
Since 2002, three novel coronaviruses have emerged 
into human populations, causing severe respi-

ratory disease: severe acute respiratory syndrome 
coronavirus (SARS-CoV) during 2002–2004; Middle 
East respiratory syndrome coronavirus (MERS-CoV), 
starting in 2012; and most recently, severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2), 
starting in 2019 (1,2). All 3 of these highly pathogenic 
coronaviruses can cause lethal respiratory disease 
characterized by acute atypical pneumonia. Subclini-
cal or asymptomatic infection has been reported for 
both MERS-CoV and SARS-CoV-2, but the actual 
number of asymptomatic infections and the patho-
genesis of mild cases are not well understood (3,4). 
Onset of clinical disease from highly pathogenic 
coronaviruses typically follows an incubation period 

of 2–14 days, beginning as mild and nonspecific  
influenza-like illness including fever, fatigue, rhi-
norrhea, or dry cough. Many patients progress to 
symptoms of dyspnea and atypical pneumonia, often 
requiring hospitalization or supportive medical inter-
vention, including ventilation.

Coronaviridae is a family of positive-sense, single-
stranded RNA genome enveloped viruses that in-
cludes the genera alphacoronavirus, betacoronavirus, 
gammacoronavirus, and deltacoronavirus. Highly 
pathogenic coronaviruses, including SARS-CoV, 
MERS-CoV, and SARS-CoV-2 (all betacoronaviruses), 
likely emerged from bats, which are a diverse reser-
voir of alphacoronaviruses and betacoronaviruses 
(5–8). Cross-species transmission of MERS-CoV or 
similar zoonotic precursor viruses from bats to camels 
established an intermediate reservoir of MERS-CoV in 
dromedary camels (9). MERS-CoV replicates in the up-
per respiratory tract of camels, but camels demonstrate 
only mild disease signs, and a high percentage of cam-
els are seropositive for MERS-CoV antibodies (10,11).

The MERS-CoV enzootic cycle within dromedary 
camels likely facilitates continued emergence in hu-
mans, where animal workers and healthcare workers 
are at risk for occupational exposure to MERS-CoV 
transmission (12,13). Sporadic MERS cases on the 
Arabian Peninsula continue to seed outbreaks pri-
marily in Saudi Arabia with the potential for export-
ed MERS cases by travelers to other regions. A major 
outbreak of MERS occurred in 2015 in South Korea, 
where a single case in a traveler returning from Saudi 
Arabia resulted in 186 cases and an additional ≈16,000 
contacts were traced to prevent viral spread (13). Out-
breaks of MERS since 2012 have resulted in a total 
of >2,500 cases of MERS, whereas 8,096 cases were  
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Emerging coronaviruses are a global public health threat 
because of the potential for person-to-person transmission 
and high mortality rates. Middle East respiratory syndrome 
coronavirus (MERS-CoV) emerged in 2012, causing lethal 
respiratory disease in ≈35% of cases. Primate models of 
coronavirus disease are needed to support development of 
therapeutics, but few models exist that recapitulate severe 
disease. For initial development of a MERS-CoV primate 
model, 12 African green monkeys were exposed to 103, 
104, or 105 PFU target doses of aerosolized MERS-CoV. 
We observed a dose-dependent increase of respiratory 
disease signs, although all 12 monkeys survived for the 
28-day duration of the study. This study describes dose-
dependent effects of MERS-CoV infection of primates and 
uses a route of infection with potential relevance to MERS-
CoV transmission. Aerosol exposure of African green mon-
keys might provide a platform approach for the develop-
ment of primate models of novel coronavirus diseases.
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identified in the SARS epidemic, and >6 million cases 
of coronavirus disease (COVID-19) have been con-
firmed globally as of June 1, 2020 (14–16). Transmis-
sion of highly pathogenic coronaviruses is likely com-
plex and thus difficult to characterize. MERS-CoV 
infection in humans is thought to result from direct 
and indirect exposure to infected camels, consump-
tion of contaminated camel products, or close contact 
with infected MERS patients. Respiratory droplets 
likely facilitate transmission of highly pathogenic 
coronaviruses, including MERS-CoV (17). However, 
unlike with SARS-CoV and SARS-CoV-2, MERS-CoV 
person-to-person transmission is somewhat lim-
ited and not often observed outside of households 
or healthcare settings. Within healthcare settings, 
aerosol-generating procedures are associated with in-
creased risk for transmission of coronaviruses from 
infected patients to healthcare workers (18,19).

