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Overview

Eliminating Potential Effects of Other Infections 
during Selection of Nonhuman Primates for 

COVID-19 Research

Marcia C R Andrade,1* Bárbara R P Lemos,1,2 Larissa M Silva,1,3 and Jerilyn K Pecotte4

The study of nonhuman primates (NHP) can provide significant insights into our understanding numerous infectious agents. 
The etiological agent of COVID-19, SARS-CoV-2 virus, first emerged in 2019 and has so far been responsible for the deaths 
of over 4 million people globally. In the frenzied search to understand its pathogenesis and immunology and to find meas-
ures for prevention and control of this pandemic disease, NHP, particularly macaques, are the preferred model because they 
manifest similar clinical signs and immunologic features as humans. However, possible latent, subclinical, and opportunistic 
infections not previously detected in animals participating in a study may obscure experimental results and confound data 
interpretations in testing treatments and vaccine studies for COVID-19. Certain pathophysiologic changes that occur with 
SARS-CoV-2 virus infection are similar to those of simian pathogens. The current review discusses numerous coinfections 
of COVID-19 with other diseases and describes possible outcomes and mechanisms in COVID-19 studies of NHP that have 
coinfections. Due to the urgency triggered by the pandemic, screening that is more rigorous than usual is necessary to limit 
background noise and maximize the reliability of data from NHP COVID-19 studies. Screening for influenza virus, selected 
respiratory bacteria, and regional endemic pathogens such as vector-borne agents, together with the animal’s individual 
exposure history, should be the main considerations in selecting a NHP for a COVID-19 study. In addition, because NHP are 
susceptible to the SARS-CoV-2 virus, management and surveillance measures should be established to prevent transmission 
to healthy animals from infected colony animals and husbandry staff. This review presents compiled data on the use of NHP 
in COVID-19 studies, emphasizing the need to create the most reliable NHP model for those studies by extensive screening 
for other pathogens.

Abbreviations: ABSL, animal biosafety level; ACE-2, angiotensin-converting enzyme; ARDS, acute respiratory distress syndrome; 
CNPRC, California National Primate Research Center; E, envelope; ESR, erythrocyte sedimentation rate; HAV, hepatitis A virus; 
HBV, hepatitis B virus; HGF hepatocyte growth factor; HTLV,  human T-cell lymphotropic virus; IFN, interferon; IL, interleukin; 
IP, inducible protein; M, matrix; MCP, monocyte chemotactic proteins; MCSF, macrophage colony-stimulating factor; MIP, 
macrophage inflammatory protein; N, nucleocapsid; NSP, non-structural proteins; RdRp, RNA-dependent RNA polymerase; 
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procedures; SRV/D, simian retrovirus type D; STLV, simian T-lymphotropic virus; TB, tuberculosis; TGF, transforming growth 
factor; TMPRSS2 transmembrane serine protease 2
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Introduction
The coronavirus SARS-CoV-2 (Severe Acute Respiratory 

Syndrome-coronavirus-2) was first identified in November 2019 
in China.41 Since that time, the human toll of the COVID-19 
pandemic has heightened the need to perform studies using 
animals to develop a better understanding of the pathogenic 
and immunologic profile of coronaviruses.25

Studies in animals have historically provided invaluable in-
formation relevant to diseases that affect humans. Of the animals 

used to assess viral replication and the associated disease caused 
by SARS-CoV-2, the most promising results to date have been 
obtained from mice, hamsters, ferrets, and nonhuman primates 
(NHP). Other animals such as mink, cats, dogs, chickens, ducks, 
and fruit bats have shown less illness and lower susceptibility 
to infection even though they are thought to be directly related 
to the ecology and evolution of the current virus.46 NHP, due to 
their genetic, physiologic, and biochemical homology with 
humans, model clinical-pathologic events and immune re-
sponses associated with human pathogens more accurately by 
manifesting measurable in vivo symptoms, allowing the clinical 
assessment of the success or failure of vaccines.5,21 The scientific 
value of NHP research is fully recognized in various studies 
of infectious, degenerative, reproductive, and cardiovascular 
diseases.5,63 Vaccine trials with the SARS-Cov-2 virus in NHP 
have shown that NHP have significant immune responses and 
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can produce neutralizing activities without pathologic change 
or any other type of side effect.14,17,32,52 Moreover, most authors 
state that rhesus monkeys (Macaca mulatta) are the most suitable 
NHP model for vaccine studies.12,17,38,66,76

