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Northern pig-tailed macaques (Macaca leonina)
infected with SARS-CoV-2 show rapid viral clearance
and persistent immune response

Coronavirus disease 2019 (COVID-19), which is caused by
severe acute respiratory syndrome coronavirus (SARS-CoV-
2), has become an unprecedented global health emergency.
At present, SARS-CoV-2-infected nonhuman primates are
considered the gold standard animal model for COVID-19
research. Here, we showed that northern pig-tailed macaques
(Macaca leonina, NPMs) supported SARS-CoV-2 replication.
Furthermore, compared with rhesus macaques, NPMs
showed rapid viral clearance in lung tissues, nose swabs,
throat swabs, and rectal swabs, which may be due to higher
expression of interferon (IFN)-a in lung tissue. However, the
rapid viral clearance was not associated with good outcome.
In the second week post infection, NPMs developed persistent
or even more severe inflammation and body injury compared
with rhesus macaques. These results suggest that viral
clearance may have no relationship with COVID-19
progression and SARS-CoV-2-infected NPMs could be
considered as a critically ill animal model in COVID-19
research.

Animal models are essential for studies on the pathogenesis
of SARS-CoV-2 infection and the evaluation and development
of potential antiviral treatments or vaccines. SARS-CoV-2-
infected nonhuman primates (NHPs) are considered good
models for COVID-19 research. SARS-CoV-2 infection has
been successfully established in various NHPs, including
rhesus macaques (Macaca mulatta, RMs), crab-eating
macaques (Macaca fascicularis)) common marmosets
(Callithrix  jacchus), and green monkeys (Chlorocebus
sabaeus). At present, RMs (3-5 years old) are regarded as
the most suitable animal model for COVID-19 research
(Munster et al., 2020; Shan et al., 2020; Song et al., 2021;
Zheng et al., 2020) due to their similarities with SARS-CoV-2-
infected patients in regard to clinical features, virus replication,
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and pathological changes (Lu et al., 2020). However, only mild
clinical manifestations and temporary cytokine increases have
been observed in RMs (Munster et al., 2020; Song et al.,
2020). Previously, we confirmed that northern pig-tailed
macaques (Macaca leonina, NPMs) are a suitable animal
model for acquired immune deficiency syndrome (AIDS)
research (Pang et al., 2018; Zhang et al., 2018). Different from
RMs, NPMs can be infected with HIV-1 and viral reservoirs
can form in vivo (Pang et al., 2017). Therefore, the aim of this
study was to investigate whether NPMs could be infected by
SARS-CoV-2 and used as an animal model for COVID-19
research.

Four healthy NPMs (male, 6-8 kg, 5 years old), named 15207,
15209, 15213, and 15223, were sourced from the Kunming
Primate Research Center, Kunming Institute of Zoology (KIZ),
Chinese Academy of Sciences (CAS). Animal feeding and
experiments were performed at the Kunming National High-
Level Biosafety Research Center for Non-Human Primates,
Center for Biosafety Mega-Science, KIZ, CAS. All
experimental protocols were approved by the Ethics
Committee of KlZ, CAS (Approval No.: IACUC20005). All
macaques were intratracheally inoculated with 1x107 TCIDsg,
SARS-CoV-2 in 2 mL volume via bronchoscope. Nose, throat,
and rectal swabs were collected at 1, 3, 5,7, 9, 11, 13, and 15
days post infection (dpi) for viral RNA detection. Venous blood
was drawn into vacuum tubes containing
ethylenediaminetetraacetic acid (EDTA) and vacuum blood
collection tubes (serum) for routine blood tests and serum
biochemistry, respectively. Two NPMs (15207 and 15223)
were euthanized by Zoletil 50 at 7 dpi and the other two were
euthanized at 15 dpi. Lung samples (100—-150 mg) from the
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middle and lower sections of all seven lung lobes were
collected after left heart perfusion with precooled phosphate-
buffered saline (PBS). The methods used for viral RNA
detection, immunofluorescence, and enzyme-linked
immunosorbent assay (ELISA) are described in our previous
study (Song et al., 2020). In addition, the characteristics of
four RMs (15011, 15335, 15333, and 15341), used to
compare the differences between NPMs and RMs during
SARS-CoV-2 infection, were reported in our previous study
(Song et al., 2020).