No proven antiviral therapies or vaccines exist 
for highly pathogenic coronaviruses. Current treat-
ment regimens for MERS include supportive care and 
administration of general antiviral drugs. However, 
most medical countermeasures for MERS lack con-
clusive anti-coronavirus activity supported by robust 
in vitro and in vivo models of MERS-CoV infection. 
Nonhuman primate (NHP) models of SARS-CoV 
were initially pursued but were never characterized 
to the extent necessary to support therapeutic evalu-
ation (20–23). In particular, platform approaches to 
developing animal models of highly pathogenic coro-
navirus infection have considerable value in that they 
could be rapidly applied to novel emerging viruses 
where medical countermeasures are needed.

Prior development of NHP models of MERS-CoV 
has been reported in the common marmoset (Cal-
lithrix jacchus) model and rhesus macaque (Macaca 
mulatta) model. Rhesus macaques experienced only 
mild, transient respiratory symptoms when infected 
with 106–108 PFU of MERS-CoV by either intratra-
cheal route (IT) or multiple route (MR) (IT, intrana-
sal [IN], oral, and ocular routes concurrently) (24,25). 
Common marmosets had onset of more severe MERS 
disease signs in other NHP experiments using similar 
doses and routes of exposure, but discrepancies have 
been reported in the marmoset model dependent on 
route of exposure (26–28). In rhesus macaque and 
marmoset models of MERS-CoV infection, endpoints 
for therapeutic testing are not well defined. A lack of 
robust primate models that replicate severe MERS dis-
ease observed in humans is a major obstacle to evalu-
ation of medical countermeasure against MERS-CoV 
infection. Therefore, in this study we exposed African 
green monkeys (AGMs) to aerosolized MERS-CoV 

to determine whether an AGM model recapitulates  
severe MERS disease signs to establish a platform that 
is useful for medical countermeasure development.

Methods

Animals
Animal research was conducted at the United States 
Army Medical Research Institute of Infectious Dis-
eases (USAMRIID). Twelve wild-caught adult AGMs 
(Chlorocebus aethiops) of Caribbean origin (estimated 
ages 7–12 years old, weighing 3.9–7.8 kg) were in-
cluded on this study. Animals were acclimated in Bio-
safety Level 3 (BSL-3) containment laboratory animal 
rooms for 7 days before virus exposure and housed 
individually.

Ethics Statement
These experiments and procedures were reviewed 
and approved by the USAMRIID Institutional Animal 
Care and Use Committee. All research was conducted 
in compliance with the US Department of Agriculture 
Animal Welfare Act and Public Health Service policy 
and other federal statutes and regulations relating to 
animals and experiments involving animals, and ad-
heres to the principles stated in the Guide for the Care 
and Use of Laboratory Animals, National Research 
Council, 2011. The facility is fully accredited by the 
Association for Assessment and Accreditation of Lab-
oratory Animal Care, International. The animals were 
provided food and water ad libitum and checked at 
least daily according to the protocol. All efforts were 
made to minimize painful procedures; the attending 
veterinarian was consulted regarding painful proce-
dures, and animals were anesthetized before phle-
botomy and virus exposure. Animals were humanely 
euthanized at the end of study under deep anesthe-
sia in accordance with current American Veterinary 
Medical Association Guidelines on Euthanasia and 
USAMRIID standard operating procedures.

