Returned for modification 23 September
2020
Accepted 18 November 2020

Accepted manuscript posted online 30
November 2020
Published 17 February 2021

March 2021 Volume 65 Issue 3 e01825-20 Antimicrobial Agents and Chemotherapy aac.asm.org 1

ANTIVIRAL AGENTS

https://orcid.org/0000-0001-5233-6604
https://orcid.org/0000-0002-5973-6210
https://orcid.org/0000-0001-7462-2193
https://doi.org/10.1128/AAC.01825-20
https://doi.org/10.1128/AAC.01825-20
https://doi.org/10.1128/ASMCopyrightv2
mailto:yasushii@belle.shiga-med.ac.jp
https://aac.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01825-20&domain=pdf&date_stamp=2020-11-30


had mutations in the PB2 gene associated with adaptation to mammals (4, 5). In addi-
tion, H7N9 HPAIV was isolated from a duck meat product brought to Japan by a flight
passenger (6, 7). Therefore, active surveillance of infections with H7N9 HPAIV is neces-
sary to prevent the spread of the virus in poultry and humans.

The virus strain A/duck/Japan/AQ-HE29-22/2017 (H7N9) (Dk/HE29-22) was the first
virus isolated outside China from a raw poultry product, which was a combination of
skeletal muscle, gizzard, and kidney of a Muscovy duck (Cairina moschata) (6). The in-
travenous pathogenicity index according to the manual of the World Organisation for
Animal Health was 2.88 (8), indicating that the virus is highly pathogenic in chickens.
Dk/HE29-22 possesses multiple basic amino acid residues, PEVPKRKRTAR/GLF, at the
cleavage site in the hemagglutinin (HA) protein, as are found in other HPAIVs (6, 9, 10).
In addition, the HA protein of Dk/HE29-22 possesses an L226Q substitution, which is
associated with specificity to the avian-type receptor, as well as 186V (H3 numbering),
which is associated with binding to the human-type receptor (6, 11, 12). In a previous
study using cynomolgus macaques, H7N9 HPAIV (A/Guangdong/17SF003/2016) repli-
cated as efficiently as LPAIV (13), suggesting that Dk/HE29-22 would also replicate
effectively in humans.

It is necessary to evaluate the efficacy of antiviral drugs against H7N9 HPAIVs.
Neuraminidase inhibitors (NAIs) showed limited effects against H7N9 HPAIV in mice
(13), although NAIs were effective against H7N9 LPAIV in a macaque model (14).
Therefore, the efficacy of other anti-influenza virus drugs, such as a cap-dependent en-
donuclease inhibitor (baloxavir), against H7N9 HPAIV needed to be examined in a non-
human primate model in addition to mouse and ferret models (7, 13, 15, 16).

In the present study, we examined the pathogenicity and efficacy of NAIs and a
cap-dependent endonuclease inhibitor against H7N9 HPAIV (Dk/HE29-22), which was
isolated from a product collected at an airport in Japan (6). In macaques, Dk/HE29-22
caused severe clinical signs with pneumonia. Macaques treated with NAIs (oseltamivir
and zanamivir) and baloxavir showed clinical signs of disease similar to those in the
untreated group, but virus titers in the baloxavir group were significantly lower than
those in other groups. Therefore, baloxavir was shown for the first time to be effective
against H7N9 HPAIV in macaques.

RESULTS
Clinical signs of disease and virus propagation in macaques infected with A/

duck/Japan/AQ-HE29-22/2017 (H7N9) and effects of antiviral treatments. We
examined the pathogenicity of Dk/HE29-22 isolated from a meat product of a Muscovy
duck (Cairina moschata) and the efficacy of antiviral drugs in cynomolgus macaques.
Body temperatures of all macaques were higher than 39°C within 24 h after virus inoc-
ulation and reached temperatures higher than 40°C except for animals W1, W3, and Z1
before treatments (Fig. 1A; also, see Fig. S1 and S2 in the supplemental material). The
magnitude of increase in body temperature in the distilled water (DW; control) group
was lowest on day 1 after infection (Fig. 1A). However, on the basis of body tempera-
ture on day 1 before treatment, body temperatures in the oseltamivir and baloxavir
groups showed greater decreases after treatment than those in the DW and zanamivir
groups. Average body weights in the DW, zanamivir, and baloxavir groups slightly
decreased (Fig. 1C). The clinical scores in all groups increased after virus inoculation
due to body temperature increase, nasal discharge, decreased activity, and loss of
appetite (Fig. 1C; Table S1). W2 in the control group was euthanized, since the clinical
score reached a humane endpoint 3 days after infection. Thus, Dk/HE29-22 caused sig-
nificant signs of disease in macaques, and antiviral drugs showed no significant effects
on the clinical signs. The temperatures, body weights, and clinical signs were not sig-
nificantly different among the groups.

