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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) induces a wide range of disease severity,
ranging from asymptomatic infection to a life-threating illness, particularly in the elderly population
and individuals with comorbid conditions. Among individuals with serious coronavirus 2019 (COVID-19)
disease, acute respiratory distress syndrome (ARDS) is a common and often fatal presentation. Animal
models of SARS-CoV-2 infection that manifest severe disease are needed to investigate the patho-
genesis of COVID-19einduced ARDS and evaluate therapeutic strategies. We report two cases of ARDS in
two aged African green monkeys (AGMs) infected with SARS-CoV-2 that had pathological lesions and
disease similar to severe COVID-19 in humans. We also report a comparatively mild COVID-19 phenotype
characterized by minor clinical, radiographic, and histopathologic changes in the two surviving, aged
AGMs and four rhesus macaques (RMs) infected with SARS-CoV-2. Notable increases in circulating cy-
tokines were observed in three of four infected, aged AGMs but not in infected RMs. All the AGMs had
increased levels of plasma IL-6 compared with baseline, a predictive marker and presumptive thera-
peutic target in humans infected with SARS-CoV-2. Together, our results indicate that both RMs and
AGMs are capable of modeling SARS-CoV-2 infection and suggest that aged AGMs may be useful for
modeling severe disease manifestations, including ARDS. (Am J Pathol 2021, 191: 274e282; https://
doi.org/10.1016/j.ajpath.2020.10.016)
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Infection with severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) and the development of coronavirus
2019 (COVID-19) disease is accompanied by a mild res-
piratory disease for most individuals. However, a small
subset progress to develop severe respiratory disease, which,
in some cases, is fatal.1 The most severely affected in-
dividuals often present with a fever, cough, dyspnea, and
bilateral radiographic opacities, which, in most critically ill
patients, progress to acute respiratory distress syndrome
(ARDS).2 The onset of ARDS is often associated with an
increase in circulating proinflammatory cytokines often
referred to as a cytokine storm.3,4 Worsening of disease can
stigative Pathology. Published by Elsevier Inc
be seen in the context of declining viral loads and markedly
elevated cytokines, suggesting a role for these inflammatory
responses in disease progression and immunopathology.5

Research into the causes and mechanisms of the most se-
vere manifestations of COVID-19 is needed to facilitate the
. All rights reserved.
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ARDS in Aged SARS-CoV-2eInfected NHPs
development of prophylactic and therapeutic approaches
that can prevent this life-threatening outcome.

Nonhuman primates (NHPs) are ideally suited to model
respiratory human viral infections because of the similarities to
human respiratory anatomy and immunologic responses when
comparedwith other animal species. SeveralNHP species have
been successfully used to model pathogenesis6e10 and test
vaccine candidates11e14 for SARS-CoV-2. These prior studies
have found that NHPs are susceptible to infection and develop
mild tomoderate disease, but none has been able to recapitulate
the rapid clinical deterioration seen in individuals with severe
disease and ARDS. Age is a well-established risk factor for
severe disease and death in humans infected with SARS-CoV-
22,15,16; therefore, older rhesus macaques (RMs) and African
green monkeys (AGMs) were challenged with SARS-CoV-2
via two routes (aerosol and mulitroute).

This report describes the sudden and rapid health deterio-
ration of two of the four aged AGMs experimentally infected
with SARS-CoV-2. The two affected animals developed
ARDS and elevated circulating cytokines similar to the
complications reported in 5% to 13% of patients with
COVID-19.17
Materials and Methods

Data Availability and Study Approval

The raw data supporting the findings and figures have been
placed in the public data repository Figshare (https://figshare.
com/articles/dataset/Raw_Data_Spreadsheets/12449654;
last accessed October 30, 2020). Material requests can be
made to the Tulane National Primate Research Center.
Approved requests for materials will be released after
completion of a material transfer agreement. The
Institutional Animal Care and Use Committee of Tulane
University reviewed and approved all the procedures for
this experiment. The Tulane National Primate Research
Center is fully accredited by the American Association for
Accreditation of Laboratory Animal Care. All animals were
cared for in accordance with the NIH’s Guide for the Care
and Use of Laboratory Animals.18 The Tulane University
Institutional Biosafety Committee approved the procedures
for sample handling, inactivation, and removal from BSL3
containment.
Virus

