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ABSTRACT

As of June 2020, Coronavirus Disease 2019
(COVID-19) has killed an estimated 440 000 people
worldwide, 74% of whom were aged 265 years,
making age the most significant risk factor for death
caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection. To examine
the effect of age on death, we established a SARS-
CoV-2 infection model in Chinese rhesus macaques
(Macaca mulatta) of varied ages. Results indicated
that infected young macaques manifested impaired
respiratory function, active viral replication, severe
lung damage, and infiltration of CD11b* and CD8"
cells in lungs at one-week post infection (wpi), but
also recovered rapidly at 2 wpi. In contrast, aged
macaques demonstrated delayed immune responses
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with a more severe cytokine storm, increased
infiltration of CD11b* cells, and persistent infiltration
of CD8" cells in the lungs at 2 wpi. In addition,
peripheral blood T cells from aged macaques
showed greater inflammation and chemotaxis, but
weaker antiviral functions than that in cells from
young macaques. Thus, the delayed but more
severe cytokine storm and higher immune cell
infiltration may explain the poorer prognosis of older
aged patients suffering SARS-CoV-2 infection.
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INTRODUCTION

As of 17 June 2020, approximately 8 060 000 confirmed cases
of coronavirus disease 2019 (COVID-19), which is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

Received: 22 July 2020; Accepted: 30 July 2020; Online: 06 August
2020

Foundation items: This work was supported by the National Key
Research and Development Program of China (2020YFC0842000)
#Authors contributed equally to this work

*Corresponding author, E-mail: zhengyt@mail.kiz.ac.cn

DOI: 10.24272/j.issn.2095-8137.2020.202

Zoological Research 41(5): 503-516, 2020 503


mailto:zhengyt@mail.kiz.ac.cn
https://doi.org/10.24272/j.issn.2095-8137.2020.202
https://doi.org/10.24272/j.issn.2095-8137.2020.202
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:zhengyt@mail.kiz.ac.cn
https://doi.org/10.24272/j.issn.2095-8137.2020.202
https://doi.org/10.24272/j.issn.2095-8137.2020.202
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

2/HCoV-19/2019-nCoV), have been reported globally,
including an estimated 450000 deaths (WHO, 2020).
Epidemiological data have revealed that aged people are
more susceptible to severe illness and are experiencing higher
mortality, as reported initially by the Chinese Center for
Disease Control and Prevention (CDC) (Novel Coronavirus
Pneumonia Emergency Response Epidemiology Team, 2020).
In fact, 81.04% of deaths have occurred in patients aged =60
years, whereas only 0.78% of deaths have occurred in
patients aged <29 years. On 18 March 2020, the United
States CDC reported similar data: 62% of hospitalized adult
patients were aged 255 years, 53% of patients admitted to the
ICU were aged 265 years, and 80% of deaths occurred in
patients aged =65 years (US CDC, 2020). Recent
epidemiological study on factors associated with COVID-19
death in 17 million patients further confirms the effects of age
on mortality (Williamson et al., 2020). In addition, aged adults
with SARS-CoV-2 infection tend to have more serious clinical
features compared with young patients, including higher
pneumonia severity, multiple lobe involvement, lower
proportion of lymphocytes, and elevated levels of C-reactive
protein (Kai et al., 2020).

It has become clear that aging-related complications, such
as cardiovascular, metabolic, and autoimmune diseases, are
risk factors for serious COVID-19 conditions in elderly patients
(Chan et al.,, 2020; Mikami et al., 2020; Williamson et al.,
2020). The underlying reasons may include decreased
immune function and increased pro-inflammatory factors
caused by immunosenescence (Yuki et al., 2020). However,
the immunological pathogenesis of SARS-CoV-2 infection in
aged patients remains unclear. Such issues can be studied in
detail in aged non-human primate (NHP) models, where
repeated sampling and tissue collection are possible with
fewer ethical concerns when under the approval of an
institutional animal care and use committee. Therefore, in the
current study, we infected Chinese rhesus macaques
(ChRMs) with SARS-CoV-2 to explore the role of
immunological changes in disease progression.