Virus and Cells
The virus (MERS-CoV EMC/2012, NR-44260) was ob-
tained through the BEI Resources Repository (https://
www.niaid.nih.gov/research/bei-resources-reposito-
ry) at the National Institutes of Health’s National In-
stitute of Allergy and Infectious Diseases. Virus was 
sequence verified with 100% identity to MERS-CoV 
EMC/2012 (GenBank accession no. JX869059). MERS-
CoV was amplified on Vero E6 cells. Supernatants from 
infected cells were collected and clarified by centrifu-
gation. Plaque assay in Vero (CCL-81) cells was used 
to titrate the amount of virus in samples, as previously 
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described (29). Neutral red was used to visualize 
plaques at 2–3 days after inoculation. We used 50% 
plaque-reduction neutralization titer assays (PRNT50) 
to titrate neutralizing response in AGM serum, as de-
scribed previously (30). Plates were visualized with 
crystal violet to plaques at 3 days after inoculation.

Aerosol Exposures
Each AGM was anesthetized by intramuscular injec-
tion of ketamine (8–12 mg/kg) and challenged by aero-
sol, as previously described (31). In brief, the respira-
tory function of each of the AGMs was measured by 
using the Buxco Large Animal Whole Body Plethys-
mography (Data Sciences International [DSI], https://
www.datasci.com) before aerosol challenge. Aerosol 
procedures were conducted by using a 16-liter, airtight 
Lexan chamber assembled in a head-only configura-
tion for individual AGM exposures in a class III bio-
logic safety cabinet located inside a BSL-3 suite. The 
aerosol spray was generated using a Collison Nebuliz-
er (CH Technologies, https://chtechusa.com) to pro-
duce a highly respirable aerosol (flow rate 7.5 + 0.1 L/
minute). The system generates a target aerosol of 1–3 
µm mass median aerodynamic diameter determined 
by aerodynamic particle sizer. Samples of the aerosol 
collected from the exposure chamber using an all-glass 
impinger during each exposure were assessed using a 
plaque assay. The exposure dose for each animal was 
calculated from the minute volume determined with 
a plexiglass whole body plethysmograph box using 
Buxco FinePointe software. The total volume of aerosol 
inhaled was determined by the exposure time required 
to deliver the estimated inhaled dose (31).

Animal Observation and Endpoint Criteria
AGMs were observed at least twice a day after aero-
sol exposure and scored for clinical signs of disease 

before (and while under) anesthesia. Any observable 
disease signs, including dehydration, lymphade-
nopathy, and respiratory signs, were recorded dur-
ing physical examinations. Other observations such 
as biscuit and fruit consumption, condition of stool, 
and urine output were also documented, if possible. 
The early endpoint criteria for humane euthanasia 
were a >4 responsiveness score, or a >4°C decrease 
from baseline body temperature without anesthesia, 
or agonal breathing (https://wwwnc.cdc.gov/EID/
article/26/12/20-1664-App1.pdf).

Telemetry
AGMs were implanted subcutaneously with a radio-
telemetry device (DSI) >14 days before aerosol ex-
posure. Body temperatures were recorded every 15 
minutes using the DataQuest A.R.T. 4.1 system (DSI). 
Fever was predefined as 2 SDs above individual base-
line temperature as determined by autoregressive 
integrated moving average modeling. Baselines for 
each animal were calculated by averaging the record-
ed 15-minute temperature intervals for 3 days before 
challenge.

Sample Collection
Blood samples and throat swab specimens were col-
lected at indicated days after aerosol exposure to 
MERS-CoV (Figure 1). Puritan 6-inch 25–800–1PD 
sterile swabs (https://www.puritanmedproducts.
com) were used for collection and were placed in 
1-mL virus growth medium and frozen until fur-
ther processing. Blood samples were collected from 
the femoral vein of AGMs anesthetized with 3 mg/
kg intramuscular ketamine. Samples collected 7 
days before exposure served as a reference base-
line for each animal. Blood chemistry values were 
analyzed with VITROS 250 chemistry analyzers  
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Figure 1. Study schedule for 
small particle aerosol infection of 
African green monkeys (AGMs) 
with MERS-CoV. Three groups 
of AGMs (4 in each group) were 
exposed to 3 different target doses 
of MERS-CoV EMC/2012 strain 
by small particle aerosol exposure. 
AGMs were observed at indicated 
days postinfection (shown by 
squares) for metrics that would 
indicate recapitulation of MERS-
CoV infection in humans. MERS-
CoV, Middle East respiratory 
syndrome coronavirus.
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(Ortho Clinical Diagnostics, https://www.orthoclini-
cal diagnostics.com).

