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Using a reliable primate model is critical for developing thera-
peutic advances to treat humans infected with severe acute respi-
ratory syndrome coronavirus-2 (SARS-CoV-2). Here, we exposed 
macaques to high titers of SARS-CoV-2 via combined trans-
mission routes. We observed acute interstitial pneumonia with 
endotheliitis in the lungs of all infected macaques. All macaques 
had a significant loss of total lymphocytes during infection, which 
were restored over time. These data show that SARS-CoV-2 causes 
a coronavirus disease 2019 (COVID-19)-like disease in macaques. 
This new model could investigate the interaction between SARS-
CoV-2 and the immune system to test therapeutic strategies.

Keywords.   macaques, lymphopenia, pneumonia, 
SARS-CoV-2.

In March 2020, the World Health Organization classified coro-
navirus disease 2019 (COVID-19) as a pandemic. There is an 
urgent need for rapid diagnosis and development of therapeutic 
modalities. The absence of a reliable preclinical animal model 
that recapitulates patients with severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) infection poses a major 
limitation to the development of improved diagnostics and 
therapeutics.

The immune system of nonhuman primates (NHPs) resem-
bles that of humans, and the structure of the ACE2 receptor is 

very similar [1]. However, current studies in NHPs infected 
with human coronaviruses have shown inconsistent outcomes. 
In SARS-CoV-infected macaques, previous studies reported 
significant lung lesions [2, 3], while others found edema and 
inflammation in alveoli, with mild clinical findings [4, 5]. 
Studies reported that SARS-CoV-2 infection resulted in no se-
vere clinical signs, but pulmonary pneumonia was observed in 
50% of cynomolgus macaques, recapitulating mild symptoms 
in humans [6]. However, others demonstrated that macaques 
showed pulmonary infiltrates and high viral loads in the lungs, 
suggesting moderate disease [7]. In this study, we establish a 
promising NHP model by addressing the following: (1) genetic 
and immunological variability in subspecies, (2) inoculum 
dose, (3) inoculum route, (4) virulent strain of virus isolated 
from patient, and (5) demographic background of NHPs.

METHODS

Animals and Study Design

Sixteen male and female macaques, including 8 healthy 
Cambodian-origin cynomolgus (Macaca fascicularis) and 
Chinese-origin rhesus macaques (Macaca mulatta), aged 
3–6 years, were selected by the institutional veterinary experts 
based on their general health. All animals reared in indoor 
cages in the animal biosecurity level 3 (ABL-3) laboratory 
in the Korea National Primate Research Centre (KNPRC) at 
the Korea Research Institute of Bioscience and Biotechnology 
(KRIBB). Animals were anaesthetized with a combination 
of ketamine sodium (10  mg/kg) and tiletamine/zolazepam 
(5 mg/kg) for viral challenges, swabs, and blood collection. As 
illustrated in Supplementary Figure 1A, all animals were chal-
lenged with a total of 12.5 mL of virus (2.1 × 106 50% tissue 
culture infectious doses/mL [TCID50]/mL) via intratracheal 
(4 mL), oral (5 mL), conjunctival (0.5 mL), intranasal (1 mL), 
and intravenous (2 mL) route. Both cynomolgus and rhesus 
macaques (n = 4 each species, 2 males and 2 females) were 
euthanized and necropsied at 3  days post infection (dpi). 
After viral challenges, all live animals were subjected to swab 
sampling of nasopharyngeal, oropharyngeal, conjunctival, 
and rectal tissues, at 0, 1, and 3 dpi. All swab samples were 
collected in universal viral transport medium, centrifuged 
(1600g for 10 minutes), and filtered with 0.2-μm pore size 
syringe filters for further virus quantification. Upon nec-
ropsy, tissue samples, including respiratory, immune, intes-
tinal, cardiovascular, and reproductive organs, were grossly 
examined, and collected for viral detection and microscopic 
examination. All animal procedures were approved by the 
KRIBB Institutional Animal Care and Use Committee (permit 
number KRIBB-AEC-20064).
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SARS-CoV-2 Virus

A SARS-CoV-2 virus (accession number 43326) isolated from 
a Korean patient was obtained from the National Culture 
Collection for Pathogens (Cheongju, Korea). This pathogen 
was passaged 3 times in VERO cells. The virus titer, expressed 
as TCID50/mL, was measured in VERO cells and determined 
using the Reed and Muench method. All procedures were per-
formed in a biosafety cabinet class II in the ABL-3 facility in the 
KNPRC at the KRIBB (permit number KRIBB-IBC-20200206).