In this research, we showed that SARS-CoV-2 causes
respiratory disease in both young and aged ChRMs, but the
disease patterns are different. Young ChRMs showed higher
viral loads in their lungs and abnormal breathing function in
the first week post infection (wpi), followed by rapid recovery
by the end of the second week. In contrast, aged ChRMs
manifested a greater cytokine storm and significant immune
cell infiltration in their lungs at 2 wpi. Moreover, CD4" and
CD8* T cells in the peripheral blood of aged animals showed
higher chemotaxis and inflammation but lower function at 2
wpi. The different features of SARS-CoV-2 infection found
between young and aged ChRMs might help explain the
different course of infection shown between younger and older
adults.

MATERIALS AND METHODS
Animals and ethics statement

Healthy young (male, n=4, 5 years old) and aged (male, n=4,
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>16 years old) ChRMs were sourced from the Kunming
Primate Research Center, Kunming Institute of Zoology (KIZ),
Chinese Academy of Sciences (CAS). All animal experiments
were performed in the Kunming National High-Level Biosafety
Research Center for Non-Human Primates, Center for
Biosafety Mega-Science, KlZ, CAS, according to the
guidelines of the Committee on Animals of KIZ, CAS (approval
No.: IACUC20005).

Study design

The SARS-CoV-2 strain 107 was obtained from the
Guangdong Provincial CDC, Guangdong, China. Young
ChRMs (#15011, #15333, #15335, and #15341) and aged
ChRMs (#01055, #02059, #03055, and #04305) (Figure 1A)
were intratracheally inoculated with 1x107 TCID5, SARS-CoV-
2 in a 2 mL volume by bronchoscope. The animals were
anaesthetized by Zoletil 50 (Virbac, France) and then used in
the following experimental procedures. Body weight, rectal
temperature, breathing rate, X-ray, serum biochemistry tests,
routine blood tests, peripheral blood collection, peripheral
blood mononuclear cell (PBMC) collection, nose swab
collection, throat swab collection, and rectal swab collection
were performed before SARS-CoV-2 infection and at 1, 3, 5,
7,9, 11, 13, and 15 days post infection (dpi). Tracheal brush
collection and blood gas analysis were performed before
SARS-CoV-2 infection and at 3, 7, 11, and 15 dpi. Young
(#15011 and #15335) and aged ChRMs (#02059 and #04305)
were euthanized on 7 dpi and other animals on 15 dpi
(Figure 1). All seven lung lobes were collected after left heart
perfusion with pre-cooled phosphate-buffered saline (PBS).

SARS-CoV-2-specific antibody detection

Plasma was isolated from peripheral blood before SARS-CoV-
2 infection and at 1, 3, 5, 7, 9, 11, 13, 15 dpi. SARS-CoV-2-
specific antibodies in plasma were detected using a SARS-
CoV-2-specific antibody ELISA Kit (Putai, China) according to
the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction (qRT-
PCR) for viral load

Total RNA was extracted from swabs and brushes using a
High Pure Viral RNA Kit (Roche, UK) as per the manufacturer’
s instructions (Xu et al., 2020). Lung tissue samples were
homogenized, and RNA was extracted using TRIzol Reagent
(Thermo, USA). For detection of SARS-CoV-2 RNA, a
THUNDERBIRD Probe One-Step qRT-PCR Kit (TOYOBO,
Japan) was used in accordance with the manufacturer’s
protocols. Primers and probes used in this experiment
included: forward primer 5-GGGGAACTTCTCCTGCTA
GAAT-3', reverse primer 5-CAGACATTTTGCTCTCAAGCTG-
3', and probe FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3'
(Xu et al., 2020). In each run, serial dilutions of the SARS-
CoV-2 RNA reference standard (National Institute of
Metrology, China) were run in parallel to calculate copy
numbers in each sample.