Necropsy and Histology
At the conclusion of this study (day 28 postinfection), 
each AGM was euthanized with an overdose of pen-
tobarbitol and then submitted for necropsy. The nec-
ropsies were performed under BSL-3 biocontainment 
by a pathologist certified by the American College of 
Veterinary Pathologists. The samples for histology 
were fixed by immersion in containers containing 
10% neutral-buffered formalin. These containers were 
held for >30 days under BSL-3 biocontainment before 
being transferred to the USAMRIID histology labora-
tory. The formalin-fixed tissues were then trimmed, 
processed, and embedded in paraffin according to 
standard operating procedures. The paraffin-embed-
ded tissues were cut into sections 5 µ thick, which 
were placed onto glass microscope slides, stained 
with hematoxylin and eosin, and coverslipped before 
histologic evaluation by the study pathologist.

Results

Clinical Disease Signs Observed in AGMs  
Exposed to Aerosolized MERS-CoV
To enable comparison of aerosol exposure to previ-
ously published NHP model development stud-
ies, AGMs were exposed to aerosolized MERS-CoV 
strain EMC/2012, which is the same strain used pre-
viously by other research groups (24,26,27). The ex-
pected range of doses was 103–105 PFU. The actual 
range of the infection was 102.88–104.57 PFU (Table 1). 
All of the AGMs survived the MERS-CoV exposure 
and subsequent manipulations to the conclusion of 
the study at 28 days postinfection (Figure 2). Of note, 
the highest dose group of AGMs exposed to aerosol-
ized MERS-CoV in this study were estimated to have 

received considerably lower doses than in prior pub-
lished NHP models using MR (5–7 × 106 50% tissue 
culture infectious dose) or IT only (5 × 106 – 5 × 107 
PFU) routes of infection (24–27).

To determine whether exposure of AGMs to 
aerosolized MERS-CoV results in observable disease 
signs that recapitulate MERS disease observed in 
human cases, physical observations of AGMs were 
performed, including calculation of respiratory rates 
(Figure 2, panels A, B) and clinical scores (Figure 2, 
panels B–D). Clinical scores included observation of 
disease signs, including responsiveness, lymphade-
nopathy, dehydration signs, and respiratory signs 
by physical examination. Clinical disease signs that 
recapitulated human cases of MERS were observed 
in all groups but were most pronounced in the group 
that received the highest dose of MERS-CoV (Fig-
ure 1, panels C, D). All groups had increased clini-
cal scores over the course of infection compared with 
pre-infection clinical scoring. No statistically signifi-
cant changes in weight of AGMs were observed over 
the course of the study or between groups (data not 
shown). The 105 PFU group had significantly higher 
respiratory rates than the 103 PFU group, beginning at 
3 days postinfection (dpi) and continuing through 10 
dpi (Figure 2, panels A and B). Respiratory rates were 
not significantly different between the 104 PFU dose 
group and 103 PFU dose group. Significantly higher 
clinical scores were observed in the 105 PFU group of 
AGMs than the 104 PFU or 103 PFU group (Figure 2, 
panel D). Onset of respiratory disease signs occurred 
at 6 dpi and persisted in some animals through 16 
dpi. All of the AGMs in the 105 PFU group displayed 
observable respiratory disease signs, including chest 
congestion, rales, or wheezing. Baseline temperatures 
were measured over a 24-hour period before infection 
with aerosolized MERS-CoV. Individual AGMs in 104 
and 105 PFU dose group (2 of 4 AGMS in each group) 
had elevated temperature after exposure to MERS-
CoV aerosols during 1–3 dpi but were not febrile (Ap-
pendix Figure 1).