The virus titers in swab and tissue samples of macaques infected with Dk/HE29-22
were examined. Before the treatments on day 1, the virus was detected in eye, nasal,
tracheal, and bronchial swab samples in all groups (Fig. S3A to C; Table 1). The virus
was detected in nasal and tracheal samples of the DW group until day 6. On the other
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hand, the virus was detected in nasal samples until day 4, day 5, and day 2 (except for
a very low level of virus titer on day 7) in the oseltamivir, zanamivir, and baloxavir
groups, respectively, and in tracheal samples until day 5, day 5, and day 2 in the oselta-
mivir, zanamivir, and baloxavir groups, respectively. The virus was detected in tissues
of the nasal mucosa, oronasopharynx, tonsil, trachea, bronchus, lung lobes, and con-
junctiva 8 days after infection (Table S2), with high levels in the zanamivir and DW
groups. The virus was detected in lung tissues of W2 on day 3. No virus was detected
in the pulmonary hilar lymph nodes, hearts, spleens, kidneys, livers, rectum, eyeballs,
brain tissues (frontal lobe, temporal lobe, parietal lobe, occipital lobe, cerebellum, brain
stem, and olfactory bulb), or muscles in any of the macaques on day 8.

To compare the effects of anti-influenza virus treatments, we calculated the virus ti-
ter area under the curve (AUC) after treatment (Fig. S3D to F). The virus titer AUC in
bronchial samples of the baloxavir group was significantly lower than those of the osel-
tamivir and zanamivir groups (Fig. S3F). Thus, baloxavir was more effective than the
two NAIs against the H7N9 HPAIV Dk/HE29-22 in macaques.

FIG 1 Clinical signs of disease in macaques infected with H7N9 HPAIV. Cynomolgus macaques (n= 3
in each group) were inoculated with the highly pathogenic influenza virus A/duck/Japan/AQ-HE29-22/
2017 (H7N9) (Dk/HE29-22). (A) Average body temperatures from 8 p.m. to 8 a.m. the next day were
calculated on the basis of data for individual macaques (Fig. S1). Average body temperatures each
day were compared with that on day 0 before virus inoculation (Fig. S2). (B) Body weights on
indicated days after virus inoculation were compared with that on day 0 before virus inoculation. (C)
Clinical scores were determined by daily observation and body temperature according to Table S1.
Averages and standard deviations of the results for three monkeys are shown, except for the DW
group at 4 to 8 days after virus inoculation, due to the score for W2 reaching the endpoint. No
statistically significant differences were found among the groups (P. 0.05; Mann-Whitney U test).
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Severe pneumonia in macaques infected with Dk/HE29-22. We examined histo-
logical inflammation in lung tissues of macaques 8 days after Dk/HE29-22 infection (tis-
sues of animal W2 were collected 3 days after infection.). Although no virus was
detected in the lung tissues on day 8 (Table S2), all of the lungs macroscopically
showed a dark red color, indicating congestion and inflammation (Fig. S4). The lung of
W2 collected on day 3 showed a fresh red color, indicating bleeding near the surface
of the lung. The lungs of O2 and O3 also showed a dark red color, indicating bleeding

TABLE 1 Virus titers in swab samples from cynomolgus macaques infected with Dk/HE29-22

Sample Animal

Virus titer (log10 TCID50/ml) at day after virus inoculationa

1 2 3 4 5 6 7 8
Eye swab W1 , , , , , , , ,

W2 1.77 , , 2 2 2 2 2
W3 2.67 1.50 2.00 , , , , 0.67
O1 2.33 , , , , , , ,
O2 , , , , , , , ,
O3 2.67 1.50 , , , , , ,
Z1 1.50 1.00 , , , , , ,
Z2 1.67 , , , , , , ,
Z3 1.67 1.00 , , , , , ,
B1 , , , , , , , ,
B2 1.23 , , , , , , ,
B3 1.50 , , , , , , ,