The virus used for experimental infection was SARS-CoV-
2; 2019-nCoV/USA-WA1/2020 (https://www.ncbi.nlm.nih.
gov/nuccore; accession number MN985325.1).19 Virus
stock was prepared in Vero E6 cells and sequence confirmed
by deep sequencing. Plaque assays were performed in Vero
E6 cells. Vero E6 cells were acquired from ATCC (Mana-
ssas, VA).
The American Journal of Pathology - ajp.amjpathol.org
Animals and Procedures

A total of eight animals, four aged (approximately 16 years
of age), wild-caught AGMs (two male and two female) and
four adult (13 to 15 years of age) RMs (3 male and 1 fe-
male) were used in this study. Animals (n Z 4) were
exposed to SARS-CoV-2 by small particle aerosol20 or
multiroute combination. The four animals (AGM1, AGM4,
RM3, and RM4) exposed by aerosol received an inhaled
dose of approximately 2 � 103 median tissue culture in-
fectious dose. The other four animals (AGM2, AGM3,
RM1, and RM2) were exposed by inoculating a cumulative
dose of 3.61 � 106 plaque-forming units through multiple
routes (oral, 1 mL; nasal, 1 mL; intratracheal, 1 mL; and
conjunctival, 50 mL per eye). Animals were observed for up
to 28 days, including twice-daily monitoring. Pre-exposure
and postexposure samples included blood, cerebrospinal
fluid, feces, urine, bronchioalveolar lavage, and mucosal
swabs (buccal, nasal, pharyngeal, rectal, vaginal, and
bronchial brush). Blood was collected at post-exposure days
�14, 1, 3 (aerosol) or 4 (multiroute), 7, 14, 21, and at
necropsy. Cerebrospinal fluid, feces, urine, bronchioalveolar
lavage, and mucosal swabs were collected at post-exposure
days �14, 7, 14, 21, and at necropsy. Physical examination,
plethysmography, and imaging (radiography and positron
emission tomography/computed tomography) occurred 7
days before exposure and then weekly thereafter. Animals
were euthanized for necropsy after 3 weeks postexposure or
when humane end points were reached. Samples from the
left cranial and caudal lung lobes were collected fresh and in
media for further processing. All right lung lobes were
infused and stored in fixative for microscopic evaluation.
The remainder of the necropsy was performed routinely
with collection of tissues in media, fixative, or fresh frozen.

Histopathologic Scoring

Pulmonary pathology was scored using two separate
random forest tissue segmentation algorithms trained by a
veterinary pathologist (R.V.B.) in an unblinded fashion to
recognize fibrin and edema and cellular inflammation using
HALO software version 3.1 (Indica Labs, Albuquerque,
NM). Tissue sections from each of the right lung lobes was
segmented using the trained algorithms to quantify the
percentage of tissue effected by fibrin and edema or cellular
inflammation. The percentage of inflammation was con-
verted to a pathology score based on the following scoring
system: fibrin and edema score of 0, 0% to 2%; 1, 2% to
5%; 2, 5% to 15%; 3, 15% to 30%; and 4, >30%; and
cellular inflammation score of 0, 0% to 0.5%; 1, 0.5% to
3%; 2, 3% to 6%; 3, 6% to 12%; and 4, >12%. The his-
topathology score was made by summating the fibrin and
edema and cellular inflammation scores for each lobe.

Semiquantitative scores were generated by a veterinary
pathologist (R.V.B.) for lesions within other tissues and
specific tissue compartments within the lung. Lesions were
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scored based on severity as lacking a lesion (�) or being
minimally (þ), mildly (þþ), moderately (þþþ), or
severely (þþþþ) affected.