Viral Replication and Tissue Damage Resulting from 
MERS-CoV Infection of AGMs
To determine whether respiratory disease signs ob-
served in AGMs were the result of robust MERS-CoV 
viral replication, viral loads were titrated from throat 
swab specimens and serum samples. Virus was de-
tected by plaque assay in throat swab specimens col-
lected 6 dpi from all AGMs after exposure to aerosol-
ized MERS-CoV. Significantly higher viral titers were 
observed in the throat swab specimens collected from 
the highest dose group (105 PFU) of AGMs than the 
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Table 1. Inhaled doses of African green monkeys exposed to 
MERS-CoV* 

Animal ID Sex 
Target dose, 

10x PFU 
Actual 

dose, PFU 
Actual dose, 

10x PFU 
1 F 3 7.60 × 102 2.88 
2 M 3 1.17 × 103 3.07 
3 M 3 8.70 × 102 2.94 
4 F 3 1.11 × 103 3.04 
5 F 4 6.31 × 103 3.80 
6 M 4 7.79 × 103 3.89 
7 M 4 7.25 × 103 3.86 
8 F 4 4.65 × 103 3.67 
9 F 5 2.78 × 104 4.44 
10 M 5 3.75 × 104 4.57 
11 M 5 2.83 × 104 4.45 
12 F 5 2.27 × 104 4.36 
*MERS-CoV, Middle East respiratory syndrome coronavirus. 
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lower 2 dose groups during 6–12 dpi (Figure 3, panel 
A). Onset of respiratory symptoms recorded during 
physical evaluations of AGMs was concurrent with 
detection of virus in throat swab specimens. Signifi-
cantly higher viral titers in the serum were observed 
in the 105 PFU group and 104 PFU group compared 
with the 103 PFU group in the serum at 6 dpi (Figure 
3, panel B). At the conclusion of the study, all of the 
AGMs had measurable neutralizing antibody titers 
in the serum, although no statistically significant dif-
ference was observed in neutralizing titers between 
the dose groups (Figure 3, panel C). Elevated blood 
enzyme chemistry values were observed in AGMs 
infected with the highest dose of MERS-CoV (Appen-
dix Figure 2). No statistically significant differences 
were observed in blood urea nitrogen or creatinine 
levels (Appendix Figure 2, panel A–D). Significantly 
elevated levels of enzymes indicative of liver damage, 
aspartate aminotransferase and gamma-glutamyl 

transferase, were observed in the 105 PFU group at 8 
dpi and 10 dpi (Appendix Figure 2, panels E–H).

Although the AGMs survived the infection, all 
of the AGMs exposed to aerosolized MERS-CoV 
showed mild or minimal lung lesions at 28 dpi (Table 
2; Figure 4). At the point in the disease course when 
lung samples were collected, all of the AGMs were re-
covering from the infection, although some were still 
experiencing very mild disease signs correlated by 
the clinical disease score (Figure 2, panel C). The most 
common histopathologic observation was multifocal 
interstitial pneumonia, which was likely attributable 
to the MERS-CoV aerosol exposure. The location, se-
verity, and type of lung lesion observed appeared to 
be independent of the dose of aerosolized MERS-CoV. 
Another common finding was lymphoid hyperplasia 
in the mediastinal lymph nodes, the tracheobronchial 
lymph nodes, or both, which can be attributed to an-
tigenic stimulation caused by the viral infection (data 
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Figure 2. Clinical disease signs in African green monkeys after infection with small particle aerosol MERS-CoV. A, B) Respiratory rates 
were observed twice daily for all groups and recorded. Statistically significant differences on the graph reflects analysis comparing 
respiratory rates between the 103 and 105 PFU dose groups. C, D) Clinical scores incorporated signs of MERS-CoV infection, based 
in part on observations of responsiveness, respiratory function (other than respiratory rate), lymphadenopathy, and dehydration. 
Differences between respiratory rate and clinical score groups were determined by using 1-way analysis of variance (Tukey’s multiple 
comparison test; *p<0.05, **p<0.01, ***p<0.001). MERS-CoV, Middle East respiratory syndrome coronavirus.
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not shown). These observations were not clinically 
significant and, because these lymph nodes receive 
lymphatic drainage from the lungs, this finding was 
not unexpected after an aerosol exposure to a virus. 
Tissues from other major organs were surveyed for 
pathologic disease signs, but no other findings were 
consistent with MERS disease (data not shown).