Nasal swab W1 3.33 2.00 1.00 0.67 , , , ,
W2 2.50 1.67 2.67 2 2 2 2 2
W3 2.33 2.67 2.33 , 1.67 1.33 , ,
O1 3.50 2.50 , 1.23 , , , ,
O2 3.50 3.00 2.17 , , , , ,
O3 2.33 2.33 , , , , , ,
Z1 1.67 1.67 1.00 0.67 2.00 , , ,
Z2 1.50 1.23 , , , , , ,
Z3 2.00 2.50 , 0.67 0.67 , , ,
B1 2.50 , , , , , , ,
B2 1.50 2.00 , , , , , ,
B3 1.00 1.50 , , , , 0.67 ,

Tracheal swab W1 3.50 2.67 1.00b , , , , ,
W2 3.33 , , 2 2 2 2 2
W3 3.67 2.50 1.00 1.00 , 0.67 , ,
O1 3.50 3.00 , , , , , ,
O2 4.50 3.67 3.00 , 0.67 , , ,
O3 2.50 3.67 1.50 , , , , ,
Z1 3.00 3.33 2.33 2.00 1.23 , , ,
Z2 1.67 2.33 , , , , , ,
Z3 2.50 2.00b 1.50 , 0.67 , , ,
B1 1.50 , , , , , , ,
B2 2.33 1.23b , , , , , ,
B3 2.77 0.67 , , , , , ,

Bronchial swab W1 2.50 0.67 , , , , , ,
W2 2.67 1.00 , 2 2 2 2 2
W3 3.50 2.33 0.67 , , , , ,
O1 3.00 2.67 2.00 , , , , ,
O2 2.67 2.77 , , , , , ,
O3 3.67 3.33 0.67 , , , , ,
Z1 2.50 2.23 1.50 , , 0.67 , ,
Z2 1.23 , 1.00 , , , , ,
Z3 2.33 2.50 , 0.67 , , , ,
B1 2.00 , , , , , , ,
B2 3.33 , , , , , , ,
B3 2.00 , , , , , , ,

a,, virus titers were below the detection limit (0.67 log10 TCID50/ml);2, no samples were collected.
bSome of the four wells were positive for a cytopathic effect in quadruplicate culture of undiluted samples.
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inside the lungs. The lung lobes of O2 and Z3 were conglutinated with other lung
lobes and the thorax. Alveolar spaces were histologically filled with exudate, and aver-
age percentages of the affected area in the tissue sections were 71%, 56%, 55%, and
46% in the DW, oseltamivir, zanamivir, and baloxavir groups, respectively. Lymphocytes
had infiltrated the alveoli and interstitial areas in all macaques. Bleeding was diffusely
seen in the alveoli, especially in the control monkeys (Fig. 2A to J). We evaluated lung
inflammation by scoring on the basis of infiltrating immune cells, thickened alveolar
walls, bleeding, and exudate (Table S3). The score for W2 lungs was high, indicating
severe pneumonia (Fig. 2K). Averages of histological pneumonia in the treated groups
showed a tendency to be lower than those in the DW group, although the difference
was not statistically significant.

Cytokine responses in the plasma of macaques infected with Dk/HE29-22 after
treatment. To compare immune responses among the macaques in the four groups,
we examined plasma cytokine and chemokine levels (Fig. 3). Levels of interleukin 6 (IL-
6) were increased in all groups 1 day after infection. In addition, levels of tumor necro-
sis factor alpha (TNF-a), one of the inflammatory cytokines in addition to IL-6, were
slightly increased after virus infection, and the levels of TNF-a in the DW group were
higher than those in the other treated groups, although there was no statistical differ-
ence. After treatments, levels of interferon alpha (IFN-a) in the baloxavir group were
higher than those in the other groups on day 3, as were those of IFN-b on day 3 and
day 5. Levels of monocyte chemotactic protein 1 (MCP-1) in the baloxavir group were
the highest of all groups, whereas those in the DW group were low. Levels of IL-13 in
the DW group gradually increased, whereas levels of IL-13 in the groups treated with
zanamivir and baloxavir decreased after treatments. In the euthanized animal, W2, lev-
els of MIP-1a, TNF-a, and IL-13 in cerebrospinal fluid (CSF) were higher than those in
plasma, indicating that respiratory inflammation affects cytokine responses in the cen-
tral nervous system (Table S4). Thus, Dk/HE29-22 infection caused vigorous cytokine
responses in macaques, and treatment with baloxavir did not inhibit the antiviral cyto-
kine response.