To study COVID-19 in animals, either for a better understand-
ing of the pathogenesis and immunologic mechanisms triggered 
by the virus or to establish the safety and efficacy of potential 
therapeutic and immunogenic compounds, numerous factors 
associated with possible latent, subclinical, and opportunistic 
infections must be considered. Such infections can interfere 
with experimental results related to clinical abnormalities, 
histopathologic lesions, physiologic parameter changes, and 
nonspecific immune responses.5,35 Certain microorganisms es-
tablish persistent infections with a broad spectrum of pathogenic 
parameters that depend directly on environmental factors or 
the host itself.35 Due to the immunocompromising effect of the 
SARS-CoV-2 virus, protocols for experimental infection with 
this virus may reactivate other previously unknown pathogens, 
leading to unexpected symptoms due to these unidentified 
pathogens. This scenario has highly negative effects on econom-
ics and science due to a possible loss of accurate data from the 
experiments.5,6

The selection of NHP for COVID-19 experiments must 
include a careful and detailed laboratory screening. Thus, be-
fore the transfer of the selected animals to facilities of animal 
biosafety level 3 or 4 (ABSL-3 or ABSL-4), individuals must 
undergo rigorous clinical and laboratory exams to document 
that they are free of SARS-CoV-2 virus75 and other potential 
pathogens that may alter the pathologic and immunologic 
responses characteristic of the virus.6  The risk of transmission 
of SARS-CoV-2 and other infectious agents by presymptomatic 
or asymptomatic carriers must be determined.6,23,74 Even before 
the pandemic, the Federation of European Laboratory Animal 
Science Associations (FELASA) provided guidance for health 
monitoring of Old and New World NHP by listing the main 
viral, bacterial and parasitic pathogens that should be tested 
based on to their respective zoonotic characteristics, degree 
of virulence, or ability to produce immunosuppression that 
could influence research results.6 The various experimental 
designs that use COVID-19 should incorporate preliminary 
screens to determine the most relevant agents for each project. 
Publications about simian models for COVID-19 studies show 
that more experimental infections are conducted on NHP 
originating from specific pathogen-free colonies (SPF).38,59,75 
However, no regulation addresses the conduct of such research 
in non-SPF animals, which could be used if screening is com-
prehensive. In addition to precautions regarding screening 
in order to select study animals, the COVID-19 pandemic 
requires comprehensive health care and preventive measures 
in the NHP colony. Because NHP are susceptible to the SARS-
CoV-2 virus, they are subject to cross contamination if such 
measures are not incorporated into a properly designed health 
surveillance program. This concern has been increasing due to 
constant viral mutations.9 The goal of these precautions is to 
protect institutions from this virus through the improvement 
of animal management and Standard Operating Procedures 
(SOP) for staff.57,75

Given the premise that research conducted with NHP can 
provide data to expand knowledge about the clinical and 
pathogenic characteristics of the SARS-CoV-2 virus, the pre-
sent analysis aims to present information about the use of the 
NHP for COVID-19 studies beyond routine prophylactic and 
therapeutic strategies. Special emphasis is placed on detect-
ing potential underlying infectious agents that may mask 

experimental results while also preventing transmission of the 
SARS-CoV-2 virus to healthy NHP and staff.

Pathogenesis and Immunology of the  
SARS-CoV-2 Virus in Humans and NHP

SARS-CoV-2 is a single-stranded RNA virus, characterized 
by two groups of proteins: i) Structural proteins, such as Spike 
(S) proteins, which target all coronaviruses and bind to recep-
tors on the host cell; Nucleocapsid protein (N), which protects 
the genetic information of the virus, Matrix protein (M), and 
Envelope protein (E); and ii) Replicase Complex Encoding 
Non-Structural Proteins, such as proteases (nsp3 and nsp5) 
and RdRp (nsp12).79

The S protein present in the SARS-CoV-2 membrane is nec-
essary for entry of the virus into the host cell by means of the 
angiotensin-converting enzyme 2 (ACE-2) receptor. After being 
released into the cytoplasm, the viral RNA genome is translated 
into two structural proteins and polyproteins, which assist 
in viral replication. After infection, the host cell activates the 
innate and adaptive immune response in an immediate and 
well-coordinated manner.51

The humoral immune response mediated by B cells is protec-
tive due to the production of neutralizing antibodies. Patients 
with COVID-19 have high levels of plasma chemokines and 
cytokines such as interleukins (IL- 1, IL-2, IL-4, IL-7, IL-10, 
IL-12, IL-13, and IL-17), interferon- γ inducible protein 10 (IP-
10), macrophage colony-stimulating factor (MCSF), monocyte 
chemotactic proteins-1 (MCP-1), GCSF, hepatocyte growth factor 
(HGF), IFN-γ, macrophage inflammatory protein-1α (MIP-1α), 
and TNF-α, etc., in amounts that are associated with the sever-
ity of the disease.36