Discussion
Currently, the world is experiencing a pandemic of 
a novel coronavirus (SARS-CoV-2). More COVID-19 
cases have occurred in the first month since identifi-
cation than all of the previous SARS-CoV and MERS-
CoV epidemics combined. Novel coronaviruses from 
the Betacoronavirus genus have emerged into the hu-
man population 3 separate times in <20 years: SARS-
CoV (2002), MERS-CoV (2012), and SARS-CoV-2 
(2019). In each instance, the novel coronavirus most 

likely emerged from viruses originally circulating in 
bats (5,7,8). During the emergence of SARS-CoV and 
MERS-CoV, spillover into human populations was 
driven by an intermediate animal reservoir in clos-
er proximity to humans (civets or raccoon dogs for 
SARS-CoV and dromedary camels for MERS-CoV) 
(9,31). Whether SARS-CoV-2 emergence resulted di-
rectly through transmission from bats to humans or 
through another intermediate animal host remains 
unknown. Human disease from emergent corona-
viruses manifested as a respiratory syndrome with 
the hallmarks of atypical pneumonia, progressing to 
more severe lung dysfunction accompanied by vary-
ing degrees of illness (asymptomatic illness to long-
term lung dysfunction) and even death (≈10% mortal-
ity rate from SARS, ≈35% from MERS, and yet to be 
determined from COVID-19) (32). Forewarned by the 
knowledge that coronaviruses circulating in animals 
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Figure 3. Detection of MERS-CoV viral loads in throat swabs and serum from African green monkeys (AGMs). A, B) Infectious 
MERS-CoV was titrated on Vero cells from throat swab samples (A) and serum samples (B) collected at indicated days after MERS-
CoV aerosol exposure of AGMs. C) PRNT50 titers were assessed for AGM serum samples collected at 28 days postinfection. Plaque 
assays and PRNT50 assays were completed for each sample in triplicate. Differences between groups were evaluated by using 1-way 
analysis of variance (Tukey’s multiple comparison test; *p<0.05, **p<0.01, ***p<0.001). MERS-CoV, Middle East respiratory syndrome 
coronavirus; ND, not detected; NS, not significant; PRNT50, 50% reduction plaque reduction neutralization test.

 
Table 2. Summary of histological findings from African green monkeys exposed to MERS-CoV* 

Animal ID Sex 
Target dose, 

10x PFU Type of lung lesion 
Location and severity of lung lesion 

Left superior Right superior Left inferior Right inferior 
1 F 3 Multifocal interstitial pneumonia Minimal Minimal Minimal Minimal 
2 M 3 Multifocal interstitial pneumonia Minimal Minimal NLP NLP 
3 M 3 Multifocal broncho-interstitial pneumonia Mild Mild Minimal Minimal 
4 F 3 Multifocal interstitial pneumonia Minimal Minimal Minimal Minimal 
5 F 4 Multifocal broncho-interstitial pneumonia Minimal Minimal NLP NLP 
6 M 4 Multifocal foreign-body bronchiolitis NLP NLP Mild Mild 
7 M 4 Multifocal broncho-interstitial pneumonia Minimal Minimal NLP NLP 
8 F 4 Multifocal interstitial pneumonia Minimal Minimal Mild Mild 
9 F 5 Multifocal interstitial pneumonia NLP NLP Minimal Minimal 
10 M 5 Multifocal interstitial pneumonia Mild Mild Minimal Minimal 
11 M 5 Multifocal interstitial pneumonia Minimal Minimal Minimal Minimal 
12 F 5 Multifocal interstitial fibrosis NLP NLP Minimal NLP 
*MERS-CoV, Middle East respiratory syndrome coronavirus; NLP, no lesion present. 
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can cause severe disease in humans, developing plat-
form approaches for the generation of animal mod-
els is needed to allow evaluation of medical counter-
measures against coronaviruses. The development of 
well-characterized NHP models of coronavirus in-
fection could provide a complementary approach to 
small animal models of pathogenesis, transmission, 
and countermeasure development.