Histopathology and immunofluorescence
Lung tissues fixed in 4% paraformaldehyde were dehydrated



in a graded ethanol series and then embedded in paraffin. The
paraffin-embedded samples were cut into 4-um-thick sections
for hematoxylin-eosin (H&E) staining and
immunofluorescence. Immunofluorescence was performed as
described previously (Xu et al., 2020; Zhang et al., 2016).
After dewaxing and high-pressure antigen repair in alkaline
solution, paraffin sections were incubated with rabbit
monoclonal antibodies CD4 (Abcam, 1:1000), CD8 (CST,
1:1000), CD11b (Abcam, 1:1000), and CD163 (Abcam,
1:500) overnight to mark inflammatory cells. After sufficient
washing, the sections were continuously incubated with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody to catalyze Cy3-tyramine and amplify the
staining signal according to tyramide signal amplification
(TSA). After 4',6-diamidino-2-phenylindole (DAPI) staining and
mounting, all sections were photographed using a LEICA DMI
4000B microscope (Germany) and analyzed by Imaged
software (NIH, USA).

Flow cytometry
Cytokines in plasma and lung samples, including IL-6, IL-10,

CXCL10 (IP-10), IL-1B, IL-12p40, IL-17A, IFN-B, IL-23, TNF-a,
IFN-y, GM-CSF, CXCL8 (IL-8), and CCL2 (MCP-1), were
analyzed using a LEGENDplex™ Non-Human Primate (NHP)
Inflammation Panel (Cat. No. 740389, BioLegend, USA)
according to the manufacturer’s instructions. The absolute
number of main leukocyte subsets in the peripheral blood was
measured using precision count beads (BioLegend, USA)
according to standard flow cytometric procedures, as
described previously (Zheng et al, 2014). For
immunophenotyping of T cells, we adopted a staining strategy
using three antibody panels, which divided T cells into subsets
of T-cell activation, regulation, and function. Detailed antibody
panels and gating strategies for flow cytometry are provided in
Supplementary Table S1 and Figure S1. Briefly, PBMCs were
thawed from liquid nitrogen and then surface-labeled with
fluorescence-conjugated antibodies to delineate the CD4* and
CD8" T-cell subsets. To evaluate the immune activation and
regulation of each subset, anti-CXCR3, anti-CCR6, anti-PD-1,
anti-CCR?7, anti-CD31, anti-CD45RA, and other antibodies
were also added for surface staining. The surface-labeled
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Figure 1 Establishment of SARS-CoV-2 infection model in ChRMs
A: Characteristics of enrolled animals. B: Schematic of study design. C: Viral loads in nose, throat, and rectal swabs, and in tracheal brushes.
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cells were then fixed and permeabilized using a transcription
factor staining buffer set (eBioscience, USA) for Ki-67 and T-
bet staining. For analysis of T-cell function, the PBMCs were
resuspended in RPMI-1640 medium with 10% fetal bovine
serum (FBS), PMA (50 ng/mL), ionomycin (1 pmol/L),
brefeldin A (5 pg/mL), and monensin (2 pmol/L), then
incubated at 37 °Cfor 5 h in a cell incubator. After surface
staining and treatment using a Cytofix/Cytoperm Kit (BD
Biosciences, USA), intracellular staining steps for IFN-y, TNF-
a, granzyme B, and other soluble media were performed. The
acquisition of at least 200000 T cells and 20000
LEGENDplex™ beads was performed using a FACSCelesta
flow cytometer (BD Biosciences, USA), and data analysis was
performed using FlowJo software 10.5.3 (BD Biosciences,
USA).