Increased expression of immune checkpoint molecules on peripheral blood T-
lymphocytes of infected macaques. We investigated the kinetics of expression of
immune checkpoint molecules on lymphocytes in peripheral blood (17). During infec-
tion, the percentage of CD41 T cells increased and the percentage of CD81 T cells
slightly decreased in peripheral blood, although there were no significant differences
among the groups (data not shown). The percentages of T cells positive for pro-
grammed death 1 (PD-1) and T cell immunoreceptor with Ig and ITIM (immunorecep-
tor tyrosine-based inhibitory motif) domains (TIGIT) in peripheral blood of the eutha-
nized animal, W2, at autopsy were higher than those in the other macaques, although
there were no statistically significant differences (Fig. 4; Fig. S5). The percentage of T
cells positive for cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) increased after
infection and even after treatment in all groups of macaques. Thus, T cells expressing
immune checkpoint molecules increased after infection, indicating that negative feed-
back regulation of inflammation was induced in all groups.

The distribution of T cells expressing PD-1 in the lung was histologically confirmed.
On day 8 after infection, CD31 T cells had infiltrated into alveoli and bronchus-associ-
ated lymphoid tissue (BALT), and some of the CD31 T cells were positive for PD-1 (Fig.
5A and B). A smaller number of CD31 T cells were detected in the lung of W2, and no
PD11 CD31 T cells were detected in the alveoli (Fig. 5C). The percentages of PD11 cells
in CD31 T cells in the alveoli in the baloxavir group tended to be lower than those in
other groups, but the difference was not statistically significant (Fig. 5G). These results
suggest that the increase in T cells expressing PD-1 in peripheral blood is followed by
infiltration into the local inflammatory area.

DISCUSSION

In the present study, we characterized the pathogenicity of H7N9 HPAIV Dk/HE29-
22 and evaluated the efficacy of a cap-dependent endonuclease inhibitor and NAIs in
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FIG 2 Viral pneumonia in macaques infected with H7N9 HPAIV. All of the macaques infected with
the virus were autopsied 8days after virus inoculation except for W2, which was autopsied on day 3.
Representative photos for each group are shown. (A and B) Lung tissues of a distilled-water control
macaque autopsied on day 3 (W2). (C and D) Lung tissues of a distilled-water control macaque autopsied
on day 8 (W3). (E and F) Lung tissues of a macaque treated with oseltamivir (O2) that was autopsied on
day 8. (G and H) Lung tissues of a macaque treated with zanamivir (Z2) that was autopsied on day 8. (I
and J) Lung tissues of a macaque treated with baloxavir (B1) that was autopsied on day 8. Bars, 200mm
(A, C, E, G, and I) and 50mm (B, D, F, H, and J). (K) Summation of histological scores in the six lung lobes
of each macaque. Histological scores were determined according to Table S3. Black, DW group; green,
oseltamivir group; blue, zanamivir group; and red, baloxavir group. Numbers above the bars are averages
and standard deviations for two macaques (DW group; W2 was autopsied on day 3) or three macaques
(oseltamivir, zanamivir, and baloxavir groups). No statistically significant differences were found among
the groups (P. 0.05; Mann-Whitney U test).
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cynomolgus macaques. Dk/HE29-22 caused very severe clinical signs of disease in the
cynomolgus macaques. Body temperature after infection increased in all groups, and
the temperature in the control group did not decrease until the end of this study,
whereas the body temperature in the oseltamivir group decreased early. Dk/HE29-22
caused severe pneumonia in macaques, although the virus was mostly eliminated by
day 8 in the tissues of all groups. Notably, the virus titers of bronchial swab samples in
the baloxavir group were significantly lower than those of swab samples in the maca-
ques of NAI groups, although the number of animals available in the present study
was limited. In addition, levels of IFN-a and IFN-b in plasma were slightly higher in the
baloxavir group after treatment.

One of the three untreated macaques showed lethal clinical signs of disease after
Dk/HE29-22 infection. In the euthanized macaque (W2), levels of cytokines in plasma
and CSF were extremely high, suggesting systemic inflammatory response syndrome.
Although brain edema was not confirmed histologically, the possibility of encephalop-
athy could not be ruled out. Since the lung of macaque W2 showed severe hemor-
rhage and lymphocyte infiltration, the major cause of death in macaque W2 is thought
to be respiratory failure due to severe viral pneumonia. Severe clinical signs of disease
in Dk/HE29-22 infection may be due to 3 and 13 differences in amino acids of the PB1
and PB2 proteins, respectively, from A/Guangdong/17SF003/2016 (H7N9), which
showed moderate pathogenicity in macaques in a previous study (13).

