
M A J O R  A R T I C L E

Pathogenesis of Influenza H7N9 Virus in Aged Nonhuman Primates  •  jid  2020:222  (1 October)  •  1155

The Journal of Infectious Diseases

 

Received 15 January 2020; editorial decision 12 May 2020; accepted 16 May 2020; published 
online May 20, 2020.

Correspondence: Yoshihiro Kawaoka, Division of Virology, Department of Microbiology and 
Immunology, Institute of Medical Science, University of Tokyo, Minato-ku, Tokyo 108–8639, 
Japan (yoshihiro.kawaoka@wisc.edu).

The Journal of Infectious Diseases®    2020;222:1155–64
© The Author(s) 2020. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/infdis/jiaa267

Pathogenesis of Influenza A(H7N9) Virus in Aged 
Nonhuman Primates
Satoshi Fukuyama,1 Kiyoko Iwatsuki-Horimoto,1 Maki Kiso,1 Noriko Nakajima,2 Robert W. Gregg,3 Hiroaki Katsura,1 Yuriko Tomita,1 Tadashi Maemura,1,4,5 
Tiago Jose da Silva Lopes,1,4 Tokiko Watanabe,1 Jason E. Shoemaker,1,3,6 Hideki Hasegawa,7 Seiya Yamayoshi,1,  and Yoshihiro Kawaoka1,5

1Division of Virology, Department of Microbiology and Immunology, Institute of Medical Science, University of Tokyo, Tokyo, Japan, 2Department of Pathology, National Institute of Infectious 
Diseases, Tokyo, Japan, 3Department of Chemical and Petroleum Engineering, Swanson School of Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania, USA, 4Department of 
Pathobiological Sciences, School of Veterinary Medicine, University of Wisconsin–Madison, Madison, Wisconsin, USA, 5Department of Special Pathogens, International Research Center for 
Infectious Diseases, Institute of Medical Science, University of Tokyo, Tokyo, Japan, 6Department of Computational and Systems Biology, University of Pittsburgh, Pittsburgh, Pennsylvania, USA, 
and 7Influenza Virus Research Center, National Institute of Infectious Diseases, Tokyo, Japan

The avian influenza A(H7N9) virus has caused high mortality rates in humans, especially in the elderly; however, little is known 
about the mechanistic basis for this. In the current study, we used nonhuman primates to evaluate the effect of aging on the path-
ogenicity of A(H7N9) virus. We observed that A(H7N9) virus infection of aged animals (defined as age 20–26 years) caused more 
severe symptoms than infection of young animals (defined as age 2–3 years). In aged animals, lung inflammation was weak and 
virus infection was sustained. Although cytokine and chemokine expression in the lungs of most aged animals was lower than that 
in the lungs of young animals, 1 aged animal showed severe symptoms and dysregulated proinflammatory cytokine and chemokine 
production. These results suggest that attenuated or dysregulated immune responses in aged animals are responsible for the severe 
symptoms observed among elderly patients infected with A(H7N9) virus.

Keywords.   Aging; influenza; immune senescence; dysregulated immunity; nonhuman primate.

The first reported human case of infection with avian-origin 
influenza A(H7N9) virus was in February 2013 [1]. In the 
2016–2017 influenza season, highly pathogenic H7N9 virus 
was detected in both humans and chickens [2, 3]. These vir-
uses were shown to possess amino acid mutations important 
for mammalian adaptation and transmission between fer-
rets via respiratory droplets [2, 4–9]. As of June 2019, 1568 
laboratory-confirmed human cases, including 615 deaths, 
had been reported [10]. Epidemiological studies revealed 
that A(H7N9) infection in elderly people (≥60 years old) was 
more frequent than in young people [11–14]. Older patients 
also had a high risk of death, with odds ratios of 1.84 (age 
60–74  years) and 2.28 (age ≥75  years) when the odd ratio 
for patients aged 16–59 years was adjusted to 1 [14]. Several 
possible explanations for this difference have been proposed 
[15, 16]. Individuals born before 1968 experienced first in-
fections with so-called hemagglutinin (HA) group 1 viruses, 
seasonal H1N1, or H2N2 viruses, resulting in their being 
less susceptible to A(H5N1) HA group 1 virus infection but 
susceptible to A(H7N9) HA group 2 virus infection because 

of lifelong immunological imprinting [17]. However, it has 
not yet been elucidated how aging per se contributes to the 
severe symptoms caused by A(H7N9) virus infection.