Lymphopenia and the ‘cytokine storm’ play a significant 
role in the pathogenesis of COVID-19. This ‘cytokine storm’ 
is responsible for the onset of viral sepsis, followed by inflam-
mation-induced lung injury, which in turn is related to other 
complications such as acute respiratory distress syndrome 
(ARDS), pneumonia, respiratory failure, septic shock, organ 
failure, and potentially death.11,13,79

Likewise, in rhesus macaques, experimental infection by the 
SARS-CoV-2 virus promotes a rapid and transient change 
in innate immune responses and an increase in the number of 
auxiliary follicular CD4 T cells in peripheral blood.34 The pattern 
is similar to that of humans with regard to humoral and cellular 
immune responses, as assessed by the serologic profile and pro-
duction of cytokines (MIP1β and IFNγ), respectively (Figure 1).12 
Vaccine trials in rhesus monkeys showed the induction of high 
levels of neutralizing activity and Th1 responses with low to 
undetectable Th2 responses, as also occurs in humans.14

ACE-2 and TMPRSS2 Receptors in  
SARS-COV-2 Infection

Acute respiratory infections are responsible for the high rate 
of human and animal mortality and morbidity associated with 
viruses of the Coronaviridae family. The presence of the viral 
receptor in the host is a key determinant for infection by the 
virus.37 Since the 2002 emergence of the SARS-CoV-1 virus, 
numerous studies on the pathogenesis of acute respiratory syn-
drome (SARS) have revealed that infection with this coronavirus 
begins through the binding of protein S (spike) to the ACE-2 
receptor (Figure 2). The ACE-2 receptor is a multifunctional 
peptide that facilitates the entry of the SARS-COV-2 virus into 
cell membranes and functions as a key receptor for infection.45
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The ACE-2 enzyme is widely found on the surface of the 
endothelium of several cell types in kidneys, intestines, heart, 
and lungs, with the latter being the most dominant site (type 
II alveolar cells).45 The expression of ACE-2 in the heart occurs 
through excessive activation of the renin-angiotensin system 
(RAS). Hypertension, congestive heart failure, and athero-
sclerosis are examples of pathologies that lead to stimulation 
of ACE-2.37 Less markedly, Serine Protease Transmembrane 2 
(TMPRSS2) also has a role in infection with SARS-COV-2 virus. 
The TMPRSS2 (whose function is still unknown) is a cell surface 
protein expressed mainly by the endothelial cells of the respira-
tory (nasal and bronchial epithelia) and gastrointestinal tracts.58

Upon entering the body, SARS-CoV-2 binds through its S gly-
coprotein to its receptors (ACE-2 and TMPRSS2), which cleave 
protein S, allowing the virus to enter the cells. The cells then 
sequentially internalize the viral particle, fuse the membranes 
to release of the viral RNA, replicate and translate the viral 
RNA and, finally, synthesize and release new viral particles.58

For an animal to provide a model for a disease, the pathogen 
should be able to infect the animal using the same cellular recep-
tor that it uses in humans and then successfully replicate inside 
the host. The infection should also induce clinical symptoms 
that are similar to those of humans; sometimes mild symptoms 
are also of interest by providing information about immune 
responses against the pathogen.16

Like humans, many animal species have the ACE-2 enzyme, 
which induces a cascade of enzymatic and protein activation, 
regulating the renin-angiotensin system in specific organs of 
the body, and providing a receptor for SARS-CoV-2.37 Analyz-
ing the ACE-2 amino acid sequence in various animal species, 

including NHP, cats, dogs, ferrets, cattle, sheep, goats, pigs, 
horses, rodents, bats, etc., has verified that most species have 
similar sequences.37 With regard to NHP ACE-2, rhesus and 
cynomolgus (Macaca fascicularis) monkeys have the same amino 
acid sequence as humans, whereas this sequence differs in four 
specific amino acids in common marmosets (Calltithrix jacchus).38

Because the 12 key amino acid residues present in human 
ACE-2 are also present in ACE-2 of macaques,44 macaques 
are a close model system to humans, and therefore the choice 
of animal for vaccine testing against COVID-19. Studies 
with macaques have shown that they develop pulmonary 
infiltrates, which can be seen in radiographs, have high viral 
loads in swabs of nose and throat, and shed virus in the upper 
and lower respiratory tract.47,53 Taken together, the disease 
symptoms in rhesus macaques match with the milder symp-
toms of SARS-CoV-2 infection in humans. However, levels 
of the chemokines IL1ra, IL10, IL15, MCP-1, IL6, and TGFα 
are not significantly altered on days 1 and 3 after infection.47 
SARS-CoV-2 affects older people more severely than young 
ones; similarly, older macaques show higher viral loads in the 
nose and throat and prolonged viral shedding in the upper 
respiratory tract.53 Thus, the rhesus monkeys are considered 
a suitable model for vaccine efficacy studies, as they have im-
munologic and clinical responses similar to those of humans, 
providing an opportunity to study how monkeys protect 
themselves from coronavirus.16