Quantification of Swab Viral RNA

Swab and bronchial brush samples were collected in 200 mL
of DNA/RNA Shield 1� (catalog number R1200; Zymo
Research, Irvine, CA) and extracted for viral RNA using the
Quick-RNA viral kit (catalog number R1034/5; Zymo
Research). The Viral RNA Buffer was dispensed directly to
the swab in the DNA/RNA Shield. A modification to the
manufacturers’ protocol was made to insert the swab
directly into the spin column to centrifugate, allowing all the
solution to cross the spin column membrane. The viral RNA
was then eluted (45 mL) from which 5 mL was added in a
0.1-mL fast 96-well optical microtiter plate format (catalog
number 4346906; Thermo Fisher Scientific, Waltham, MA)
for a 20-mL real-time quantitative RT-PCR (RT-qPCR) re-
action. The RT-qPCR reaction used TaqPath 1-Step Multi-
plex Master Mix (catalog number A28527; Thermo Fisher
Scientific) along with the 2019-nCoV RUO Kit (catalog
number 10006713; IDTDNA, Coralville, IA), a premix of
forward and reverse primers and a FAM-labeled probe tar-
geting the N1 amplicon of the N gene of SARS2-nCoV19
(https://www.ncbi.nlm.nih.gov/nuccore; accession number
MN908947). The reaction master mix was added using an
X-stream repeating pipette (Eppendorf, Hauppauge, NY)
to the microtiter plates, which were covered with optical
film (catalog number 4311971; Thermo Fisher Scientific),
vortexed, and pulse centrifuged. The RT-qPCR reaction
was subjected to RT-qPCR at a program of uracil-DNA
glycosylase incubation at 25�C for 2 minutes, room tem-
perature incubation at 50�C for 15 minutes, and an enzyme
activation at 95�C for 2 minutes followed by 40 cycles of a
Table 1 Species, Source, Route of Exposure, Demographic Informatio

Animal Species Source
Age,
years Sex We

AGM1 Chlorocebus aethiops
sabaeus

Wild caught, St.
Kitts

16 F 4

AGM2 Chlorocebus aethiops
sabaeus

Wild caught, St.
Kitts

16 F 3

AGM3 Chlorocebus aethiops
sabaeus

Wild caught, St.
Kitts

16 M 6

AGM4 Chlorocebus aethiops
sabaeus

Wild caught, St.
Kitts

16 M 7

RM1 Macaca mulatta Born at TNPRC 14 M 16

RM2 Macaca mulatta Born at TNPRC 13 F 6

RM3 Macaca mulatta Born at TNPRC 13 M 11

RM4 Macaca mulatta Born at TNPRC 15 M 11

AGM, African green monkey; ARDS, acute respiratory distress syndrome; DPI, d
Tulane National Primate Research Center.
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denaturing step at 95�C for 3 seconds and annealing at 60�C
for 30 seconds. Fluorescence signals were detected with a
QuantStudio 6 Sequence Detector (Applied Biosystems,
Foster City, CA). Data were captured and analyzed with
Sequence Detector Software version 1.3 (Applied Bio-
systems). Viral copy numbers were calculated by plotting
Cq values obtained from unknown (ie, test) samples against
a standard curve that represented known viral copy
numbers. The limit of detection of the viral RNA assay was
10 copies per reaction volume. A 2019-nCoVepositive
control (catalog number 10006625; IDTDNA) was analyzed
in parallel with every set of test samples to verify that the
RT-qPCR master mix and reagents were prepared correctly
to produce amplification of the target nucleic acid. A non-
template control was included in the qPCR to ensure that
there was no cross-contamination between reactions.
Immunohistochemistry