Virus Identification and Quantification

All tissue samples were diluted 10-fold (w/v) with sterile 
phosphate-buffered solution (PBS, pH 7.4) and homogenized 
using a Precellys Homogenizer (Bertin Instruments). After 
centrifugation, the supernatants were directly inoculated into 
VERO cells and incubated for 3 days at 37°C, for virus isola-
tion to calculate the values of TCID50/mL. The viral RNA ge-
nome was extracted from the supernatant using QIAamp Viral 
RNA Mini Kit (Qiagen) and stored at −80°C in the ABL-3 fa-
cility until use. Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) was performed with a primer set 
targeting partial regions of the ORF1b gene in the SARS-CoV-2 
virus using the QIAGEN OneStep RT-PCR kit (Qiagen) as pre-
viously reported [8]. For all qRT-PCR analyses, SARS-CoV-2 
RNA standard and negative samples were run in parallel for de-
termination of virus copy number (see Supplementary Material 
for more detailed information).

Histopathology and Immunohistochemistry

For histopathological examination, all tissue samples were fixed 
in 10% neutral buffered formalin, embedded in paraffin, and 4- 
to 5-μm sections were stained with hematoxylin and eosin. For 
staining of SARS-CoV-2 antigens, an immunohistochemistry 
assay was performed (see Supplementary Material for more de-
tailed information).

Blood and FACS Analysis

Hematological evaluation was conducted using an 
autohematology analyzer (Mindray BC-5000) on examina-
tion days. Whole-blood samples were stained with antibodies. 
After addition of FACS lysing solution (BD Biosciences), 
blood cells were washed with PBS containing 2% fetal bo-
vine serum. Peripheral blood mononuclear cells (PBMCs) 
and cells from tissues were washed without this lysing step. 
Cells were then permeabilized with BD Cytofix/Cytoperm 
solution (BD Biosciences) for 20 minutes and washed with 
permeabilization wash buffer. Samples were incubated with 
anti-Ki67–fluorescein isothiocyanate (FITC), and with 
isotype-FITC for the control, washed, and fixed with 1% 
paraformaldehyde. Data were acquired with an LSRFortessa 
system (BD Bioscience) and analyzed using FlowJo software 
(v. 10 Tree Star) (see Supplementary Material for more de-
tailed information).

Next-Generation Sequencing Analysis

Total RNA was isolated from PBMCs with TRIzol LS reagent 
(Invitrogen) as per the manufacturer’s instructions. RNA quali-
fication and quantitative sequence analysis of each RNA sample 
was performed using a customized service provided by eBiogen 
Inc. (Seoul, Korea) (see Supplementary Material for more de-
tailed information).

Statistical Analysis

Group differences were determined using 1-way analysis of var-
iance (ANOVA) with Tukey post-hoc test in Prism version 8.4.2 
(GraphPad Software). Significance was set at P < .05.