Most candidate vaccines for COVID-19 have been produced 
to induce antibody responses against protein S, facilitate the 
binding of the antigen to the ACE-2 receptor, and thus trigger 
virus-cell-to-cell-membrane fusion.14 Studies with different 

Figure 1.  Immunopathogenesis of SARS-CoV-2 virus in an experimentally infected rhesus monkey (Macaca mulatta). Adapted from Chatterjee 
and colleagues (2020).13 Scheme created by BioRender - http://BioRender.com.

http://BioRender.com
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formulations of vaccines have already identified strong specific 
immune responses in NHP with high affinity for the ACE-2 re-
ceptor.14,32,66 In contrast, immunologic tests demonstrated that 
although elevated levels of the ACE-2 enzyme were found in the 
ciliated epithelium of the upper airways, marked expression of 
ACE-2 was not present in lungs infected with the SARS-CoV-2 
virus either in humans or NHP. This unexpected finding requires 
further examination.60

Clinical Manifestations of COVID-19 and  
Potential Coinfections in Humans and NHP
Human patients commonly infected with COVID-19 pre-

sent with fever, dry cough, tiredness, muscle pain, sore throat, 
headache, nasal congestion, conjunctivitis, loss of smell and 
taste, vomiting, diarrhea, and skin rashes. About 80% of con-
firmed SARS-CoV-2 infections have mild symptoms or are 
asymptomatic and most recover with no sequelae. About 15% 
of infections result in severe disease, requiring oxygen, and 5% 
are very serious infections that require assisted ventilation in 
a hospital environment. The most severe cases can progress to 
pneumonia, accompanied by severe respiratory failure, septice-
mia, organ failure, and progress to death. The signs of worsening 
of the disease can be sudden, appearing usually during the 
second week with shortness of breath, pain or pressure in the 
chest, blue tone in the fingers, and disturbances in speech and 
movement.70 Severe symptoms and mortality in humans are 
higher in people aged 60+ and thus has age-related pathology 
in humans. Older patients or those with comorbidities can de-
velop severe, progressive disease and unfavorable outcomes.74

NHP infected experimentally by the SARS-CoV virus develop 
milder symptoms than those seen in humans.57 On the first day 
of infection, the animals exhibit changes in their breathing pat-
tern, accompanied by a pulmonary infiltrate that remains for 
at least 1 wk. They may have mild or absent fever and weight 
loss,47,57 in addition to hematologic changes, such as leukocy-
tosis and neutrophilia (like humans), with a return to normal 
values ​​in a few days.57

To date, few natural COVID-19 infections have been reported 
in NHP. Three gorillas from the San Diego Zoo Safari Park, CA, 
USA, confirmed positive for SARS-CoV-2 in January 2021, were 
the first recorded cases of natural infection of the virus in NHP. 
After two of the gorillas in the social group developed a cough, 
COVID-19 infection was confirmed. Since then, the gorillas have 
been periodically monitored. Despite the careful protocols of the 
zoo, the transmission likely occurred through a staff member 
with an asymptomatic infection.64 The second report was at 
the Atlanta Zoo, GA, USA, where 13 gorillas tested positive for 
COVID-19, probably transmitted from a positive keeper with 
no clinical signs. In this case, the gorillas presented with runny 
nose, mild cough, and loss of appetite, but had no serious clinical 
consequences and recovered promptly.39 Thus, the main source 
of transmission to NHP has been from humans.57

During experimental infection, the genera Macaca and Cer-
copithecus, some species of Papio, and the neotropical species 
Callithrix jacchus showed signs of active infection, with variable 
clinical disease. Experimental studies on COVID-19 in NHP are 
still ongoing.24,75

Some infections can alter the host’s immune responses, and 
synergism with COVID-19 can contribute to a more severe 

Figure 2.  Mechanism of action and life cycle of the SARS-CoV-2 virus, with emphasis on the entry site into the cell membrane through the ACE-2 
and TMPRSS2 receptors. Adapted from Machhi and colleagues (2020)41 and Monteil and colleagues (2020).45 Scheme created by BioRender - 
http://BioRender.com.

http://BioRender.com
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clinical evolution.15 The coinfecting pathogens can be detected 
at variable intervals during the COVID-19 disease course 
and remain an important consideration in targeted treatment 
strategies for COVID-19 patients.33 In COVID-19 patients with 
Human Immunodeficiency Virus (HIV) coinfection, for instance, 
the lower level of CD4 + T lymphocyte counts caused by HIV 
infection can result in a relatively weak production of specific 
antibodies against SARS-CoV-2, which directly compromises the 
outcome of the COVID-19 disease.73 The immunologic impair-
ment caused by simian retroviruses requires the elimination 
of simian retroviruses from cells or animals used in COVID-19 
studies, as the results would be strongly confounded. However, 
much remains to be clarified about the immunologic interactions 
between HIV and SARS-CoV-2, and further studies are urgently 
required to resolve this lack of data.