In general, as people age, they become more susceptible to 
infectious diseases due to hypofunction of the immune system 
[18]. The seasonal influenza–associated mortality rate is higher 
among elderly persons (≥75  years) than among other age 
groups [19]. This higher mortality rate may be caused by the 
exacerbation of underlying medical problems by the infection 
or by immunosenescence [19]. Numerous studies of the innate 
immune system in aged animals have revealed that the func-
tions of various innate immune cells (eg, neutrophils, natural 
killer cells, and macrophages) are impaired in aged humans 
and mice [20]. However, the mechanism responsible for the 
high susceptibility of the elderly to A(H7N9) virus remains un-
clear. Recent studies of A(H7N9) virus, including our findings, 
have demonstrated that nonhuman primates (eg, cynomolgus 
macaques) are a valid infection model of A(H7N9) virus infec-
tion in humans [4, 21]. In addition, cynomolgus macaques have 
been shown to be useful as an aging animal model of virus in-
fection [22]. In this study, we therefore used aged cynomolgus 
macaques to analyze the intrinsic effect of aging on the severity 
of A(H7N9) virus infection.

METHODS

Viruses and Cells

A/Anhui/1/2013 (H7N9) was kindly provided by Yuelong Shu 
(World Health Organization Collaborating Center for Reference 
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and Research on Influenza, National Institute for Viral Disease 
Control and Prevention, Chinese Center for Disease Control 
and Prevention, Beijing, China) and was propagated in embry-
onated chicken eggs. Madin-Darby canine kidney cells were 
maintained in Eagle’s minimum essential medium containing 
5% newborn calf serum. All experiments with A(H7N9) vir-
uses were performed in enhanced biosafety level 3 containment 
laboratories in Japan at the University of Tokyo, Shin Nippon 
Biomedical Laboratories (SNBL), Kagoshima, and the Institute 
for Virus Research in Kyoto University (IVRKU), Kyoto, which 
are approved for such use by the Ministry of Agriculture, 
Forestry, and Fisheries of Japan.

Experimental Infection of Cynomolgus Macaques

Aged (age 20–26  years) and young (age 2–3  years) female 
cynomolgus macaques (Macaca fascicularis) were obtained 
from the National Institute of Biomedical Innovation, Japan 
Laboratory Animal, and SNBL, and tested to ensure that 
they were serologically negative by neutralization against A/
Osaka/1365/2009 (H1N1pdm09), A/Kawasaki/UTK-4/2009 
(seasonal H1N1), A/Kawasaki/UTK-20/2008 (H3N2), B/
Tokyo/UT-E2/2008 (type B), and A/duck/Hong Kong/301/78 
(H7N2) viruses. In this study, we compared aged animals with 
young animals that were part of our group’s study published 
in 2013 [4]. The health condition and characteristics of each 
animal before the initiation of experiments are described in 
Supplementary Table 1. 
These macaques were intramuscularly anesthetized with keta-
mine and xylazine or medetomidine and inoculated with a sus-
pension containing 107 plaque-forming units/mL of Anhui/1 
through a combination of intratracheal (4.5  mL), intranasal 
(0.5 mL per nostril), ocular (0.1 mL per eye), and oral (1 mL) 
routes, resulting in a total infectious dose of 107.8 plaque-
forming units. Macaques were monitored twice daily, once 
in the morning and once in the evening, for changes in rectal 
temperature, appetite (food consumption), and general condi-
tions. One macaque died on day 4 (animal 4) and underwent 
pathological and virological analyses; the other macaques were 
euthanized on day 3 or 6 after infection for pathological and 
virological analyses. Virus titers in the lungs and various other 
organs were determined by means of plaque assays in Madin-
Darby canine kidney cells.