Five micrometer sections of formalin-fixed, paraffin-
embedded lung were incubated for 1 hour with the primary
antibodies [SARS-CoV-2 nucleoprotein, mouse IgG1 [cat-
alog number 40143-MM08; Sino Biological, Wayne, PA];
ACE2, rabbit polyclonal [catalog number HPA000288;
Millipore, Burlington, MA]; Iba-1, rabbit polyclonal [cata-
log number 019-19741; Wako, Richmond, VA]; or pan-
cytokeratin, rabbit polyclonal [catalog number Z0622;
Dako, Santa Clara, CA] diluted in NGS at a concentration of
1:200 and 1:100, respectively. Secondary antibodies tagged
with Alexa Fluor fluorochromes and diluted 1:1000 in NGS
were incubated for 40 minutes. DAPI was used to label the
nuclei of each section. Slides were imaged with a digital
slide scanner (Zeiss Axio Scan.Z1; Zeiss, White Plains,
NY).
n, and Clinical Outcome from Each Animal in the Study

ight, kg Exposure (dose) Outcome

.3 Aerosol (1 � 104 PFU) ARDS (8 DPI)

.9 Multiroute (3.61 � 106 PFU) ARDS (22 DPI)

.9 Multiroute (3.61 � 106 PFU) Reached study end
point (26 DPI)

.5 Aerosol (1 � 104 PFU) Reached study end
point (24 DPI)

.7 Multiroute (3.61 � 106 PFU) Reached study end
point (27 DPI)

.9 Multiroute (3.61 � 106 PFU) Reached study end
point (27 DPI)

.6 Aerosol (1 � 104 PFU) Reached study end
point (28 DPI)

Aerosol (1 � 104 PFU) Reached study end
point (28 DPI)

ays post infection; PFU, plaque-forming units; RM, rhesus macque; TNPRC,
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Figure 1 Quantification of viral loads from mucosal swabs. AeF; All animals [four African green monkeys (AGMs) and four rhesus macaques (RMs)] had
detectable viral RNA at mucosal sites, including buccal (A), nasal (B), pharyngeal (C), bronchial brush (D), and rectal swabs (F). D: No significant differences
are seen in viral load between species and route of exposure (Mann-Whitney U-test). Animals with acute respiratory disease syndrome (ARDS) trend to high
viral loads in bronchial brush samples. E: Viral RNA is detected in vaginal swabs from both female AGMs but not the only female RM. Circles indicate aerosol
exposure; squares, multiroute exposure; gray, RMs; red, developed ARDS; purple, increased cytokines without ARDS; and blue, no cytokine increase or ARDS.

ARDS in Aged SARS-CoV-2eInfected NHPs
Cytokine Production in Plasma

Plasma was collected by spinning and was thawed before
use. Cytokines were measured using Mesoscale Discovery
using a V-Plex Proinflammatory Panel 1, 10-Plex [inter-
feron (IFN)-g, IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-
12p70, IL-13, tumor necrosis factor-a] (catalog number
K15049D; Mesoscale Discovery, Rockville, MD) following
the instructions of the kit. The plate was read on a MESO
Quick Plex SQ120 machine.

Heatmaps were generated using the pheatmap package in
R (https://rdrr.io/cran/pheatmap/, last accessed July 22,
2020). Data were normalized by dividing raw values at
week 1 and necropsy by baseline values for each animal,
followed by the application of log2. Values below the
limit of detection were replaced with the lowest limit of
detection value based on the standard curve for each run
or with the lowest value detected during the run,
whichever was smaller. Polar coordinate plots were
generated using the ggplot2 package in R,21 using the
same normalized data shown in the heatmap. Scatterplots
were drawn using raw data points and display the Pearson
correlation coefficients.
Detection of Binding IgG Antibody in Plasma

Serum samples collected before infection and weekly
after infection were tested for binding IgG antibodies
against SARS-CoV-2 S1/S2 proteins using an
The American Journal of Pathology - ajp.amjpathol.org
enzyme-linked immunosorbent assay kit (catalog num-
ber SP864C; XpressBio, Frederick, MD). The assays
were performed per directions of the manufacturer. The
absorbance of the colorimetric reaction was read at 405
nm. Samples were considered positive if the difference
between the absorbance on the positive viral antigen
well and the absorbance on the negative control antigen
well was �0.300.