Propagation of Dk/HE29-22 was limited to respiratory tissues of the macaques in
the present study, although Dk/HE29-22 has a multibasic cleavage site in the HA pro-
tein (NCBI protein ID BBA21752.1), PEVPKRKRTAR/GLF, which is digested by ubiquitous
proteinases such as furin (6–12). The amino acid glutamine at position 235 (235Q, cor-
responding to 226Q in the H3 protein) in the HA protein of Dk/HE29-22 indicates bind-
ing to the avian-type receptor (18, 19). However, it has been reported that H7N9 HPAIV
with 235Q together with 195V (186 in H3 numbering) had a slightly increased binding
capacity for avian- and human-type receptors compared with H7N9 LPAIV (6, 12, 20),
being consistent with the results of the present study showing that Dk/HE29-22

FIG 3 Levels of cytokines and chemokines in plasma of macaques infected with H7N9 HPAIV. The
concentrations of cytokines and chemokines in plasma collected from Dk/HE29-22-infected cynomolgus
macaques are shown. Plasma was collected 0, 1, 3, 5, and 8days after virus inoculation. Averages and
standard deviations for three monkeys in each group are shown, except that those in the DW group 4 to
8days after virus inoculation are for two monkeys. There were no significant differences among the
groups (P. 0.05; Mann-Whitney U test). The y values at crossing points at x axes indicate detection limits.
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proliferated in the upper and lower respiratory tracts of the macaques, of which respi-
ratory epithelial cells are thought to express the human-type receptor in the upper re-
spiratory tract and the avian-type receptor in the lower respiratory tract (21, 22).

We previously found a mutation at position 235Q in the HA from NAI-resistant
H7N9 LPAIV (NA289K/HA235Q) (14, 23). However, the NAI-resistant mutation 289K
(R292K in reference 24) was not detected in the inoculum virus of Dk/HE29-22 (6).
Furthermore, reduction in replication of LPAIV and HPAIV caused by oseltamivir in a
previous in vitro study was comparable to that caused by baloxavir (15). However, in
the present study, oseltamivir and zanamivir did not show significant effects on virus
titers. Therefore, further studies are required to determine the reason for the different
effects of NAIs against HPAIV. On the other hand, baloxavir acid, which is the active
form of baloxavir marboxil, exhibited comparable potencies against LPAIV and HPAIV,
including LPAIV with an NAI-resistant variant (15). In vivo studies using mice showed
that baloxavir inhibited propagation of H7N9 HPAIV more effectively than did oselta-
mivir (15, 16), which is in agreement with the results of the present study for macaques
infected with H7N9 HPAIV.

Inflammatory cytokines were produced in macaques infected with Dk/HE29-22.
Levels of IL-6 and MCP-1 were increased dramatically 1 day after infection, and then
the levels decreased within a few days in macaques of all groups. In the baloxavir
group, high levels of type I IFN, including IFN-a and IFN-b , lasted longer than those in

FIG 4 Percentages of T lymphocytes expressing immune checkpoint molecules during H7N9 HPAIV
infection. Peripheral blood mononuclear cells were collected from macaques infected with Dk/HE29-
22 virus on days 0, 1, 3, and 8. The percentages of immune checkpoint molecule-positive cells in
CD3/CD4-positive cells (left column) and CD3/CD8-positive cells (right column) are shown. Gates for
analysis are shown in Fig. S5. Open diamonds, percentages of immune checkpoint molecule-positive
cells in W2 at autopsy; gray squares, average percentages of immune checkpoint molecule-positive
cells in uninfected macaques (n=2). Averages and standard deviations for the results of three
monkeys are shown, except that those in the DW group 4 to 8 days after virus inoculation are for
two monkeys. There were no significant differences among the groups (P. 0.05; Mann-Whitney U
test).
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other groups, suggesting that low virus titers in the baloxavir group prevent suppres-
sion of host innate immune responses by viral proteins such as NS gene products (25)
and that the persistence of type I IFN at high levels might have contributed to inhibi-
tion of virus propagation in addition to a direct inhibitory effect of baloxavir.
Furthermore, type I IFN has been shown to facilitate maturation of dendritic cells and
to promote activation of lymphocytes (26–28). On the other hand, the levels of IL-6
and TNF-a were low or under the detection limit in the baloxavir group. Since the virus
titer in the baloxavir group was the lowest among the groups, it is thought that the
high titer of Dk/HE29-22 except for that in the baloxavir group induced a potent
inflammatory reaction. Only in the DW group, the level of IL-13 increased until day 8,
suggesting the involvement of IL-13 in pneumonia and lung tissue repair (29–33),
which is consistent with histological findings.