In this study, we initiated development of an 
AGM model of highly pathogenic coronavirus infec-
tion by aerosol as a first step to establishing a platform 
for medical countermeasure testing against highly 
pathogenic coronaviruses. A prior study in NHP 
models of SARS-CoV delivered by combined IN/IT 
route compared disease signs in multiple NHP spe-
cies (e.g., rhesus macaques, cynomolgus macaques 
[Macaca fascicularis], and AGMs) (21). Although none 
of the NHPs had onset of severe disease signs from 
SARS-CoV infection, AGMs had higher titers of vi-
rus recovered from nasal swabs and throat lavage 
than rhesus or cynomolgus macaques, particularly at 
later times postinfection (4–10 dpi). Building on this 
observation, we evaluated 3 different target doses 
of MERS-CoV delivered by aerosol to determine if 
AGMs have a dose-dependent disease response to 
MERS-CoV infection. Although we did not observe 
lethal or severe MERS disease signs, all of the AGMs 
in the highest dose group had clinical disease signs 
and elevated respiratory rates.

Previous studies of MERS-CoV in NHPs focused 
on infection of either rhesus macaques or marmosets. 
The approaches of different research groups typically 
used very high titer inoculum delivered by either MR 
or IT-only routes of infection. Rhesus macaques were 
observed to have only very mild disease signs (if any) 
after MERS-CoV infection by either MR or IT route 
(24,25). A study of a small particle aerosol exposure 
of rhesus macaques to MERS-CoV yielded subclini-

cal infection with no disease signs (33). Viral replica-
tion of MERS-CoV in rhesus macaques is limited and 
difficult to detect, indicating limitations for the use 
of this model for evaluation of medical countermea-
sures to MERS-CoV infection. Marmosets infected 
with MERS-CoV were observed to have more severe 
disease signs by MR but not the IT route (24–27). Mar-
mosets infected by MR had high viral loads in serum 
and throat swab specimens (26), as was observed in 
this study with AGMs infected by the aerosol route. 
Although the marmoset model of MERS-CoV infec-
tion by MR yields severe respiratory disease, mar-
mosets are a smaller NHP species that might present 
challenges for researchers evaluating medical coun-
termeasures because of sampling limitations. NHP 
model development in rhesus and marmoset models 
used a higher titer inoculum of MERS-CoV than was 
used in this study of aerosol exposure of AGMs to 
MERS-CoV and did not compare dose-response. The 
response of animal models to differing doses of coro-
navirus infection might play an important role in the 
evaluation of viral pathogenesis of subclinical disease 
compared with more severe disease.

Additional refinements to our AGM model of 
MERS-CoV infection are needed for medical coun-
termeasure testing and evaluation. Although the 
AGMs had observable disease signs, including el-
evated respiratory rates and other respiratory dis-
ease signs, our model did not recapitulate severe 
disease or lethality as observed in MERS patients. 
However, we are encouraged by the dose depen-
dence of the clinical disease signs and response to 
MERS-CoV infection that we observed, which indi-
cates the potential for increased severity of disease 
in future iterations of this study using higher titers 
aerosol exposure. In addition, other NHP studies 
of MERS-CoV model development used early end-
point euthanasia to explore pathologic outcomes at 
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Figure 4. Interstitial pneumonia observed in lung samples from African green monkeys. Hemolysin and eosin–stained lung sample sections 
were collected from African green monkeys exposed to aerosolized Middle East respiratory syndrome coronavirus at 28 days postinfection. 
Images shown reflect a sample of lung disease observed in the 103 PFU dose group (A) (original magnification × 20), 104 PFU dose 
group (B) (original magnification × 20), and 105 PFU dose group (C) (original magnification × 10). Samples were evaluated by a trained 
pathologist and scored for lesions associated with severe respiratory disease.
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acute times during viral infection that we would 
like to compare in future studies. The presence of 
pneumonia in all of the AGMs at the end of the 
study indicates that it is likely that pathologic find-
ings related to MERS disease might be present dur-
ing the acute phase of infection when respiratory 
disease signs are observed. In addition, the pres-
ence of histologic lesions even after AGMs had 
mostly recovered from MERS-CoV infection might 
be of use as a model of long-term lung dysfunction 
observed in MERS and SARS survivors.