Statistical analysis

Two-way analysis of variance (ANOVA) and Fisher's least
significant difference (LSD) tests were used to analyze
differences in the levels of physiological characteristics (e.g.,
bodyweight, rectal temperature, breathing rate, partial
pressure of oxygen (pO,), partial pressure of carbon dioxide
(pCO,), and hydrogen ion concentration (pH)), inflammatory
mediators, immune cell numbers, and T-cell immune
characteristics between young and aged macaques over two
weeks of SARS-CoV-2 infection. Unpaired t-test was used to
compare absolute number of T cells and CD8" T cells pre-
SARS-CoV-2 infection. Pearson’s rank test was used to
determine correlations between viral loads and immune cells
in the lungs during SARS-CoV-2 infection. Data are presented
as meanszSD. Here, P<0.05 was considered statistically
significant. All data analyses were performed using GraphPad
Prism v8 (GraphPad Software, USA).

RESULTS

SARS-CoV-2 can infect both young and aged ChRMs

The characteristics of animals enrolled in this study are
summarized in Figure 1A. Swabs and brushes were collected
pre- and post-infection (Figure 1B). Viral RNA was detected in
tracheal brush samples of all eight rhesus macaques at 3 dpi,
indicating all animals were successful infected with SARS-
CoV-2. The positive rates of viral RNA varied between the two
groups of ChRMs (Figure 1C): 50% of throat swabs at all time
points were positive in the young ChRMs, higher than that in
nose and rectal swabs. Compared with young animals, aged
ChRMs showed lower positive rates in nose swabs (32% vs.
4%), throat swabs (50% vs. 9%), and rectal swabs (41% vs.
14%), indicating that more false negatives for SARS-CoV-2
infection may be reported in elderly patients when using these
sampling methods. Surprisingly, positive rates of viral RNA in
tracheal brushes were much higher than that in swabs in both
young (92%) and aged ChRMs (75%) (Figure 1C). Therefore,
viral detection in tracheal brush samples may be more reliable
for diagnosing SARS-CoV-2 infection. In addition, peak viral
loads in tracheal brush samples from three young and one

aged ChRM were more than 10 000 copies/mL, suggesting
young macaques have more robust viral replication in the first
wpi.

Clinical and pathological features of young and aged
ChRMs during SARS-CoV-2 infection

Young ChRMs maintained stable body weights during SARS-
CoV-2 infection, whereas the body weights of aged ChRMs
decreased significantly from 5 dpi to 11 dpi (Figure 2A). Rectal
temperature increased markedly at 1 dpi in both groups. In
addition, increased body temperature was also observed in
both young (11 dpi) and aged macaques (7 dpi) (Figure 2A).
Breathing rate and blood gas analysis were used to evaluate
respiratory function during SARS-CoV-2 infection. As shown in
Figure 2B, a decreased breathing rate, increased pCO,, and
decreased pH were detected at 1 wpi in young ChRMs, but
these indices all returned to normal at 2 wpi. These changes
correspond to the development of serious respiratory disease,
lung damage, and CO, retention in young ChRMs at the early
stage of SARS-CoV-2 infection and rapid recovery soon after.
In contrast, all indices remained normal in aged ChRMs during
infection.

We measured the main immune cells in the peripheral blood
by flow cytometry and blood routine tests (Figure 2C and
Supplementary Figure S3). Aged ChRMs showed an obvious
increase in neutrophils at 1 dpi. The baseline of CD8" T cells
in aged animals was significantly lower than that in young
macaques. The neutrophil-to-lymphocyte and neutrophil-to-
CD8* T cell ratios are considered as independent biomarkers
for clinical outcomes in COVID-19. Here, these markers all
increased at 1 dpi in aged ChRMs, implying that aged animals
may have more severe clinical outcomes compared with
young animals. The SARS-CoV-2-specific antibodies in
plasma became detectable as early as 7 dpi in young ChRMs
and 5 dpi in aged ChRMs. Two young (#15333 and #15341)
and one aged (#01055) macaque showed stable production of
virus-specific antibodies from 11 dpi to 15 dpi. No virus-
specific antibodies were detected in one aged macaque
(#03055) until 15 dpi (Figure 2D).