RESULTS

To determine whether animals had depressed behavior during 
wake/sleep states after SARS-CoV-2 infection, the average mean 
locomotion activity was measured by Acticals attached to col-
lars for 3 days before and after infection. We observed decreased 
activity in some animals post infection (Supplementary Figure 
1B). No changes in weight or respiratory rate were observed, but 
most animals (13/16) showed an increase in temperature 1 dpi 
and returned to baseline thereafter (Supplementary Figure 1C). 
Post-mortem examination of all animals at 3 dpi showed mul-
tifocal, bright red lesions in the upper, middle, and lower lobes 
of the lungs (Figure 1A). In these pulmonary lesions, acute in-
terstitial pneumonia (thickening of alveolar wall with type-II 
pneumocyte hyperplasia, mononuclear and polymorphonu-
clear [PMN] leukocytes infiltration) was observed (Figure 1B), 
similar to previous data in humans [9] and monkeys [6]. 
Additionally, endotheliitis was observed in the lungs of all an-
imals (mononuclear and PMN leukocyte infiltrates within the 
intima of many vessels, edema of vessel, and focal hemorrhage; 
Figure 1B and 1C), which is in line with a recent report [10]. The 
viral RNA was highest in the upper respiratory swab samples 
and lung tissues at the earliest phase of infection, and the viral 
antigen was present in the lungs (Figure 1C and 1D), suggesting 
the predominant site of the virus. However, only low viral levels 
(below 102) were present in most other organs and not de-
tected in plasma at any time point (Supplementary Figure 2).  
This low viral RNA lacking replication in tissues could be de-
tected by the presence of virus inoculated via multiple routes. 
Our qRT-PCR, with a primer and probe set specific for ORF1b, 
could not differentiate the reproducible viral RNA from inocu-
lated viral RNA. Without exception, all macaques had a signifi-
cant decrease in total lymphocytes counts, including CD4+ and 
CD8+ T cells, B cells, and NK cells at 1 dpi (Figure 2A and 2B). 
This loss was observed across naive and memory subpopulations 
of T and B cells (Supplementary Figure 3). However, our NHP 
model showed that these decreased values gradually recovered 
and returned to baseline at 7 dpi (Figure 2A and 2B). RNAseq 
analyses revealed that genes relevant to the viral response (such 
as those associated with cytokine/chemokine signaling) were 
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Figure 1.  Pathological changes in macaques infected with SARS-CoV-2. Four rhesus and 4 cynomolgus macaques were euthanized at 3 dpi. A, Focal areas (black arrow 
head) of pulmonary consolidation in the lung lobes of macaques at 3 dpi. B, Histological analysis was performed on lobes (upper/middle/lower) of right and left lung in ma-
caques. Scale bar, 100 μm; inset, 20 μm. C, There was apparent endothelial cell necrosis, as well as PMN and mononuclear leukocyte infiltration, in the intima of small and 
medium arterial vessels (H&E staining). Edema of the blood vessel walls and PMN and mononuclear cell infiltration around the blood vessels can be seen. Scale bar, 100 and 
50 μm in the left and right panels of each macaque species, respectively. Immunohistochemistry showed detection of SARS-CoV-2 antigen in the lungs. Scale bar, 100 μm 
and 20 μm. Type I pneumocytes (red arrow), type II pneumocytes (black arrow), and alveolar macrophage (red arrowhead). D, Swab samples and tissues were collected at 3 
dpi and quantified for viral RNA (copies/mL) using qRT-PCR and TCID50/mL. Mean± sem.  Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; dpi, 
days post infection; PMN, polymorphonuclear; qRT-PCR, quantitative reverse transcription polymerase chain reaction; TCID50, median tissue culture infectious dose.
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Figure 2.  Transcriptome profile change in PBMCs from rhesus and cynomolgus macaques infected with SARS-CoV-2. A, Notable changes in the hematologic parameters 
of whole blood in both macaque species. Mean ± sem. B, Remarkable immune cell dynamics in whole blood of SARS-CoV-2–infected macaques following infection up to 
14 days. Mean ± sem. ANOVA, Tukey multiple comparisons test *P < .05, **P < .01, ***P < .001. C, qRT-PCR analyses showed that viral RNA was negative in PBMCs from 
both macaque species at 3 dpi. D, Volcano plots show the expression levels of differentially expressed genes in PBMCs prior to and post infection (rhesus and cynomolgus 
macaques both n = 4). Dashed lines indicate cutoffs for significance (cutoff, fold-change < 2 and P value > .05). Heat map depicting the transcriptional gene profile changes 
related to the viral response in PBMCs prior compared to post infection (at 3 dpi) (rhesus and cynomolgus macaques both n = 4). Genes that were significantly upregulated 
or downregulated are indicated with red asterisks. Abbreviations: ANOVA, 1-way analysis of variance; FSC, forward scatter; NK, natural killer cell; PBMC, peripheral blood 
mononuclear cell; qRT-PCR, quantitative reverse transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; SSC, side scatter; 
WBC, white blood cell.
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significantly elevated in PBMCs at 3 dpi, but no viral copies were 
detected (Figure 2C and 2D, Supplementary Table 1 and 2).

DISCUSSION

Here, we exposed NHPs to a high viral titer via combined 
routes, including the ocular route, nasal cavity, trachea, oral 
route, and blood, which have been reported as the possible 
routes of transmission [11–13], regardless of whether or not 
they are physiological routes. Using a high viral titer admin-
istered through combined routes, virus assays, and histopath-
ological changes suggests that both cynomolgus and rhesus 
macaques are permissive to infection by SARS-CoV-2 and 
recapitulate COVID-19–like disease as in human. During 
early infection, acute interstitial pneumonia with endotheliitis 
was observed in the lungs of all infected macaques. Upper 
and lower respiratory tracts were the predominant sites of 
virus replication. This NHP model may also be suitable for 
investigating interactions between SARS-CoV-2 and the im-
mune system. All macaques had a significant loss of total 
lymphocytes, including CD4+ and CD8+ T cells, B cells, and 
NK cells, during early infection. Similarly, lymphopenia was 
reported in 83.2% of hospitalized SARS-CoV-2 patients [14]. 
The alteration of peripheral lymphocyte subsets seems to be 
correlated with severe clinical cases [15]. Therefore, this NHP 
model of early infection may be used to validate the effect of 
immune modulators (eg, IL-7) in combination with thera-
peutic approaches to improve lymphopenia.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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