Viral RNA in the swabs remained positive from 1 to 15 dpi in
RMs, whereas SARS-CoV-2 infection in the NPMs was
negative in all nose and throat swabs from 3 to 15 dpi
(Figure 1A). In addition, the viral loads in lung tissue and the
counts of SARS-CoV-2+ lung lobes in RMs were greater than
that in NPMs at 15 dpi (Figure 1B). Therefore, compared with
RMs, NPMs showed rapid clearance of SARS-CoV-2 in the
upper and lower respiratory tracts.

Type | interferons (IFNs) show broad spectrum antiviral
activities by inducing several IFN-stimulated genes that
encode a variety of antiviral effectors (Schoggins & Rice,
2011). Clinically, type | IFNs have been approved in the
treatment of certain cancers, autoimmune disorders, and viral
infections. Furthermore, type | IFNs show potent anti-SARS-

CoV-2 activities in cultured cells in vitro (Mantlo et al., 2020),
and severe SARS-CoV-2-infected patients show impaired type
I IFN activity and inflammatory responses (Hadjadj et al.,
2020). In this study, the levels of IFN-a+, IL-13+, and IL-6+
cells in the lungs were analyzed by immunofluorescence
(Figure 1C). Results showed no significant differences in the
levels of IL-1B+ and IL-6+ cells in the lungs of NPMs and RMs.
However, compared with RMs, NPMs showed a higher
percentage of IFN-a+ cells in lung tissue at 7 dpi (P=0.0067).
Therefore, the rapid clearance of SARS-CoV-2 in NPMs may
be due to the rapid and active expression of IFN-a in lung
tissue during infection.

The clinical manifestations in macaques (15209 and 15213)
were monitored until 15 dpi. The temperatures of 15209 and
15213 remained normal during the first week post infection
(1 wpi) but increased markedly at 2 wpi (Figure 2A). The
concentrations of blood urea nitrogen (BUN) increased
significantly in all four NPMs at 7 dpi and in two animals (15209
and 15213) at 15 dpi. In addition, the level of alanine
aminotransferase (ALT) increased substantially until 11 dpi in
15209 and 15213 (Figure 2B). Furthermore, an obvious
increase in immune cells in peripheral blood, including white
blood cells, monocytes, and neutrophils, was also observed at
2 wpi (Figure 2C). Compared with RMs (Song et al., 2020),
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Figure 2 Body injuries and immune response in NPMs

A: Body temperature in NPMs euthanized at 15 dpi. B: Concentrations of BUN and ALT in serum during SARS-CoV-2 infection (black icon: NPMs
euthanized at 7 dpi; gray icon: NPMs euthanized at 15 dpi). C: Number of immune cells in peripheral blood (black icon: NPMs euthanized at 7 dpi;
gray icon: NPMs euthanized at 15 dpi). D: Concentrations of cytokines in lung tissue. E: Immunofluorescence staining of immune cells in lungs. "
0.01<P<0.05; ns: No significance. RMs: Rhesus macaques (Macaca mulatta); NPMs: Northern pig-tailed macaques (Macaca leonina); WBC: White

blood cell.