X-rays of infected animals showed pulmonary infiltrates in
all macaques at the early stage of SARS-CoV-2 infection
(Supplementary Figure S2). When viral loads in lung tissues
were detected, we found that all animals (except #01055)
showed positive PCR results (Figure 2E). Average viral loads
decreased significantly from 7 dpi to 15 dpi in young ChRMs.
However, compared to the data on 7 dpi in aged ChRMs,
almost the same viral load was detected in aged macaque
#03055, whereas no positive results were detected for
#01055. In addition, the viral loads in lung tissues at 7 dpi
were higher in young ChRMs than aged macaques. Based on
antibodies and viral loads in lungs, those macaques (#15333,
#15341, #01055) with antibodies also showed an obvious
decrease in lung viral loads compared with data on 7 dpi.
However, the macaque (#03055) without antibodies showed
no differences in lung viral loads compared with data on 7 dpi.
Therefore, the SARS-CoV-2-specific antibodies obviously
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Figure 2 Clinical and pathological features of SARS-CoV-2-infected young and aged ChRMs

A: Body weight and body temperature changes in SARS-CoV-2-infected macaques. B: Blood gas analysis of SARS-CoV-2-infected macaques. C:
Number of immune cells in peripheral blood. D: SARS-CoV-2-specific antibodies in plasma. E: Viral loads in lung tissues. F: Gross lesions and H&E
staining of lungs (Black arrow: Congestion in lung; Red arrow: Immune cell infiltration; Green arrow: Interstitial pneumonia). *: 0.01<P<0.05; **:
0.001<P<0.01.
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inhibited viral production in infected macaques.

Lung damage was further analyzed by gross observation
and H&E staining (Figure 2F). Abnormal blood exudation was
found by gross observation in both young and aged macaques
at 7 dpi rather than on 15 dpi. Congestion and infiltration of
inflammatory cells around the trachea were also found by H&E
staining in both young and aged macaques at 7 dpi.
Compared with aged ChRMs, young macaques showed more
severe pathological changes at 7 dpi. At 15 dpi, interstitial
pneumonia with pulmonary fibrosis and minor infiltration of
infammatory cells around the trachea were typical
characteristics in young ChRMs. In contrast, no interstitial
pneumonia could be detected in aged macaques at 15 dpi.
However, compared with young ChRMs at 15 dpi, aged
macaques showed obvious infiltration of inflammatory cells
around the trachea and blood vessels, indicating inflammatory
cells were persistently infiltrating the lungs in aged macaques
(Figure 2F).

Different immune responses in young and aged ChRMs
during SARS-CoV-2 infection

Cytokines in plasma, including IL-6, IL-10, CXCL10 (IP-10), IL-
1B, IL-12p40, IL-17A, IFN-B, IL-23, TNF-a, IFN-y, GM-CSF,
CXCLS8 (IL-8), and CCL2 (MCP-1), were detected, with only
four found within the detection ranges (Figure 3A). Compared
with that at O dpi, the concentrations of IFN- and IP-10
increased significantly at 1 wpi in young ChRMs and
recovered at 2 wpi. The concentrations of 13 different
cytokines in lung tissues were also detected in young and
aged ChRMs (Figure 3B). Although there were no statistical
differences in the concentrations of cytokines between young
and aged macaques at 7 dpi, the average concentrations of
most cytokines were higher in young ChRMs than in aged
ChRMs, implying that young macaques may show greater
immune response at 1 wpi. However, the concentrations of
cytokines in aged ChRMs were significantly higher than that in
young macaques at 2 wpi. This strongly implied that aged
macaques experienced more severe cytokine storm at 2 wpi.
Compared with the data at 7 dpi, the average concentrations
of most cytokines decreased slightly at 15 dpi in young
macaques, suggesting that young ChRMs slowly recovered
from the disease at 2 wpi. Compared with that at 7 dpi, the
average concentrations of cytokines increased significantly at
15 dpi in aged macaques. Therefore, aged macaques
experienced a more severe cytokine storm at 2 wpi.