Pathological Examination

Excised macaque tissues were preserved in 10% phosphate-
buffered formalin. The tissues were then processed for paraffin 
embedding and cut into 3-μm-thick sections. The sections of 
each tissue sample were stained using a standard hematoxylin-
eosin procedure. Each serial section was processed for 
immunohistological staining with a mouse monoclonal an-
tibody for type A  influenza nucleoprotein antigen (prepared 
in our laboratory). Specific antigen–antibody reactions were 

visualized with DAB staining, using the DAKO Envision system 
(DAKO Cytomation), as described elsewhere [4].

Microarray Analysis

Total RNA was extracted from lung samples and blood by using 
the RNeasy Mini Kit (Qiagen), according to the manufacturer’s 
protocol. RNA was labeled with cyanine 3 dye with the Quick 
Amp labeling kit (Agilent Technologies) and hybridized to the 
Rhesus Macaque Gene Expression Microarray (Agilent micro-
array design identification no. 026806; Agilent Technologies), 
as described elsewhere [23]. Individual microarrays were per-
formed for each lung sample collected from naive and infected 
animals. 
Statistical analysis was performed using the LIMMA package. 
The log2 of the intensity of each probe was background corrected 
and normalized between arrays (using the quantile method). 
Duplicate probes were averaged. Hierarchical clustering was 
used to review biological replicate quality. Next, 1-way or 2-way 
analyses of variance were constructed, and the moderated t sta-
tistic was calculated to determine the significance between the 
means. The duplicateCorrelation function was used to control 
for multiple samples from the same animal. All P values were 
Benjamini-Hochberg corrected to control the false discovery 
rate (FDR). Probes were considered differentially expressed if 
they had a fold change ≥2 and an FDR <0.01. Primary gene 
expression data are available in the Gene Expression Omnibus 
(series no. GSE152406) in accordance with proposed Minimum 
Information About a Microarray Experiment (MIAME) guide-
lines. Macaque gene annotations for the array were provided 
by Agilent. To increase coverage, the array was reannotated to 
the human genome using Agilent’s Earray (performed 28 March 
2014). Gene symbols were merged between the 2 annotations, 
with preference given to gene annotations that successfully 
aligned to the macaque genome.

Gene Functional Enrichment Analysis

Functional enrichment analysis was performed with ToppCluster 
software and included the following categories: gene ontology, do-
main, pathway transcription factor binding site, drug, and disease. 
An enrichment score >2 (corresponding to an FDR <0.01) was the 
minimum required for enrichment. Ingenuity Pathway Analysis 
was used to identify possible gene expression regulators (eg, tran-
scription factors) and to provide additional insight into pathways 
associated with differentially expressed genes.

Cytokine Assays

For cytokine and chemokine measurements, macaque 
lungs were treated with the Bio-Plex Cell Lysis Kit (Bio-Rad 
Laboratories) according to the manufacturer’s instructions, and 
measured with the MILLIPLEX MAP Non-Human Primate 
Cytokine/Chemokine Panel–Premixed 23-Plex (Millipore). 
Array analysis was performed using the Bio-Plex Protein Array 
system (Bio-Rad Laboratories).

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
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Study Approval

All animal experiments in this study were approved by the 
Institutional Animal Care and Use Committee of SNBL (ap-
proval nos. IACUC814-002, and IACUC814-006) and the 
Committee on the Ethics of Animal Experiments of IVRKU, 
and they were performed in accordance with the animal welfare 
bylaws of the Drug Safety Research Laboratories, SNBL, which 
are fully accredited by the Association for the Assessment and 
Accreditation of Laboratory Animal Care International, and the 
guidelines for animal experiments at IVRKU.