NPMs showed an increase in body temperature, abnormal
hepatic and renal function, and enhanced neutrophil and
monocyte counts at 2 wpi. These results strongly imply that
total body injury and systematic immune responses remained
persistent or even more serious in NPMs at 2 wpi. Afterwards,
the immune states of lung tissues were analyzed by detecting
the levels of cytokines and immune cells in lung tissues. In our
previous study, we confirmed that cytokine concentrations and
neutrophil counts decreased significantly in young RMs at 15
dpi compared with that at 7 dpi (Song et al., 2020). However,
in the lung tissues of NPMs, the concentrations of IL-6, IL-1,
IL-23, and TNF-a increased markedly at 15 dpi compared with
that at 7 dpi (Figure 1D). In addition, the percentages of
CD11b+ cells increased significantly in NPMs at 15 dpi
compared with that at 7 dpi (P=0.0244) (Figure 1E).
Therefore, despite the viral loads in lung tissues and swabs
predominantly remaining negative at 15 dpi, the NPMs
showed uncontrolled enhanced levels of pro-inflammatory
cytokines and neutrophils in their lung tissues. This strongly
implies the occurrence of cytokine storm syndrome (CCS) in
NPMs during SARS-CoV-2 infection. CSS is an uncontrolled
and dysfunctional immune response involving the continual
activation and expansion of immune cells, which secrete large
amounts of cytokines, thus causing a cytokine storm (Shimizu,
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2019). Approximately 40% of patients with CCS show
pulmonary manifestations, including cough, dyspnea, and
respiratory failure (Karras et al., 2004), especially in cases
triggered by respiratory viruses. In addition, pulmonary
infiltrates are found in ~30% of the patients with CCS (Ohta et
al,, 1994). CSS has also been reported in several viral
infections, including influenza H5N1 (Kalaiyarasu et al., 2016),
influenza H1N1 (Woo et al., 2010), SARS, and Middle East
respiratory syndrome (MERS) (Lau et al., 2013). By analyzing
the concentrations of cytokines during SARS-CoV-2 infection,
several studies have confirmed that CCS is directly correlated
with lung injury, multiorgan failure, and unfavorable prognosis
of severe COVID-19 (Chen et al., 2020; Gao et al., 2020).
Therefore, the appearance of CCS during SARS-CoV-2
infection is indicative of poor prognosis in NPMs.

In summary, we confirmed that NPMs infected with SARS-
CoV-2 are a suitable animal model for COVID-19 research
due to their sensitivity to viral infection and typical immune
changes during infection. Although the NPMs showed rapid
viral clearance in lung tissues and swabs, an uncontrolled and
dysfunctional immune response appeared at 2 wpi. Therefore,
compared with RMs, NPMs could be regarded as a severe
disease animal model for COVID-19 research.


www.zoores.ac.cn

COMPETING INTERESTS

The authors declare that they have no competing interests.

AUTHORS’ CONTRIBUTIONS

Y.T.Z, T.ZS., and H.Y.Z. conceived and designed the
experiments. T.Z.S., H.Y.Z, JB.H.,, X.L.F., F.LL, XY., LJ.
R.H.L, RR.T, C.L., and M.H.L. performed the experiments.
T.Z.S. and H.Y.Z. analyzed the data. T.Z.S. and H.Y.Z. wrote
the paper. All authors read and approved the final version of
the manuscript.

ACKNOWLEDGEMENTS

We thank Dr. Chang-Wen Ke (Guangdong Provincial Center
for Disease Control and Prevention) for providing the SARS-
CoV-2 strain.

Tian-Zhang Song'#, Hong-Yi Zheng'#, Jian-Bao Han?#,
Xiao-Li Feng?, Feng-Liang Liu', Xiang Yang?, Lin Jin',
Rong-Hua Luo', Ren-Rong Tian', Chao Liu®, Ming-Hua Li?,
Hou-Rong Cai*, Yong-Tang Zheng'23"

" Key Laboratory of Animal Models and Human Disease
Mechanisms of the Chinese Academy of Sciences/Key Laboratory
of Bioactive Peptides of Yunnan Province, KIZ-CUHK Joint
Laboratory of Bioresources and Molecular Research in Common
Diseases, Kunming Institute of Zoology, Chinese Academy of
Sciences, Kunming, Yunnan 650223, China

2 Kunming National High-Level Biosafety Research Center for
Non-Human Primates, Center for Biosafety Mega-Science,
Kunming Institute of Zoology, Chinese Academy of Sciences,
Kunming, Yunnan 650107, China

3 National Resource Center for Non-Human Primates, and
National Research Facility for Phenotypic & Genetic Analysis of
Model Animals (Primate Facility), Kunming Institute of Zoology,
Chinese Academy of Sciences, Kunming, Yunnan 650107, China
4 Department of Respiratory and Critical Care Medicine, Affiliated
Drum Tower Hospital of Nanjing University, Nanjing, Jiangsu
210008, China

#Authors contributed equally to this work

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

REFERENCES

Chen L, Liu HG, Liu W, Liu J, Liu K, Shang J, et al. 2020. Analysis of clinical
features of 29 patients with 2019 novel coronavirus pneumonia. Chinese
Journal of Tuberculosis and Respiratory Diseases, 43(3): 203-208. (in
Chinese)

Gao Y, Li TT, Han MF, Li XY, Wu D, Xu YH, et al. 2020. Diagnostic utility of
clinical laboratory data determinations for patients with the severe COVID-
19. Journal of Medical Virology, 92(7): 791-796.