A transient increase in the percentage of T cells positive for immune checkpoint
molecules was seen in peripheral blood 1 day after infection, followed by infiltration of
the T cells into lung tissues. Levels of PD-1 and CTLA-4 expression on the surfaces of
CD41 and CD81 T cells in peripheral blood increased in macaques in the DW group,
which had more severe pneumonia than macaques in the other groups. Since virus
antigen-specific T cells were not identified in the present study, T cells expressing the
immune checkpoint molecules might be not only specific but also nonspecific for virus
antigens, including bystander activation, especially at early time points such as days 1

FIG 5 Infiltration of PD11 CD31 T lymphocytes in the lungs of macaques after H7N9 HPAIV infection. (A to F)
PD-1 and CD3 were stained on lung tissue sections. (A and C to F) Lung parenchyma; (B) BALT. (A and B) W1,
autopsied on day 8; (C) W2, autopsied on day 3; (D) O2; (E) Z3; (F) B1, autopsied on day 8. Green, PD1; red,
CD3; blue, nuclei (DAPI) imaged with a 40� lens objective. White arrowheads show representative PD-11 CD31

cells. (G) PD-11 CD31 cells in lung tissues of each macaque. Black, DW group; green, oseltamivir group; blue,
zanamivir group; and red, baloxavir group. Averages and standard deviations of the percentages of PD-11

CD31 cells in 5 images of lung parenchyma tissue sections in individual macaques are shown. Numbers above
the bars are averages and standard deviations for two macaques (DW group; W2 was autopsied on day 3) or
three macaques (oseltamivir, zanamivir, and baloxavir groups). No statistically significant differences were found
among the groups (P. 0.05; Mann-Whitney U test).
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and 3. The percentage of PD-11 T cells in peripheral blood in animal W2 on day 3 was
the highest of all macaques, whereas the percentages of CD41 and CD81 T cells posi-
tive for PD-1, CTLA-4, and TIGIT in the baloxavir group tended to be lower than those
in the other groups. Since PD-11 T cells were not observed in the lung of W2 (Fig. 5G),
this subpopulation is thought to have been activated outside the lung on day 3 and to
have been recruited to the inflammatory site by day 8. These molecules are known to
selectively regulate the effector function of CD81 T cells in acute and chronic virus
infections (34–36). Therefore, in Dk/HE29-22 infection, negative feedback responses on
T cells were induced after activation of acute inflammatory responses. Hence, the high
expression levels of PD-1 and TIGIT in W2 suggest that the high pathogenicity of Dk/
HE29-22 is partly due to potent negative feedback and suppression of T cell responses,
which may inhibit viral clearance at an early stage of infection.

All of the macaques infected with Dk/HE29-22 showed severe clinical signs of dis-
ease, and one of the three control macaques reached a humane endpoint 3 days after
infection. The results indicate that the H7N9 HPAIV strain might be pathogenic in
humans. Although baloxavir inhibited virus propagation, resulting in prevention of ex-
cessive immune responses, lung damage was apparent in treated macaques. Active
surveillance of H7N9 HPAIV/LPAIV in poultry and imported products is required to pre-
vent spread of the virus.

MATERIALS ANDMETHODS
Ethics statement. This study was carried out 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 of Japan. The pro-
tocols were approved by the Shiga University of Medical Science Animal Experiment Committee (permit
number 2018-5-10 [H1]). The Research Center for Animal Life Science at Shiga University of Medical
Science has a permit for importation of cynomolgus macaques. Regular veterinary care and monitoring,
balanced nutrition, and environmental enrichment were provided by the Research Center for Animal
Life Science at Shiga University of Medical Science. The macaques were euthanized at the endpoint of
8 days after virus inoculation using ketamine (5mg/kg of body weight; Daiichi Sankyo Propharma, Co.,
Ltd., Tokyo, Japan) and xylazine (1mg/kg; Bayer, Ltd., Osaka, Japan) followed by an injection of sodium
pentobarbital (200mg/kg of body weight; Kyoritsu Seiyaku, Corp., Tokyo, Japan). The animals were
monitored every day during the study to be clinically scored as described in Table S1 (37) and to
undergo veterinary examinations to help alleviate suffering. Animals were scheduled to be euthanized if
their clinical scores reached 15 (a humane endpoint).