RESULTS

Severe Symptoms in A(H7N9) Virus–Infected Aged Animals

Epidemiological studies of human cases of A(H7N9) virus 
infection indicate that elderly individuals who are infected 
with A(H7N9) virus experience severe disease compared 
with young individuals. To determine whether aging influ-
ences the severity of disease caused by A(H7N9) virus in-
fection in nonhuman primates, we infected 7 aged (aged 
20–26 years) and 6 young (aged 2–3 years) cynomolgus ma-
caques with A/Anhui/1/2013 (Anhui/1) and monitored their 
clinical symptoms (Table 1). Three of the aged animals (nos. 
1, 2, and 3) did not show any symptoms before their sched-
uled autopsies at 3 days after infection. Three other aged an-
imals (nos. 4, 5, and 7)  showed respiratory and/or general 
symptoms (eg, cough, activity and appetite loss, and cramp) 
from 2–3  days after infection, of which 1 died (animal 4 at 
day 4 after infection), and 1 was euthanized (animal 7 at day 
3)  before the scheduled autopsy on day 6.  In contrast, with 
the exception of 4 of the 6 young animals showing fever on 
day 1 after infection, the young animals were asymptomatic 
until at least 6  days after infection. These findings indicate 
that A(H7N9) virus infection causes more severe symptoms 
in aged cynomolgus macaques than in younger ones.

Virus Titers in A(H7N9) Virus–Infected Animals

We next measured virus titers in the respiratory and systemic 
organs of the infected animals. In both young and aged ani-
mals, virus was detected in the upper and lower respiratory or-
gans (Table 2). Virus titers in the bronchus from aged animals 
at 3–4 days after infection were significantly higher than those 
from young animals (Figure 1), indicating that the virus was not 
efficiently eliminated from the respiratory organs of the aged 
animals. Of note, the aged animals that showed severe symp-
toms at days 3–4 (animals 4 and 7) had significantly higher virus 
titers in their lungs than did young animals (Table 2; P < .01) or 
aged animals without severe symptoms (Table 2; P < .01). 
We also measured virus titers in the systemic organs such as 
brain, lymphoid tissues, heart, kidney, liver, and digestive or-
gans of the A(H7N9) virus–infected animals. In several 
extrapulmonary organs of some aged animals, we detected low 
to modest levels of virus (Supplementary Table 2), but virus 
antigens were detected only in the tonsils and mediastinal 
lymph nodes (data not shown). Notably, virus was detected in 
several portions of the brain of 2 young animals (nos. 12 and 
16); in animal 16, virus was also detected in several other sys-
temic organs. These findings demonstrate that A(H7N9) virus 
can spread to systemic organs. such as the central nervous 
system and lymphoid organs, in nonhuman primates. However, 
enhanced systemic distribution of A(H7N9) virus in aged ani-
mals was not observed.

Pathological Analysis of A(H7N9) Virus–Infected Animals

Because the virus titers in the respiratory organs tended to be 
high in aged animals, we compared the pathological changes 
between aged and young animals. Gross pathological anal-
ysis of the aged animal lungs revealed edema in a single lobe 
or several lobes (Supplementary Table 3). The histopatholog-
ical findings from lung tissues of A(H7N9) virus–infected aged 

Table 1.  Symptoms of Animals After A(H7N9) Infectiona

Animal  
No.(Age, y)