Coinfection with Simian Immunodeficiency Virus (SIV) and 
SARS-CoV-2 can be studied as a model for HIV and COVID-19 
coinfections in humans. Experimental infections of COVID-19 
in NHP with latent microorganisms that have tropism for im-
mune cells or for the gastrointestinal and respiratory systems 
directly alter experimental results. Some studies suggest that 
HIV1 infection induces IFN-I, which may to some extent curtail 
the SARS-CoV-2 infection, thus leading to persistently unde-
tectable RNA.43  Also, a possible influence of HIV1-induced 
immune dysfunction on immune responses to and clearance of 
SARS-CoV-2, although HIV was not related directly to the oc-
currence of COVID-19.43 In addition, retroviral drugs routinely 
used to control HIV infection may help to prevent the infection 
by COVID-19.7,43 Therefore, despite the lack of a clear relation-
ship between HIV and COVID-19 in terms of susceptibility and 
disease evolution, and given the contradictions that still require 
resolution, screening for simian retroviruses is important to 
eliminate any possible confounding effects in NHP studies of 
COVID-19.

Simian retroviruses can interfere with vaccine responses 
to several viral pathogens in NHP.35 In general retroviruses 
infect cells that mediate the immune response, and a subset 
of these viruses impair immune function. Old World NHP are 
often infected with the Simian T-Lymphotropic Virus (STLV), a 
retrovirus closely related to human T-cell lymphotropic viruses 
(HTLV-1 and 2). Its cellular tropism included both lymphoid 
and nonlymphoid tissues. The infection is usually subclinical 
and long-lasting. Cases of generalized lymphadenopathy and 
splenomegaly are associated with this virus. Persistent lym-
phocytosis and atypical lymphocytes are observed in infected 
NHP, with cachexia, gastroenteritis and diarrhea secondary 
bacterial infections, weight loss, and episodes of anemia and 
lymphopenia.5,67 One report suggests that patients infected with 
HTLV are more vulnerable to signs and symptoms of COVID-19 
and can develop the most severe form of the disease; this could 
occur because HTLV causes dysregulation of CD4 and CD8 
T lymphocyte proliferation and an immune dysfunction that 
would predispose to severe cases of COVID-19 in association 
with HTLV.10

Simian Retrovirus type D (SRV/D) can cause morbidity and 
mortality in the genus Macaca, mainly affecting animals in a 
breeding group.35 Clinically, infection can result in a syndrome 
characterized by profound immunosuppression and death 
associated with opportunistic infections. Immunodeficiency 
is followed by generalized lymphadenopathy, splenomegaly, 
chronic diarrhea, progressive weight loss, fever, severe lym-
phocyte cell depletion, and hematologic abnormalities, such as 
anemia, leukopenia, and thrombocytopenia. The virus is also 
associated with neoplastic processes, such as cutaneous fibrosar-

comas and retroperitoneal fibromatosis, which is an exacerbated 
proliferation of fibrous tissue in the abdominal cavity.30

Simian Immunodeficiency Virus (SIV) is common in African 
monkeys, including Chlorocebus aethiops and Papio spp., which 
are usually asymptomatic carriers of the virus. SIV is not natu-
rally present in wild populations of Asian monkeys, but they 
can be experimentally infected with the virus. SIV therefore has 
a relatively low risk of natural infection, and continuous health 
screening for this pathogen is not necessary in rhesus macaques.6

Simian Foamy Virus (SFV) is a highly prevalent retrovirus 
in most species of NHP, approaching 100% prevalence in some 
populations. Although it is considered nonpathogenic, SFV 
is highly cytolytic and can interfere with studies that require 
the growth or maintenance of cell cultures.61 In this regard, 
SARS-CoV-2 research that uses simian cell lines49 may have 
compromised viral replication if cells are contaminated by SFV.