Samples collected before infection and weekly after
infection until necropsy were tested for detection of binding
IgG antibodies against SARS-CoV-2 nucleoprotein by
MFIA COVID-Plex (Charles River Laboratories, Wil-
mington, MA). The assays were performed per directions of
the manufacturer. Plates were read on a Bio-Plex 200
System (Bio-Rad Laboratories, Hercules, CA). MFIA scores
were calculated using Bio-Plex Manager Software version
6.2 (Bio-Rad) as indicated by Charles River Laboratories.
Samples were considered positive if the MFIA score
was �3.0.
Statistical Analysis

Statistical tests were performed with GraphPad Prism soft-
ware, version 8.4.3 (GraphPad Software, San Diego, CA).
The Mann-Whitney U-test was used to compare viral load
between species and route of exposure. The Pearson cor-
relation test was used to test correlation between cytokines
and viral load.
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Figure 2 Radiographic and gross pathologic changes in SARS-CoV-2 exposed African green monkey (AGM) 1. A and B: Radiographs 22 hours before (A) and
at the time of necropsy (B) showing the rapid development of alveolar lung opacities throughout the right lung lobes. C: The left lung lobes fail to collapse. D:
There is extensive consolidation of the right lower lung lobe with pulmonary edema (arrow). The right middle and anterior lobes are less affected. On cut
surface, all lobes ooze copious fluid.

Blair et al
Results

Four, aged AGMs and four RMs 13 to 15 years of age were
exposed by two routes to SARS-CoV-2 isolate USA-WA1/
2020. Four animals (AGM1, AGM4, RM3, and RM4) were
exposed via small particle aerosol, and four animals (AGM
2, AGM3, RM1, and RM2) were exposed via multiple route
installation (Table 1). SARS-CoV-2 RNA was detectable in
swabs obtained from mucosal sites in all eight animals
(Figure 1). The highest levels of viral RNA were detected in
the pharynx and nasal cavity (Figure 1, B and C). Rectal
swabs contained high viral RNA loads similar to reports in
humans (Figure 1F).22,23 Despite the nearly three-log dif-
ference in exposure dose, no significant difference was
observed in the viral RNA loads or kinetics based on the
route of exposure.

After SARS-CoV-2 exposure, animals were followed up
to 4 weeks after infection with regular clinical assessment
that included physical examination, pulse oximetry, and
278
plethysmography. Clinical findings during the study con-
sisted of mild transient changes in temperature, oxygen
saturation as measured by pulse oximetry, and appetite for
all animals except on 8 (AGM1) and 22 (AGM2) days post-
infection (DPI) (Supplemental Figure S1). The day before (7
and 21 DPI) all animals underwent a complete physical
evaluation and an extensive sample collection protocol,
including fluid, stool, swab, and bronchial brush collection;
no remarkable findings were noted at that time in any of the
animals. In the 24 hours after sample collection (8 DPI for
AGM1 and 22 DPI for AGM2), both animals developed
mild tachypnea that progressed to severe respiratory distress
that included dyspnea, tachypnea, hypothermia, and an
oxygen saturation as measured by pulse oximetry of 77%
(Supplemental Figure S1). No significant clinical findings
were observed in any of the remaining animals after 22 DPI.
Thoracic radiographs for AGM1 and AGM2 revealed a

diffuse alveolar pattern throughout the right lung fields and
a lobar sign in the caudal dorsal lung field. In AGM2 the left
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Histopathology and fluorescent immunohistochemistry in African green monkey (AGM) 1. A: The right lower lung lobe is filled with fibrin and
edema with areas of hemorrhage and necrosis (arrows). B: Alveoli are variably lined by hyaline membranes (arrows) and type II pneumocytes (arrowheads). C:
Rare multinucleated syncytia (arrow) are scattered throughout the affected lungs; D: Fluorescent immunohistochemistry for SARS-CoV-2 nucleoprotein (green,
arrows) and ACE2 (red) identified low numbers of SARS-CoV-2 positive cells within the affected lung lobes. White indicates DAPI/nuclei; green, CoV-2; red,
ACE2; and blue, Empty. Scale bars: 5 mm (A); 100 mm (B and D); 50 mm (C).