Hadjadj J, Yatim N, Barnabei L, Corneau A, Boussier J, Smith N, et al.
2020. Impaired type | interferon activity and inflammatory responses in
severe COVID-19 patients. Science, 369(6504): 718-724.

Kalaiyarasu S, Kumar M, Kumar DS, Bhatia S, Dash SK, Bhat S, et al.
2016. Highly pathogenic avian influenza H5N1 virus induces cytokine

dysregulation with suppressed maturation of chicken monocyte-derived
dendritic cells. Microbiology and Immunology, 60(10): 687-693.

Karras A, Thervet E, Legendre C, the Groupe Coopératif de transplantation
d'lle de France. 2004. Hemophagocytic syndrome in renal transplant
recipients: report of 17 cases and review of literature. Transplantation,
77(2): 238-243.

Lau SK, Lau CCY, Chan KH, Li CP, Chen HL, Jin DY, et al. 2013. Delayed
induction of proinflammatory cytokines and suppression of innate antiviral
response by the novel Middle East respiratory syndrome coronavirus:
implications for pathogenesis and treatment. The Journal of General
Virology, 94(12): 2679-2690.

Lu SY, Zhao Y, Yu WH, Yang Y, Gao JH, Wang JB, et al. 2020.
Comparison of nonhuman primates identified the suitable model for COVID-
19. Signal Transduction and Targeted Therapy, 5(1): 157.

Mantlo E, Bukreyeva N, Maruyama J, Paessler S, Huang C. 2020. Antiviral
activities of type | interferons to SARS-CoV-2 infection. Antiviral Research,
179: 104811.

Munster VJ, Feldmann F, Williamson BN, van Doremalen N, Pérez-Pérez L,
Schulz J, et al. 2020. Respiratory disease in rhesus macaques inoculated
with SARS-CoV-2. Nature, 585(7824): 268-272.

Ohta H, Yumara-Yagi K, Sakata N, Inoue M, Kawa-Ha K. 1994. Capillary
leak syndrome in patients with hemophagocytic lymphohistiocytosis. Acta
Paediatrica, 83(10): 1113-1114.

Pang W, Song JH, Lu Y, Zhang XL, Zheng HY, Jiang J, et al. 2018. Host
restriction factors APOBEC3G/3F and other interferon-related gene
expressions affect early HIV-1 infection in northern pig-tailed macaque
(Macaca leonina). Frontiers in Immunology, 9: 1965.

Pang W, Zhang GH, Jiang J, Zheng HY, Zhang LT, Zhang XL, et al. 2017.
HIV-1 can infect northern pig-tailed macaques (Macaca leonina) and form
viral reservoirs in vivo. Science Bulletin, 62(19): 1315-1324.

Schoggins JW, Rice CM. 2011. Interferon-stimulated genes and their
antiviral effector functions. Current Opinion in Virology, 1(6): 519-525.

Shan C, Yao YF, Yang XL, Zhou YW, Gao G, Peng Y, et al. 2020. Infection
with novel coronavirus (SARS-CoV-2) causes pneumonia in Rhesus
macaques. Cell Research, 30(8): 670-677.

Shimizu M. 2019. Clinical features of cytokine storm syndrome. In: Cron
RQ, Behrens EM. Cytokine Storm Syndrome. Cham: Springer, 31-41.

Song TZ, Han JB, Yang X, Li MH, Zheng YT. 2021. Tissue distribution of
SARS-CoV-2 in non-human primates after combined intratracheal and
intranasal inoculation. Science China Life Sciences, doi: 10.1007/s11427-
020-1877-4.