The number of immune cells in lung tissue samples was
detected by immunofluorescence (Figure 4). The CD11b" cells
mainly represented neutrophils, CD8" cells mainly represented
CD8* T cells, CD4" cells mainly represented CD4" T cells, and
CD163* cells mainly represented macrophages. We
performed correlation analysis between average viral load in
the lungs and number of immune cells (Figure 4). CD11b* and
CD8* cells showed significant correlations with average viral
loads in the lungs. Compared with data at 7 dpi, the number of
CD11b* and CD8" cells in lung tissue decreased markedly at
15 dpi in young ChRMs. However, although lung viral load in
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one aged macaque (#01055) was undetectable, the number of
CD11b* cells increased obviously and the number of CD8*
cells remained stable in aged ChRMs at 15 dpi compared with
that at 7 dpi. In addition, there were no statistically significant
correlations between the number of CD163" cells or CD4*
cells with viral load in the lung. No obvious changes were
detected between 7 dpi and 15 dpi in either group.

We analyzed T-cell activation, regulation, and function in
PBMCs using flow cytometry to evaluate the characteristics of
cells that might aggregate to the lung. We found that the two
groups showed enhanced T-cell differentiation after SARS-
CoV-2 infection, as manifested by decreased CD31" naive
CD4* T cells and increased CCR7-central memory CD4* T
cells. In addition, increased expression of CD38 and Ki-67
indicated that immune activation was also a common feature
of the two groups. These characteristics are consistent with
the common phenotypic changes found in T cells after viral
infection. It is worth noting that the frequency of
CXCR3+CD4*/CD8" began to rise rapidly within 3 dpi, when
T-bet+CD4*/CD8* T cells decreased rapidly. Furthermore, the
proportion of IFN-y+CD8* and TNFa+CD4*/CD8" T cells in the
aged group also increased significantly at 2 wpi (Figure 5 and
Supplementary Figure S2). However, these phenomena were
not found in young animals. This suggests that inflammation
and chemotaxis of T cells were enhanced in aged monkeys,
but their function was weakened, which could promote the
symptoms of pneumonia after chemotaxis to the lungs.

DISCUSSION

The emergence of SARS-CoV-2, and its astonishingly rapid
evolution from localized outbreak to global pandemic (Tang et
al., 2020; Yu et al., 2020b) has caused millions of infections
and hundreds of thousands of deaths worldwide. Accordingly,
it is necessary to understand the mechanisms and
characteristics of viral infection, which may help in the
development of vaccines and treatments to drastically reduce
COVID-19 transmission. Due to their physiological similarity
and phylogenetic proximity, NHPs are considered the most
suitable animal models to recapitulate aspects of human
biology and disease (Colman et al., 2018; Wang et al., 2020;
Zhang et al., 2014, 2019), and have been widely used in
studies on coronavirus infections, such as SARS and Middle
East respiratory syndrome (MERS) (Gao et al., 2003;
Haagmans et al., 2004; Wang et al., 2017; Xu et al., 2007).
Rhesus macaques have also been shown as a suitable animal
model for COVID-19 study (Munster et al., 2020; Shan et al.,
2020; Yu et al.,, 2020a). Similar to the clinical features of
SARS-CoV-2-infected patients, virus replication and shedding,
presence of pulmonary infiltrates, histological lesions, and
seroconversion have been found in SARS-CoV-2-infected
rhesus macaques. Lu et al. (2020) also compared SARS-CoV-
2 infection among three species of NHPs, i.e., Macaca
mulatta, M. fascicularis, and Callithrix jacchus, based on
clinical signs, viral RNA in swabs and tissues, and
histopathological changes, and found M. mulatta to be the



most susceptible animal model to SARS-CoV2 infection, green monkeys, in which a much lower and more natural dose
followed by M. fascicularis and C. jacchus. In addition, a of SARS-CoV-2 was used (Woolsey et al., 2020). Recently,
SARS-CoV-2 infection model has been established in African we successfully established and evaluated a new SARS-CoV-

Figure 3 Immune responses in young and aged ChRMs during SARS-CoV-2 infection
A: Concentrations of cytokines in plasma. B: Concentrations of cytokines in lung tissue. *: 0.01<P<0.05; **: 0.001<P<0.01; ***: 0.0001<P<0.001;
**+*: P<0.0001.
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2-infection animal model using Chinese tree shrews, which
are genetically close to NHPs (Xu et al., 2020).