ARDS in Aged SARS-CoV-2eInfected NHPs
caudal lung lobe also contained a mild alveolar pattern.
These findings were in stark contrast to the radiographs
from the day before highlighting the rapid disease pro-
gression (Figure 2, A and B). Because of their rapidly
declining clinical condition, AGM1 and AGM2 were
euthanized at 8 and 22 DPI, respectively. All remaining
animals (2 AGM and 4 RM) were euthanized at the study
end point between 3 and 4 weeks post-infection. A complete
necropsy was performed on all animals.

Gross postmortem examination of AGM1 and AGM2
revealed severe consolidation and edema in the right caudal
lung lobe with generalized failure to collapse of the
remaining lobes, consistent with a bronchointerstitial
pneumonia (Figure 2, C and D and Supplemental
Figure S2). AGM3 had multifocal pleural adhesions be-
tween the left caudal lung lobe and the diaphragm. RM1 had
a focal pulmonary scar in the right caudal lung lobe
The American Journal of Pathology - ajp.amjpathol.org
surrounded by acute hemorrhage (Supplemental
Figure S2E). The lungs of the remaining animals (AGM4,
RM2, RM3, and RM4) were grossly normal.

Histopathologic findings in the lungs of AGM1 and
AGM2 were similar and characterized by alveoli that were
filled with fibrin, hemorrhage, and proteinaceous fluid
(Figure 3A). Alveoli were multifocally lined by hyaline
membranes and/or type II pneumocytes, consistent with
diffuse alveolar damage (Figure 3B). Alveoli contained rare
multinucleated syncytial cells (Figure 3C). Fluorescent
immunohistochemistry identified low numbers of SARS-
CoV-2einfected cells in AGM1 but not AGM2
(Figure 3D). The animals that survived to study end point
exhibited minimal to mild interstitial inflammation
(Supplemental Figures S3 and S4). Three of four RMs
(RM1, RM2, and RM4) had microscopic evidence of aspi-
ration pneumonia characterized by foreign plant material
279
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within bronchioles. Histopathologic lesions in other tissues
were mild and interpreted as not significant in all eight
animals (Supplemental Table S1).

A group of cytokines similar to those observed in human
COVID-19 were up-regulated in the two animals that pro-
gressed to ARDS (AGM1 and AGM2) at the time of nec-
ropsy compared with baseline levels (Figure 4A and
Supplemental Figure S5). Elevated markers included IFN-g,
IL-6, IL-4/IL-13, IL-8, IL-1b, and tumor necrosis factor-a.
indicating a cytokine storm. AGM4 did not develop ARDS;
however, this animal had a similar increase in cytokine
concentrations, but with only a mild elevation of IL-6. In
contrast, RMs only had modest changes in cytokine
expression at 1 week post-infection and necropsy, despite
comparable peak viral loads. IFN-g levels were high in
AGM1 and AGM2 during acute infection and were asso-
ciated with viral RNA in the bronchial brushes at the same
time point (1 week) (Figure 4, B and C). Binding IgG an-
tibodies were not detected in AGM1 (euthanized 8 DPI), but
all remaining animals had detectable antibodies by 21 DPI
(Supplemental Figure S6).
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Discussion

Several recent studies have been published using AGMs6,9

and RMs7,8 to model SARS-CoV-2 infection and have
found that both species are capable of modeling mild to
moderate disease and are useful for testing prospective
vaccines and therapeutics. However, none of these prior
studies have been able to recapitulate the severe disease
phenotype seen in a subset of individuals with COVID-19.
Our results indicate that after infection with SARS-CoV-2,
aged AGMs can develop ARDS and cytokine elevations
similar to that reported in humans with severe COVID-19.24