Symptoms by Time After Infection

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

1 (24) − − − … … …

2 (23) − − − … … …

3 (21) − − − … … …

4 (26) − − Cough; loss of activity Death … …

5 (22) − Cough Cough Loss of activity Cough; decreased activity  
and appetite 

Decreased activity  
and appetite

6 (20) − − − − − −

7 (21) − Decreased activity Recumbency;  
cramp

… … …

11 (2) Fever − − … … …

12 (2) Fever − − … … …

13 (2) − − − … … …

14 (2) Fever − − − − −

15 (2) Fever − − − − −

16 (3) − − − − − −
aAutopsy was performed on day 3 in animals 1–3, 7, and 11–13, and on day 6 in animals 5. 6, and 14–16. Minus signs indicate asymptomatic status.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
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animals were different from those in young animals (Figure 2). 
In aged animals, areas with mild inflammation and many viral 
antigen-positive cells were observed even at 6 days after infec-
tion (Figures 2E and 2G). In contrast, lung inflammation had 
already progressed by 3 days after infection in young animals 
(Figure 2B), and the number of viral antigen-positive cells in 
young animals at day 6 was lower than that at day 3 (Figures 2D 
and 2H). Pathological scores of inflammation for each lung 
section were obtained by using hematoxylin-eosin staining 
(Table 3). The scores were significantly lower for the aged an-
imals than for the young animals at both 3–4 and 6 days after 
infection (Table 3 and Supplementary Figure 1; P < .05).

Microarray Analysis of Lungs and Blood from A(H7N9) 

Virus–Infected Animals

Because lung inflammation was relatively mild considering 
the high virus titers in the lung tissues and the severity of the 
symptoms experienced by the aged animals, we hypothesized 
that aging might attenuate the inflammatory response against 
A(H7N9) virus infection. To address the effect of aging on 
the development of inflammation in A(H7N9) virus–infected 
animals, we performed a transcriptional analysis of lungs 
from naive and A(H7N9) virus–infected young and aged an-
imals. Transcripts that were differentially expressed between 
A(H7N9) virus–infected aged and young animals on either day 
(day 3 or 6) were clustered, and each cluster was analyzed with 
ToppCluster software to identify enriched biological functions. 
The expression of each transcript in aged naive, aged infected, 
or young infected animals relative to that in young naive ani-
mals is shown in Supplementary Figures 2 and 3. 

In the lungs of aged infected animals at 3  days after infec-
tion, the interleukin 6 (IL-6)–mediated signaling pathway was 
down-regulated by A(H7N9) virus infection compared with 
naive aged animals, whereas it was up-regulated in the lungs 
of young infected animals compared with naive young animals 
(Supplementary Figure 2). In contrast, the type I  interferon 
(IFN) response, cytokine signaling, phosphoinositide 3-kinase 
(PI3K) signaling, and integrin signaling were up-regulated in 
aged infected animals at 6 days after infection, whereas these 
transcripts in young infected animals were not affected or 
down-regulated (Supplementary Figure 2).

Next, to assess the effect of aging on the systemic antiviral re-
sponse, we performed a similar differential expression analysis 
using whole-blood samples collected from naive and A(H7N9) 
virus–infected aged and young animals at 3 and 6 days after in-
fection. We found that several thousand transcripts were differ-
entially expressed in aged animals (Supplementary Figure 3). 
Genes enriched for immune processes (eg, Toll-like receptor 
signaling and innate immunity) were up-regulated in the blood 
of aged naive animals compared with young naive animals 
(Supplementary Figure 3), consistent with reports in elderly 
humans [24]. In young animals, Toll-like receptor signaling 
and innate immunity were up-regulated with infection at day 
3.  In contrast, genes associated with interleukin 10 signaling 
and IFN regulatory factor 7 were up-regulated in both aged 
and young infected animals on infection at 3 days after infec-
tion (Supplementary Figure 3). At 6 days after infection, neg-
ative regulators of viral genome replication, including innate 
immune responses, were strongly up-regulated in the blood 
of aged infected animals, whereas their expression returned to 

Table 2.  Virus Titers in the Respiratory Organs Collected From A(H7N9) Virus–Infected Animalsa