Concurrent coinfections in COVID-19 can also change the 
respiratory microbiome and thus stimulate immune cells to 
produce more severe inflammation.27 Among the most impor-
tant respiratory viruses in NHP, measles stands out as a highly 
infectious paramyxovirus of the genus Morbillivirus. Infection 
spreads rapidly, notably with profound consequences that can 
be fatal in marmosets.69 The disease causes immunosuppres-
sion with transient dysfunction of both humoral and cellular 
immune responses. Transmission occurs through aerosols and 
direct contact with surfaces. Animals develop maculopapular 
rashes, conjunctivitis, blepharitis, and malaise.26 Coronavirus 
and Measles morbillivirus have an evolutionary connection, as 
they share core proteins; coinfections with SARS-CoV-2 may 
generate genetic exchange and recombinant viruses.48

Other airway viral infections, such as influenza virus,29 could 
also confound COVID-19 research findings. Influenza virus 
and SARS-CoV-2 infections have highly similar respiratory 
symptoms, including high fever, cough, headache, and even 
pneumonia. Influenza coinfection can provoke COVID-19 
hyper-inflammatory states with higher incidence of acute car-
diac injury caused by the overexpression of ACE-2 induced by 
the high production of IFN.27

Another relevant respiratory disease is tuberculosis (TB). 
NHP are highly sensitive to TB and their most frequent pathogen 
is Mycobacterium tuberculosis. TB is common in captive apes, with a 
chronic or subacute course and an incubation period of 1 to 3 mo. 
Transmission occurs through contaminated food or contact 
with infected apes or humans, and it is the most important 
bacterial disease in NHP due to its ability to spread quickly. 
Symptoms include cough, progressive weight loss, alopecia, 
fatigue, weakness, pneumonia, prostration, and cachexia.20 
Because it is a highly communicable disease, all people who 
work directly with NHP must undergo periodic TB tests.3,31 
During a TB coinfection with COVID-19, the cytokine storm 
produced by COVID-19 may reactivate latent TB or exacerbate 
active TB. Lung damage caused by TB may also intensify disease 
severity due to SARS-CoV-2.15 Other respiratory bacteria can 
also compromise studies of experimental COVID-19 infection in 
NHP; these bacteria include Streptococcus pneumoniae, Bordetella 
bronchiseptica, Klebsiella pneumoniae, and Burkholderia pseudomallei 
(formerly Pseudomonas). Such bacteria should be investigated 
in endemic areas,6 as the association of SARS-CoV-2 with one 
of these bacterial agents can trigger fatal sepsis.27

Pneumonyssus simicola mites, which cause pulmonary aca-
riasis, are endemic in some regions of the world and common 
in macaques. Animals usually do not present clinical signs but 
may have episodes of cough. The diagnosis is usually made 
postmortem with the identification of cystic and granulomatous 
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lung lesions that can be confused with lesions from other infec-
tions (for example, TB).4,28 The presence of this lung mite must 
be evaluated in experiments with COVID-19, as lung lesions 
caused by the mite complicate understanding of the actual le-
sions caused by the coronavirus.

NHP can harbor enteric infectious agents that may be latent6 
and can alter gastrointestinal symptoms identified during the 
COVID-19 infection. A possible pathogenic reactivation and 
consequent digestive coinfection with such agents can similarly 
exacerbate symptoms that would be expected to occur only after 
SARS-Cov-2 infection. One report describes high gastrointesti-
nal ACE-2 mRNA that interacts strongly with SARS-CoV-2 in 
the gastrointestinal system, which has high microbial diversity 
and possible chances of immunosuppression and coinfections.27

Among the main agents that affect the gastrointestinal tract 
of NHP is hepatitis virus, especially hepatitis A (HAV) and 
B (HBV) viruses, which affect both humans and great apes;6 
transmission of natural HBV infection has been reported among 
wild populations of cynomolgus macaques.18 Hepatic compli-
cations associated with COVID-19 are particularly concerning 
for people with HBV coinfection and preexisting liver compli-
cations (for example, cirrhosis, liver failure, or hepatocellular 
carcinoma).27 One study suggests that the SARS-CoV-2 virus 
could lead to liver injury mainly by binding to the ACE-2 re-
ceptors on hepatocytes, causing an immune-mediated hepatic 
injury through activation of cytokine storm,2 and increasing 
alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and γ-glutamyl transferase (GGT) levels, with moderately 
elevated prothrombin time (PT). Therefore, extensive screening 
for hepatitis B infections in critical COVID-19 patients can be 
useful for disease progression analysis and effective treatment 
planning in patients with diagnostic indications of severely 
abnormal liver function.27

Other common gastrointestinal bacteria include campylo-
bacteriosis (Campylobacter jejuni), salmonellosis (Salmonella 
typhimurium/enteritidis), shigellosis (Shigella flexneri), and ye-
rsinioses (Yersinia enterocolitica/pseudotuberculosis). Infections 
are characterized by enterocolitis, fever, malaise, myalgia, 
abdominal pain, and fetid and watery diarrhea. Transmission 
occurs via the orofecal route, and animals can be asymptomatic 
carriers.6,56

Intestinal protozoa such as Entamoeba histolytica, Balantidium 
coli, and Giardia sp. can cause intermittent or severe diarrhea 
when present in high numbers, particularly in immunocom-
promised individuals.56,78 Intestinal helminths affecting various 
primate species include Strongyloides and Trichuris, which 
are easily detected and treated and cause no major health 
problems.6 Coinfection with a parasite appears to be associated 
with reduced severity of COVID-19, suggesting that immu-
nomodulatory responses caused by the parasite may silence the 
hyperinflammation associated with severe COVID-19 disease.68

Given this information, we emphasize the need to consider 
all agents that can cause signs in NPH that are similar to those 
of the SARS-Cov-2 virus, as such coinfections could confound 
data and its interpretation. On the other hand, such coinfections 
can be studied as a model for similar coinfections in humans.