Animals. Female cynomolgus macaques (4 to 5 years of age) bred from macaques originating in
China in the Research Center for Animal Life Science, Shiga University of Medical Science, were used.
The cynomolgus macaques used in the present study were healthy young adults. Sample collection and
virus inoculation were performed under conditions of ketamine (5mg/kg) and xylazine (1mg/kg) anes-
thesia, and all efforts were made to minimize suffering. CMK-2 food pellets (CLEA Japan, Inc., Tokyo,
Japan) were given once a day after recovery from anesthesia, and drinking water was available ad libi-
tum. The animals were individually housed under conditions of controlled humidity (47% to 54%), tem-
perature (23 to 24°C), and light (12-h light/12-h dark cycle; lights on at 8:00 a.m.). In the text and figures,
individual macaques are distinguished by the following identification numbers: W1, W2, and W3 are
macaques without treatment; O1, O2, and O3 are macaques treated with oseltamivir; Z1, Z2, and Z3 are
macaques treated with zanamivir; and B1, B2, and B3 are macaques treated with baloxavir.

Two weeks before virus inoculation, a telemetry probe (TA10CTA-D70; Data Sciences International,
St. Paul, MN) was implanted in the peritoneal cavity of each macaque under conditions of ketamine/xyla-
zine anesthesia followed by isoflurane (Zoetis JP, Inc., Tokyo, Japan) inhalation to monitor vital signs.
The macaques used in the present study were free from herpes B virus, hepatitis E virus, Mycobacterium
tuberculosis, Shigella spp., Salmonella spp., and Entamoeba histolytica. Under conditions of ketamine/
xylazine anesthesia, two cotton sticks were used to collect fluid samples in eyes, nasal cavities, oral cav-
ities, and tracheas every day from day 0 to day 8, and the sticks were subsequently immersed in 1ml of
Eagle’s minimal essential medium (EMEM; Nacalai Tesque) containing 0.1% bovine serum albumin (BSA)
and antibiotics. A bronchoscope (MEV-2560; Machida Endoscope Co. Ltd., Tokyo, Japan) and cytology
brushes (BC-203D-2006; Olympus Co., Tokyo, Japan) were used to obtain bronchial samples (38).

Viruses and cells. The challenge virus strain A/duck/Japan/AQ-HE29-22/2017 (H7N9) (Dk/HE29-22)
(NCBI taxonomy ID 2027165) was isolated from a Muscovy duck (Cairina moschata) meat product using
embryonated chicken eggs (6) following propagation in 10-day-old embryonated chicken eggs
(obtained from Sasaki Chemical, Co. Ltd., Kyoto, Japan) at 35°C for 1 day. Propagated virus was titrated
by 50% tissue culture infective doses (TCID50)/ml. For virus titration, briefly, serial dilutions of swabs or
tissue homogenate samples were inoculated onto confluent Madin-Darby canine kidney (MDCK) cells
(American Type Culture Collection, Manassas, VA) (39). The MDCK cells were then cultured in EMEM
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including 0.1% BSA and penicillin/streptomycin. The presence of cytopathic effects was determined
under a microscope 72 h later, and virus titers were calculated.

Twelve macaques (n= 3 in each group) were challenged with Dk/HE29-22 (3� 106 TCID50 in 7ml
Hanks buffered saline solution). The virus was inoculated into conjunctivas (0.05ml for each conjunc-
tiva), nostrils (0.5ml for each nostril), oral cavities (0.9ml), and tracheas (5ml) with pipettes and cathe-
ters. Experiments using the challenge virus were performed in the biosafety level 3 facility of the
Research Center for Animal Life Science, Shiga University of Medical Science.

Compounds. Oseltamivir phosphate (Chugai Pharmaceutical Co., Ltd., Tokyo, Japan), zanamivir
hydrate (GlaxoSmithKline plc., London, Britain), baloxavir marboxil (Shionogi & Co., Ltd., Osaka, Japan),
and distilled water (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) were purchased from Masuda
Medical Instruments, Kyoto, Japan. Oseltamivir phosphate (3% concentration in dry syrup) was dissolved
in water at 30mg oseltamivir phosphate/2ml and administered in the stomach with catheters (30mg/
2ml/kg of body weight/day) once a day from day 1 to day 5 after infection, which provided a higher
blood concentration of oseltamivir carboxylate than did a human adult dose (75mg) (40). Zanamivir
hydrate was dissolved in saline at 10mg/ml and administered in the trachea with a vaporizer (10mg/ml/
animal/day) once a day from day 1 to day 5 after infection. A baloxavir marboxil capsule was crushed
and dissolved in distilled water at 1mg/2ml and administered in the stomach with catheters (1mg/
2ml/kg of body weight/day) once on day 1 after infection. For the control group, distilled water was
administered in the stomach (2ml/kg of body weight/day) and phosphate-buffered saline (PBS, 1ml/ani-
mal/day) was administered in the trachea, being equivalent to drug administrations in other groups,
once a day from day 1 to day 5 after infection.