Organ

Viral Titer by Animal No. and Time After Infection, Log10 PFUs/g

Aged Group Young Group

Day 3 Day 4 Day 6 Day 3 Day 6

1 2 3 7 4 5 6 11 12 13 14 15 16

Turbinate 6.2 5.2 6.1 4.6 6.7 5.5 5.3 5.5 6.8 6.9 3.1 4.8 5.9

Trachea 4.5 5.2 5.4 6.1 5.1 6.9 5.8 4.9 4.2 3.7 4.7 ND 5.6

Bronchus              

  Right 4.9 4.5 5.4 6.2 5.4 6.5 7.6 4.6 3.3 3.8 ND 2.9 7.5

  Left 5.0 4.9 5.3 6.6 5.5 6.3 8.1 ND 4.4 4.3 3.3 ND 7.4

Right lung              

  Upper 3.7 6.5 4.4 3.9 4.7 6.6 3.5 ND 4.4 3.9 2.7 3.7 4.2

  Middle 3.9 5.3 ND 7.5 4.7 6.4 3.1 3.3 4.5 5.2 3.0 3.4 5.1

  Lower 5.4 5.5 2.4 7.9 3.1 6.7 5.9 ND 5.5 5.4 2.1 2.7 5.1

Left. lung              

  Upper 2.3 2.5 3.0 7.4 5.3 6.3 1.2 3.3 2.5 4.8 ND 3.8 4.8

  Middle ND 3.3 ND 8.2 5.1 4.9 3.1 ND 4.0 3.4 ND 3.8 3.9

  Lower 2.2 ND ND 7.5 5.2 5.9 2.4 3.9 5.4 5.6 ND 3.3 4.8

Abbreviations, ND, not detected/ PFUs, plaque-forming units.
aAged and young cynomolgus macaques were inoculated with 107.8 PFUs (6.1 mL) of A(H7N9) through multiple routes. One, 2, or 3 macaques per group were euthanized at 3, 4, and 6 days 
after infection for virus titration. 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
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normal in young infected animals (Supplementary Figure 3). 
Taken together, these results demonstrate that the immunolog-
ical responses against A(H7N9) infection of aged animals differ 
from those of young animals.

Analysis of Cytokine and Chemokine Production in A(H7N9) 

Virus–Infected Animals

Since the immunological responses to A(H7N9) virus infec-
tion in aged animals differed from those in young animals, we 
evaluated cytokine and chemokine production in aged animals 
on A(H7N9) infection by means of a Bioplex analysis of lung 
tissues and blood. As expected, the expression of cytokines and 
chemokines, including interleukin 1 receptor antagonist, inter-
leukin 8 (IL-8), interleukin 1β, 2, 4, 15, and 18, granulocyte-
macrophage colony-stimulating factor (GM-CSF), monocyte 
chemoattractant protein 1, macrophage inflammatory protein 
(MIP) 1β, transforming growth factor α, tumor necrosis factor 

α, and vascular endothelial growth factor, was significantly 
higher in the lungs of the infected young animals than in those 
of infected aged animals (Figure 3). In contrast, the expression 
of interleukin 13 (IL-13), interleukin 17A, and granulocyte col-
ony-stimulating factor (G-CSF) in infected young animals was 
lower than that in infected aged animals (Figure 3). These data 
suggest that the lower cytokine and chemokine production in 
the lungs of aged animals compared with young animals may 
be involved in the attenuation of inflammation in aged animals 
on A(H7N9) infection. However, the transcriptome analysis 
showed that cytokine signaling and the type I  IFN response 
were greater in aged than in young animals at day 6 after in-
fection (Supplementary Figure 2). Protein production and gene 
expression of some cytokines were not correlated among the 
animals; this discrepancy requires further study.