NHP as a Model for Studying  COVID-19
Among several animal models with different biologic char-

acteristics that have been used to study the SARS-CoV-2 virus 
for its pathology, transmissibility, host responses to the virus, 
and tests for the efficacy of drugs and vaccines,46 NHP most 
closely resemble humans due to their phylogenetic similari-
ties.21 In addition, M. mulatta currently appears to be the most 

appropriate simian model for COVID-19 vaccine studies. The 
search for simian models is extremely important for elucidation 
of the pathogenesis of the virus and the development of the most 
effective intervention strategies against infection.23

Some species, such as rhesus monkeys, cynomolgus, green 
monkeys (Chlorocebus aethiops), and common marmosets have 
already shown susceptibility to the virus through experimental 
infections.25 These species experimentally infected by three 
strains of SARS-associated coronavirus (Urbani, PUMC-01, 
and HKU39849) and developed viral replication with symp-
toms including pneumonia in different degrees of severity 
depending on the physiologic characteristics of the infected 
species.22,24,33,42,54

Among the primate species that have shown susceptibility to 
infection, the best simian model may not yet have been identi-
fied because all species studied had viral replication in the lungs, 
virus shedding in respiratory secretions, and histopathologic 
changes similar to those seen in human infections.52 However, 
some studies indicate that responses to the viral infection that 
most resemble those of humans are most consistent in rhesus 
monkeys, suggesting that this is the most suitable of all NHP 
species tested to date.12,17,38,66,76

Marmosets (Callithrix jacchus) have potential as a model for 
investigating the pathogenesis of the SARS-CoV virus. One 
study24 reported that the infection caused pneumonia consist-
ing of mononuclear multifocal interstitial cells, accompanied by 
multinucleated cells, edema, and bronchiolitis. At necropsy, viral 
RNA was detected in tracheobronchial and myocardial lymph 
nodes, and inflammatory changes were observed in the liver, 
with marked multifocal lymphocytic hepatitis and necrosis of 
individual hepatocytes.24

Acute COVID-19 infection has been characterized in two 
Old World monkeys, M. mulatta and M. fascicularis, and in 
a New World species, C. jacchus. The infected NHP showed 
several clinical features of human COVID-19 (fever, weight 
loss, and pneumonia).38 Radiographic imaging revealed lung 
abnormalities in the form of nodules, masses, and interstitial 
patterns. Gross lesions of the lungs at necropsy matched the 
abnormal spots seen on chest radiographs taken right before 
necropsy. Severe histopathologic changes showed thickening 
of the pulmonary septum and the infiltration of inflammatory 
cells, diffuse hemorrhage and necrosis in the lungs, and inflam-
matory infiltration in the trachea and bronchus, especially in 
M. mulatta. Virus was detected in the lung tissues of the two 
macaque species but not in C. jacchus.38

Despite different susceptibilities in the Old and New World 
monkeys to SARS-CoV-2, M. mulatta species showed a more 
severe response to the virus than did the others, including 
higher levels of inflammatory cytokines and more pathologic 
changes in lung tissues. Its homology with humans in terms 
of the amino acid fragments of ACE-2 may give this species a 
greater degree of susceptibility to SARS-CoV-2.38

Three NHP, young rhesus, cynomolgus, and green mon-
keys analyzed in different laboratories, had high levels of 
viral replication in both upper and lower respiratory tracts 
between 7 and 14 d after infections, with pathologic features 
of viral pneumonia and variable induction of mild clinical 
disease.12,47,53 All research on experimental infection in NHP 
has produced only mild clinical disease, in contrast to the 
situation in humans.46 Like humans, older rhesus monkeys 
(> 15 y old) develop more severe disease than do younger 
ones (3 to 5 y old), with more active viral replication for 14 d 
after SARS-CoV-2 challenge. Old rhesus macaques exhibited 
diffuse severe interstitial thickened alveolar septum caused 
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by inflammation and edema.76 Another study reported that 
viral shedding in the upper respiratory tract was more  
prolonged in aged cynomolgus macaques (15 to 20 y of age) 
than in younger animals (4 to 5 y old).53 Elderly rhesus and 
cynomolgus monkeys secrete the virus through the nose and 
throat for longer periods than do younger individuals.52,76 
Higher viral loads were also seen in the lung tissue of elderly 
rhesus, and advanced age in rhesus monkeys was also associ-
ated with a higher incidence of radiologic and histopathologic 
changes.46 Such findings highlight the importance of including 
age as a factor in the selection criteria for experimental animals 
for therapeutic testing of severe stages of disease.