In this study, we established a NHP model of SARS-CoV-2
infection using young and aged ChRMs and monitored their
virological, pathological, and immunological characteristics for
the first two weeks of infection. Similar to that reported in other
rhesus macaque models (Lu et al., 2020; Munster et al., 2020;
Yu et al., 2020b), increased rectal temperature, positive viral
RNA in swabs, brushes, and lung tissue, dot infiltration in X-
rays, and interstitial pneumonia were detected in all young

Figure 4 Immunofluorescence staining of immune cells in lungs
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animals, confirming the successful establishment of a SARS-
CoV-2 infection model. Compared with previous monkey
model studies (Lu et al., 2020; Munster et al., 2020; Yu et al.,
2020b), we added an additional method for detecting viruses
in tracheal brushes, and found that the positive rate of viral
RNA in these brushes was much higher than that in nose,
throat, and rectal swabs in both young and aged groups. The
positive rate of viral RNA in brushes and swabs from young
macaques was higher than that from aged ones, although the
reasons for this are not known (Yu et al., 2020b). Lung tissues



Figure 5 Characteristics of CD4* T and CD8* T cells in peripheral blood (%: P<0.05)

of young ChRMs dissected at 7 dpi showed more active virus
replication and more serious lung damage and inflammatory
infiltration compared to aged macaques. However, at 2 wpi,
young macaques showed better improvement in respiratory
function, reduction in viral RNA in lung tissues, restorative and
limited interstitial pneumonia, and decreased levels of
cytokines in plasma. In contrast, aged animals had relatively
moderate inflammation and pathological features at 1 wpi but
showed significant levels of cytokine storm and infiltration of
CD11b+ cells at 2 wpi. These results suggest that the aged
macaques experienced a delay in the development of disease
symptoms after infection with SARS-CoV-2, and thus may
have a more complicated pathogenic mechanism that awaits
elucidation.

Although different clinical characteristics between old and
young adults with COVID-19 have been noted in several
studies (Lopez et al., 2020; Zhao et al., 2020; Zhu et al.,
2020), the underlying reason why the disease is particularly
dangerous in aged patients remains unclear. A plausible
hypothesis is that the aging immune system is more
heterogeneous and dysfunctional, thus rendering it ineffective
at controlling viral infections (Franceschi et al., 2017; Fulop et
al.,, 2017). The reduced plasticity of alveolar macrophages to
convert between pro- and anti-inflammatory states can lead to
the accumulation of dust, allergens, and pathogen remnants in
the lungs (Kovacs et al., 2017). Neutrophils progressively lose
their ability to migrate to sites of infection during aging

(Mahbub et al., 2011). In addition, common effects of aging on
the adaptive immune system include increased thymic
atrophy, increased memory T cells and T cell metabolic
dysfunction, naive T cells, weakened T cell activation, reduced
CD8* T cell diversity, and decreased CD4"* T cell activation
(Ongradi & Kovesdi, 2010; Ron-Harel et al., 2018; Salam et
al., 2013; Yoshida et al., 2017). These potential mechanisms
may act independently or in coordination to influence clinical
outcomes in patients with COVID-19.