To understand the systemic cytokine and chemokine pro-
duction, we also measured these regulators in the serum col-
lected from the A(H7N9) virus–infected animals. Although 
A(H7N9) virus infection induced significantly higher levels of 
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Figure 1.  Virus titers in the respiratory organs of A(H7N9) virus–infected ani-
mals. Turbinate, bronchus, and lung tissues were collected from aged and young 
animals on days 3, 4, and 6 after infection with 107.8 plaque-forming units (PFUs) 
(6.1 mmol/L) of A(H7N9) (Anhui/1). Virus titers were measured by means of plaque 
assays in Madin-Darby canine kidney cells. Sample numbers are indicated in 
Table 2; samples were compared using 2-tailed unpaired t tests, with P values ad-
justed using the Holm method. *P = .02.
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Figure 2.  Pathology of the lungs of A(H7N9) virus–infected animals. Shown are 
representative pathological findings in the lungs of animals infected with A(H7N9) 
at 3 (A, B, C, D) and 6 (E, F, G, H) days after infection with hematoxylin-eosin (HE) 
staining (A, B, E, F) and immunohistochemistry (IHC) for influenza nucleoprotein an-
tigen (C, D, G, H). Findings are shown for animals 2 (A, C), 12 (B, D), 5 (E, G), and 
15 (F, H). Brown color indicates influenza nucleoprotein antigens (C, D, G, H). Scale 
bars represent 100 µm.
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IL-8, IL-13, and GM-CSF in the serum of infected aged animals 
compared with infected young animals, overall the cytokine 
and chemokine levels in the serum of aged animals was similar 
to that of young animals (Figure 4). In contrast, we found that 
several cytokines and chemokines (eg, interleukin 1 receptor 
antagonist, IL-6, IL-8, IL-13, interleukin 1β 10, 12, 17A, and 18, 
IFN-γ, G-CSF, GM-CSF, monocyte chemoattractant protein 1, 
MIP-1α, MIP-1β, and tumor necrosis factor α) were extremely 
up-regulated in the serum of 1 aged animal (no. 7) with severe 
symptoms (red arrows in Figure 4). This result indicates that the 
expression of cytokines and chemokines in serum on A(H7N9) 
infection does not differ greatly between aged and young an-
imals, except for animal 7 with severe symptoms. Taken to-
gether with the microarray data and bioplex analysis findings, 
our results show that cytokine and chemokine production is 
attenuated in the lung of aged infected animals and that their 
production in serum is dysregulated in an aged animal with se-
vere symptoms.

DISCUSSION

A(H7N9) virus is reported to infect a high proportion of elderly 
people [11–14], although the precise reason for this remains 
unclear. In this study, we experimentally infected aged non-
human primates with the A(H7N9) virus and found that aged 
animals showed more severe symptoms than young animals, 
which indicates that aged nonhuman primates may be a useful 
model for the study of severe disease in the elderly infected with 
A(H7N9) virus. Our analyses showed that the inflammatory re-
sponse such as cytokine and chemokine production in the lungs 
of aged animals was attenuated at 3 and 6 days after infection 
compared with young animals even though similar or higher 
viral replication was detected in respiratory organs of aged ani-
mals compared with young animals. Furthermore, both micro-
array and bioplex analyses revealed that IL-6 production was 
impaired in aged animals. IL-6 is a key cytokine for protecting 

animals against influenza virus infection by enhancing both 
recruitment and the phagocytic activity of macrophages [25]. 
Therefore, the attenuated immunological response including 
low IL-6 production, so-called immunosenescence, may be re-
sponsible for the high pathogenicity of A(H7N9) virus in aged 
animals.

High levels of cytokines and chemokines were detected in 
the serum of an A(H7N9) virus–infected aged animal (animal 
7) that showed severe symptoms, indicating that aberrant pro-
duction of proinflammatory cytokines and chemokines with 
virus replication might synergistically enhance the severity of 
the infection. Because other aged animals showed attenuated 
immunological responses to A(H7N9) virus infection, the 
mechanism responsible for the immune response dysregulation 
in aged animals remains unclear. 

However, this dysregulated immune response, the so-called 
cytokine storm, has been reported in many human cases: 
A(H7N9) virus causes multiple organ dysfunction with aber-
rant systemic immune responses [26], and disease severity for 
patients with A(H7N9) virus infection was positively correl-
ated with their serum levels of cytokines and chemokines [27]. 
Moreover, the dysregulated immune response is also associ-
ated with the high pathogenicity of H5N1 and 1918 pandemic 
H1N1 viruses [28–30]. Although a defined trigger that causes 
the dysregulated immune response has not been revealed, pul-
monary endothelial cells were implicated as key players in the 
early stage of the response to stimulate proinflammatory cyto-
kine expression through IFN-α release [31, 32]. Therefore, aged 
nonhuman primates might be a good model to study the mech-
anism responsible for the immune dysregulation that is caused 
by avian-origin human influenza viruses and to evaluate treat-
ments for it.