Song TZ, Zheng HY, Han JB, Jin L, Yang X, Liu FL, et al. 2020. Delayed
severe cytokine storm and immune cell infiltration in SARS-CoV-2-infected
aged Chinese rhesus macaques. Zoological Research, 41(5): 503-516.
Woo PCY, Tung ETK, Chan KH, Lau CCY, Lau SKP, Yuen KY. 2010.
Cytokine profiles induced by the novel swine-origin influenza A/H1N1 virus:
implications for treatment strategies. The Journal of Infectious Diseases,
201(3): 346-353.

Zhang MX, Zheng HY, Jiang J, Song JH, Chen M, Xiao Y, et al. 2018.
Northern pig-tailed macaques (Macaca leonina) maintain superior CD4* T-
cell homeostasis during SIVmac239 infection. European Journal of
Immunology, 48(2): 384-385.

Zheng HW, Li H, Guo L, Liang Y, Li J, Wang X, et al. 2020. Virulence and
pathogenesis of SARS-CoV-2 infection in rhesus macaques: a nonhuman
primate model of COVID-19 progression. PLoS Pathogens, 16(11):
1008949.

Zoological Research 42(3): 350-353,2021 353


mailto:zhengyt@mail.kiz.ac.cn
https://doi.org/10.1002/jmv.25770
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1111/1348-0421.12443
https://doi.org/10.1097/01.TP.0000107285.86939.37
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1038/s41392-020-00269-6
https://doi.org/10.1016/j.antiviral.2020.104811
https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.3389/fimmu.2018.01965
https://doi.org/10.1016/j.scib.2017.09.020
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1038/s41422-020-0364-z
https://doi.org/10.1007/s11427-020-1877-4
https://doi.org/10.24272/j.issn.2095-8137.2020.202
https://doi.org/10.1086/649785
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1371/journal.ppat.1008949
mailto:zhengyt@mail.kiz.ac.cn
https://doi.org/10.1002/jmv.25770
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1111/1348-0421.12443
https://doi.org/10.1097/01.TP.0000107285.86939.37
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1038/s41392-020-00269-6
https://doi.org/10.1016/j.antiviral.2020.104811
https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.3389/fimmu.2018.01965
https://doi.org/10.1016/j.scib.2017.09.020
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1038/s41422-020-0364-z
https://doi.org/10.1007/s11427-020-1877-4
https://doi.org/10.24272/j.issn.2095-8137.2020.202
https://doi.org/10.1086/649785
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1371/journal.ppat.1008949
mailto:zhengyt@mail.kiz.ac.cn
https://doi.org/10.1002/jmv.25770
https://doi.org/10.1126/science.abc6027
mailto:zhengyt@mail.kiz.ac.cn
https://doi.org/10.1002/jmv.25770
https://doi.org/10.1126/science.abc6027
https://doi.org/10.1111/1348-0421.12443
https://doi.org/10.1097/01.TP.0000107285.86939.37
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1038/s41392-020-00269-6
https://doi.org/10.1016/j.antiviral.2020.104811
https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.3389/fimmu.2018.01965
https://doi.org/10.1016/j.scib.2017.09.020
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1038/s41422-020-0364-z
https://doi.org/10.1007/s11427-020-1877-4
https://doi.org/10.24272/j.issn.2095-8137.2020.202
https://doi.org/10.1086/649785
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1371/journal.ppat.1008949
https://doi.org/10.1111/1348-0421.12443
https://doi.org/10.1097/01.TP.0000107285.86939.37
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1099/vir.0.055533-0
https://doi.org/10.1038/s41392-020-00269-6
https://doi.org/10.1016/j.antiviral.2020.104811
https://doi.org/10.1038/s41586-020-2324-7
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.1111/j.1651-2227.1994.tb13000.x
https://doi.org/10.3389/fimmu.2018.01965
https://doi.org/10.1016/j.scib.2017.09.020
https://doi.org/10.1016/j.coviro.2011.10.008
https://doi.org/10.1038/s41422-020-0364-z
https://doi.org/10.1007/s11427-020-1877-4
https://doi.org/10.24272/j.issn.2095-8137.2020.202
https://doi.org/10.1086/649785
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1002/eji.201747284
https://doi.org/10.1371/journal.ppat.1008949

	COMPETING INTERESTS
	AUTHORS’ CONTRIBUTIONS
	ACKNOWLEDGEMENTS