There is a possibility that a dysfunctional innate immune
system in aged adults may be weakened and unable to
recognize the virus to induce an immune response in the early
stages of SARS-CoV-2 infection. Indeed, SARS-CoV-2 has
evolved an effective mechanism to escape the host’s innate
immunity, as evidenced by its higher replication rate and lower
interferon induction compared to SARS-CoV (Chu et al,
2020). In this case, the host's early outbreak of type |
interferon plays an active role in the development of severe
COVID-19 (Lee et al., 2020; Park & Iwasaki, 2020; Trouillet-
Assant et al., 2020). In contrast, the delayed production of
interferon may be detrimental to the antiviral response
(Channappanavar et al., 2019). The latter situation usually
plays an important role in the pathogenesis of SARS-CoV in
infected elderly patients and experimentally infected mice
(Huang et al., 2005; Rockx et al., 2009). Our results showed
that young macaques did not display obvious T-cell
chemotaxis or functional changes within the first 2 wpi,
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whereas the immune response of aged macaques was
delayed until 7 dpi, as demonstrated by the expression of IFN-
y and TNF-a in peripheral CD8" T cells and elevated levels of
inflammatory factors in the lungs at 2 wpi.

It should be noted that the delay in interferon response
resulted in a rapid increase in cytokine and chemokine levels
and attraction of inflammatory cells such as neutrophils and
monocytes to the lungs. This can lead to substantial infiltration
of inflammatory cells into the tissue and induction of lung
damage (Lau et al.,, 2013; Law et al., 2005). In our study,
although viral loads in aged animals were not higher than that
in young macaques, this did not show any benefit. Instead,
their lungs demonstrated a more severe inflammatory cytokine
storm and granulocyte infiltration at 15 dpi. Similarly, previous
studies have indicated that aged NHPs infected with SARS-
CoV have the same level of respiratory virus titers as young
NHPs but have more severe disease manifestations due to
excessive inflammation (Smits et al., 2010). Many studies
have found that a rapid and coordinated immune response
during the early stage of viral infection is conducive to
resisting the spread of the virus, and dysregulated and
excessive immune responses may cause damage to the body.
Even more seriously, uncontrolled local and systemic
inflammation might have fatal consequences in SARS-CoV-2
infection (Channappanavar et al., 2016; Davidson et al., 2015;
McGonagle et al., 2020).

Our results suggest that excessive inflammation, rather than
a high viral titer, contributes more to disease progression in
SARS-CoV-2-infected aged animals as a consequence of
chronic subclinical systemic inflammation and acquired
immune system damage during aging. Continuously
increasing levels of inflammatory factors causing a sluggish
acquired immune system and lung tissue damage and viral
replication also seem to occur in elderly COVID-19 patients
(Mehta et al., 2020). In some studies, immunological aging of
lymphocytes has been linked to a weakened immune
response to emerging infectious diseases, a decrease in the
number of effector cells, and an inability to resist infection
(Brien et al., 2009; Smithey et al., 2011). In previous study, we
found that, in comparison to mild patients, severe COVID-19
patients exhibit a loss of polyfunctionality and elevated
exhaustion in T cells, which have the characteristics of
immune aging (Zheng et al.,, 2020). The fact that a large
proportion of these severe patients are middle-aged or elderly
suggests that immunological aging may facilitate disease
progression in SARS-CoV-2 infection. Our current study
agrees with this assertion, as both young and aged macaques
demonstrated typical immune aging characteristics after
infection, such as reduced naive T cells and increased T-cell
differentiation. The difference was that under immunological
aging and viral infection interaction, CXCR3 expression
increased whereas T-bet expression was significantly down-
regulated in T cells of aged macaques. This indicates that T
cells in aged macaques infected with SARS-CoV-2 exhibit
enhanced chemotaxis and decreased antiviral function. These
characteristics limit T cell chemotaxis to the infection site to
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exert antiviral functions but keep mounting a strong
inflammatory response (Pritchard et al., 2019; Smith et al.,
2018; Stone et al., 2019).

In summary, we successfully established a Chinese
macaque model of SARS-CoV-2 infection, in which we
discovered characteristics of delayed immune response,
increased inflammatory cytokine storm, and declined T-cell
function in aged macaques. Our study not only provided novel
findings on immunological pathogenesis of COVID-19 in
elderly patients, but also generated an animal model that can
mimic the clinical outcomes of aged patients with COVID-19 to
support drug and vaccine testing.
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