Apart from the severe phenotype observed in two of the
animals, our findings are otherwise consistent with prior
studies, with the surviving AGMs having mild clinical
disease, pathology, and prolonged viral shedding.6,9 The
RMs in our study also exhibited mild clinical disease and
pathology with shorter viral shedding from mucosal sites
compared with the AGMs. These findings indicate that even
in the absence of severe disease both AGMs and RMs have
utility for testing SARS-CoV-2 vaccines and therapeutics.
ajp.amjpathol.org - The American Journal of Pathology
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Two of the AGMs in our study developed widespread
radiographic opacities and severe respiratory distress (oxy-
gen saturation as measured by pulse oximetry, 77%) that
progressed during a 24-hour period. Taken together with the
postmortem findings of diffuse alveolar damage and no
evidence of congestive heart disease, these findings are
consistent with a diagnosis of ARDS in both AGM1 and
AGM2. Of note, both of the animals that developed ARDS
did so within 24 hours of routine sampling procedures,
which included anesthesia and bronchoalveolar lavage. It
has been our experience that these procedures are well
tolerated, and procedure-related complications are exceed-
ingly rare (fatal complication within 48 hours of procedure
after 2 of 11,431 procedures in animals ranging from 1 to 31
years of age; unpublished data). Furthermore, AGM1 and
AGM2 previously underwent the same routine sampling
procedures one and three times, respectively, without
complication. In our previous experience, fatal complica-
tions have only occurred in animals that were severely
debilitated at the time of the procedure, and even in these
rare cases the pathologic lesions were distinct (no evidence
of diffuse alveolar disease) from the two AGMs described
herein. Therefore, in our experience, routine sampling pro-
cedures do not cause the severe COVID-19 phenotype
observed in AGM1 and AGM2, even in the rare cases where
fatal complications occur.

Furthermore, notable increases in plasma cytokines
compatible with cytokine storm were found in the aged
AGMs that progressed to ARDS. Proinflammatory cyto-
kines, including tumor necrosis factor-a, IL-1b, IL-8, IL-6,
granulocyte colony-stimulating factor, monocyte chemo-
attractant protein 1, and macrophage inflammatory protein
1, are elevated during the acute phases of acute lung
injury.25 In human COVID-19, circulating IL-6 correlates
with radiographic abnormalities of pneumonia.3 Indeed,
overexpression of several of these cytokines were observed
in both animals that progressed to ARDS. This finding
differed from the cytokine profile in the AGMs and RMs,
which reached study end point. Interestingly, at 7 DPI all
four AGMs had increased levels of IFN-g, with the two
AGMs that progressed having the highest plasma concen-
tration. Thus, elevated IFN-g in plasma could be explored
as a potential predictive biomarker for advanced disease in
individuals.

Several factors may have contributed to the severe
disease phenotype observed in the AGMs in our study.
Age,2 weight,26 and sex2,27 have been identified as
potential predisposing factors for developing severe
disease in humans. All the AGMs included in our study
were aged, with an estimated age of 16 years. Both
animals that progressed to severe disease were also fe-
male and low weight. This differs from the findings in
patients with COVID-19 in which male sex15,28 and
obesity26 are associated with a higher prevalence of
severe disease. The AGMs used in this infection study
were also imported from nondomestic sources, and
The American Journal of Pathology - ajp.amjpathol.org
although the animals were housed for 10 months at the
Tulane National Primate Research Center and deemed
clinically healthy at the time of initiation of the study,
historical factors may have predisposed them to
enhanced COVID-19 disease.

This study found that after exposure to SARS-CoV-2
aged AGMs develop a spectrum of disease from mild to
severe COVID-19, which in some cases progress to ARDS.
The cytokine expression profile in the two animals that
developed ARDS is similar to that seen in the severe human
disease phenotype. Our data suggest that both RMs and
AGMs are capable of modeling mild manifestations of
SARS-CoV-2 infection and that aged AGMs may addi-
tionally be capable of modeling severe disease manifesta-
tions, including ARDS.
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