In conclusion, animal models of viral infection 
must couple methods with desired outcomes; routes 
and doses of infection must be sufficiently reproduc-
ible, but they must also target the viral inoculum to the 
appropriate tissues to model respiratory disease. Re-
cent efforts to develop an NHP model of SARS-CoV-2 
infection for evaluation of vaccines and other medical 
countermeasures have focused on infection of rhesus 
macaques or cynomolgus macaques by IN/IT routes 
or MR with varying respiratory disease signs (34–36). 
Animal model development, particularly where it 
applies to generating a model that is appropriate for 
medical countermeasure evaluation has been under-
studied in coronavirus research. We anticipate that the 
approach we have defined in this study can provide 
a starting point for additional model development in 
AGMs or other NHPs using the aerosol route of infec-
tion for MERS-CoV, SARS-CoV, SARS-CoV-2, or other 
novel highly pathogenic coronaviruses.
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Appendix Table. Clinical scoring parameters 
Parameter (type of assessment) Description Score 
Visual observations 
 Responsiveness Active (normal species specific behavior) 0 

Slightly diminished general activity 1 
Mildly unresponsive (becomes active when approached), occasional prostration 2 

Moderate unresponsiveness (may require prodding to respond), weakness 3 
Moderate to severe unresponsiveness requires prodding, moderate prostration 4 

Moribund, severe unresponsiveness, pronounced prostration 5 
 Respiratory function (visual) Normal - no apparent changes in respiration 0 

Mildly labored respiration 1 
Moderately labored respiration 2 

Agonal breathing 3 
Physical observations 
 Respiratory function (tactile/auditory) Normal (no apparent changes in respiration) 0 

Mildly labored respiration 1 
Moderately labored respiration 2 
Severely labored respiration 3 

 Lymphadenopathy (palpation) Normal (no apparent changes to lymph nodes) 0 
Enlargement of lymph nodes <5 mm 1 

Enlargement of lymph nodes 5–10 mm 2 
Enlargement of lymph nodes >10 mm 3 

 Dehydration (skin turgor) Normal (no apparent changes to skin turgor) 0 
Mild dehydration 1 

Moderate dehydration 2 
Severe dehydration 3 
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Appendix Figure 1. Body temperature in AGMs following MERS-CoV aerosol exposure. Baseline 

temperatures were measured over a 24 hour period before infection with aerosolized MERS-CoV (blue 

dashed lines) and following exposure to MERS-CoV (solid lines) for groups of AGMs exposed to 103 PFU 

doses (A) shown by gray lines, 104 PFU doses (B) shown by black lines, or 105 PFU doses (C) shown by 

red lines. Administration of anesthesia for physical observation and clinical scoring of AGMs 

corresponded with a brief drop in temperature (2, 4, 6 dpi). Elevated temperature for groups of AGMs was 

defined as 1.5 degrees above baseline. Differences between groups of AGMs were determined by 

comparing average experimental temperature with average baseline temperature by paired t-test (*, 

yellow shaded regions). Although groups of NHPs had brief periods of elevated temperature following 

MERS-CoV exposure, individual animals did not meet study criteria for fever as defined in the 

experimental methods. 
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Appendix Figure 2. Elevation of enzymes from AGM serum following MERS-CoV aerosol exposure. 

Serum was collected for blood chemistry analysis of BUN (A,B), CRE (C,D), AST (E,F), and GGT (G,H). 

Elevation of serum enzymes was determined to be statistically significant by comparing to pre-exposure 

serum values by the Mann-Whitney test (*p<0.05) (A,C,E,G) and if mean values were above established 

normal values (α, above normal range) for healthy AGMs (B,D,F,H). 