The microarray data indicate that genes associated with 
cytokine signaling (Supplementary Figure 2), type 1 IFN re-
sponse (Supplementary Figure 2), and negative regulators 

Table 3.  Pathology Scores for Lung Tissue Collected from A(H7N9) Virus–Infected Animalsa

Lung Tissue

Pathology Score by Animal No. and Day After Infection

Aged Group Young Group

Day 3 Day 4 Day 6 Day 3 Day 6

1 2 3 7 4 5 6 11 12 13 14 15 16

Right lung              

  Upper 3 1 3 1 2 1 1 1 2 2 3 2 3

  Middle 1 2 2 1 3 1 1 1 2 2 3 2 3

  Lower 2 1 1 2 2 2 3 2 3 3 3 3 3

Left lung              

  Upper 1 0 1 1 2 2 2 2 2 2 2 2 2

  Middle 1 1 1 1 2 2 2 2 2 2 2 2 3

  Lower 1 1 1 2 2 2 2 2 3 3 2 3 3
aThe inflammatory scoring system defined scores as follow: 0, normal; 1, mild (a few inflammatory cells); 2, moderate (inflammatory cells infiltrate, with edema and/or alveolar hemorrhage 
in <50% of section); and 3, severe (inflammatory cells infiltrate, with edema and/or alveolar hemorrhage in ≥50% of section).

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa267#supplementary-data
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of viral genome replication (Supplementary Figure 3) were 
up-regulated in the lungs and whole blood of aged animals at 
6 days after infection, compared with young animals. However, 
the protein expression levels of cytokines and chemokines in the 

lungs of aged animals at 6 days after infection were significantly 
lower than those of young animals. These data indicate that the 
expression of messenger RNAs and proteins in response to virus 
infection was not consistent. One possible explanation for this 
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Figure 3.  Multiplex analysis of cytokines and chemokines in lung tissues. Lung tissues were isolated from young and aged animals. Cytokines and chemokines in lung 
tissue samples were measured using a multiplex immunoassay. Samples were obtained from aged naive animals (day 0; n = 3), aged animals at days 3–4 (n = 5) and 
day 6 (n = 2), young naive animals (day 0; n = 3), and young animals at days 3 (n = 3) and 6 (n = 3); samples were compared using 1-way or 2-way analysis of variance 
(*P < .05; †P < .01). Data on young animals were adapted from those published by Watanabe et al [4]. Abbreviations: G-CSF, granulocyte colony-stimulating factor; GM-CSF, 
granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p40, IL-13, IL-15, IL-17A, and IL-18, interleukin 1β, 2, 4, 5, 6, 8, 
10, 12p40, 13, 15, 17A, and 18; IL-1RA, interleukin 1 receptor antagonist; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; sCD40L, soluble 
cD40L; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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Figure 4.  Multiplex analysis of cytokines and chemokines in blood. Serum was isolated from the blood of young and aged animals. Cytokines and chemokines in the serum were 
measured by using a multiplex immunoassay. Samples were obtained from aged naive animals (0 days after infection; n = 6), aged animals at days 3 (n = 4) and 6 (n = 2), young naive 
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discrepancy is that the messenger RNA response might not be 
successfully translated to the protein response in aged animals 
because aging down-regulates protein synthesis [33].

In summary, our analysis suggests that an inadequate antiviral 
response in aged animals causes the failure to eliminate viruses effi-
ciently from the lungs during early infection. Our findings also sug-
gest that high levels of proinflammatory cytokines and chemokines 
might be involved in the fatal outcome of an aged animal. Taken to-
gether, we suggest 2 types of outcome (immunosenescence and ab-
errant immune response) from aged animals with A(H7N9) virus 
infection. Our data provide considerable information about the ef-
fect of aging on the pathogenicity of A(H7N9) virus, which will be of 
value in the development of new and effective treatments for elderly 
patients with A(H7N9) virus infection.
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