Histopathological examination and staining. Lung tissues obtained at autopsy were immersed in
10% neutral buffered formalin, embedded in paraffin, and cut into 3-mm-thick sections. The sections
were stained with hematoxylin and eosin (H&E).

Multiplex cytokine detection assay. Peripheral blood of all macaques was collected on days 0, 1, 3,
5, 7, and 8 after virus inoculation. The concentrations of cytokines and chemokines (IL-6, IL-13, TNF-a,
and MCP-1) were determined using a Milliplex bead array assay (Merck Millipore, Billerica, MA) according
to the manufacturer’s instructions. The samples were analyzed using the Luminex 200 system (Merck
Millipore). Concentrations of IFN-a and IFN-b were determined using a Verkine cynomolgus/rhesus
interferon alpha serum enzyme-linked immunosorbent assay (ELISA) kit (PBL Assay Science, Piscataway,
NJ) and a Verkine-HS human interferon beta serum ELISA kit (PBL Assay Science) according to the
manufacturer’s instructions. The samples were analyzed using the GloMax Explorer system (Promega
Corporation, Madison, WI).

Flow cytometry. Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized whole
blood using LeucoSep (Greiner Bio-One, Kremsmuenster, Austria) and were stored in Cellbanker (Nippon
Zenyaku Kogyo Co., Ltd., Koriyama, Japan) at 280°C until use. Frozen PBMCs were thawed in a 37°C
water bath and incubated for 10min with FcR blocking reagent (Miltenyi Biotec, Bergisch Gladbach,
Germany), and then dead cells were stained with Zombie Aqua (BioLegend, Inc., San Diego, CA) for
20min. For surface staining, we used antibodies against the following molecules: CD3-allophycocyanin
(APC)-Cy7 (BD Biosciences, Franklin Lakes, NJ), CD4-fluorescein isothiocyanate (FITC) (BioLegend), CD8-
phycoerythrin (PE)-Cy7 (BD Biosciences), CD25-APC (eBioscience, Waltham, MA), CD20-PE-Cy5 (BD
Biosciences), CTLA-4-BV421 (BD), PD-1-BV421 (BioLegend), and TIGIT-PE (eBioscience). We used mouse or
rat IgG isotype antibodies for each as an isotype control. After incubation for 30min, cells were washed
twice and fixed in 4% paraformaldehyde–PBS. After being washed twice, samples were analyzed using
CytoFLEX (Beckman Coulter, Inc., Brea, CA).

Immunofluorescence staining of tissue sections. Three-micrometer-thick formalin-fixed paraffin-
embedded tissue sections were deparaffinized by a standard method with xylene and ethanol, and then
endogenous peroxidase activity was blocked with methanol containing 1% hydrogen peroxidase for
13min. Antigens were retrieved at 121°C for 1min in pH 7.0 citrate buffer. Next, nonspecific antibody
binding was blocked with goat serum for 30min, and anti-PD-1 antibody (Abcam no. Ab52587; 1:100
dilution) was added. After overnight incubation, the sections were incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibody (Simple Stain MAX-PO [MULTI]; Nichirei Bioscience) for
60min and treated with tyramide signal amplification (TSA) plus fluorescence (OPAL520 fluorophore,
1:50 dilution, Perkin Elmer Life and Analytical Sciences, Boston, MA) for 10min. After being washed, the
sections were stained with anti-CD3 antibody (Dako no. M7254; 1:500 dilution) overnight and then incu-
bated with HRP-conjugated secondary antibody for 60min. Tissues were treated with TSA plus cyanin 3
(OPAL570 fluorophore, 1:100 dilution; Perkin Elmer Life and Analytical Sciences) for 10min. Next, auto-
fluorescence was removed by a Vector TrueVIEW autofluorescence quenching kit following the manufac-
turer’s instructions. Lastly, sections were counterstained and mounted with Prolong Gold antifade rea-
gent with DAPI (49,6-diamidino-2-phenylindole; Invitrogen no. P36935) and then observed under a
microscope (BX-X710; Keyence, Osaka, Japan). As a control, a tissue section was stained with mouse
IgG1 isotype control (Dako no. X0931).

Statistical analysis. Statistical significance between groups was determined using the Mann-
Whitney U test.
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