The imaging diagnosis of NHP infected by intrabronchial 
and aerosol exposure revealed radiographic chest abnormali-
ties within 2 d after infection; these tended to resolve within 
11 to 15 d after infection. Evidence of the spread of live virus 
was found in the respiratory and gastrointestinal tracts. Hema-
tologic changes were activation of T cells, mild lymphopenia, 
and neutrophilia.46

To date, the similarities that the NHP share with humans re-
lated to SARS-CoV-2 infection are as follows: i) viral replication 
in the upper and lower respiratory tract; ii) pneumonia with 
bilateral pulmonary involvement, focal edema, and inflam-
mation of the alveoli; iii) immunologic aspects linked to the 
presence of seroconversion, neutralizing antibody titers, marked 
proliferation of T cells and proinflammatory cytokines; and iv) 
a demographic profile characterized by a more severe clinical 
disease in older individuals.46

One study reported an expressive cellular response in NHP 
and robust protection against repeat exposure to the virus.
SARS-CoV-2 infection and reinfection in rhesus monkeys pre-
sent promising data, showing a natural induction of protective 
immunity.46 Such results support immunologic approaches 
for prevention and treatment of the infection.12,46 In rhesus 
macaques vaccinated with Adenovirus-vector-based vaccine 
(ChAdOx1 nCoV-19), viral load was significantly reduced in 
bronchoalveolar lavage fluid and lower respiratory tract tissue 
as compared with control animals, and vaccinated animals did 
not develop pneumonia.66 These data corroborate the state-
ment that clinical signs or severity of histopathologic changes 
improved with vaccination.65

The vaccines tested in NHP so far induced production of 
neutralizing antibodies, especially in rhesus monkeys, suggest 
that such immunogens promote protection.32 Inactivated and 
live virus vaccines (produced from ChAndeno virus S ptn, Ad 
26 virus S ptn, DNA S ptn, mRNA S ptn, Recombinat S ptn, 
and S ptn-like particles) have already been tested in rhesus 
monkeys.32 Vaccination resulted in reductions in viral replica-
tion in the lower respiratory tract and, to a lesser extent, in the 
upper tract after challenge with SARS-CoV-2, indicating that 
these vaccines may more effectively block disease at the level 
of the lower respiratory tract.

Health Monitoring and Surveillance for  
COVID-19 in NHPs

Because possible endemic agents may interfere with the 
interpretation of research results in NHP, health monitoring 
programs are essential tools for outlining strategies and pro-
cedures for screening for microorganisms.6,35 A multitude of 
infectious agents (including viruses, bacteria, parasites, and 
fungi) can interact with the SARS-CoV-2 virus to alter molecular 
pathogenesis. This pathogenic interaction underlies the molecu-
lar mechanisms that lead to the severe disease of critically ill 

patients with COVID-19. The interactions of multiple pathogens 
(especially lung organisms), SARS-CoV-2, and the host are 
important factors that complicate the accurate diagnosis, treat-
ment, and prognosis of COVID-19, and even leads to increased 
mortality. Simultaneously, coinfecting microbiota may use new 
strategies to escape host defense mechanisms by altering both 
innate and adaptive immune responses to further aggravate 
SARS-CoV-2 pathogenesis.27

In this regard, based on our experience with the use of NHP 
for biomedical research, we propose that when selecting NHP 
for research, the animals should be removed from their respec-
tive family groups and transferred to an isolation area while 
still in the breeding unit for adaptation to individual cages and 
performing the necessary clinical and laboratory tests before 
the start of the study. Once animals are ready for the study, 
they are transferred to different animal rooms for acclimation 
and modified handling. Although they continue to receive all 
necessary care, they inevitably become stressed in face of the 
new environment. The initial confinement stress can trigger 
changes in an individual’s homeostasis, resulting in abnormal 
clinical conditions due to immunodepression.5 After adaptation 
to the new housing conditions (usually between 30 to 45 d), 
biologic parameters tend to normalize and the proposed study 
can begin.5 However, if the animal has a latent infection that was 
not detected during study screening, a pathogenic reactivation 
may occur during the period of immunodepression.35

To develop any biomedical study on infectious diseases, the 
study director must confirm the health status of the selected 
animals, with health certifications validated by the responsible 
veterinarian and laboratory reports. Five classifications of un-
desirable agents to the scientific protocols must be researched 
and animals excluded from the experiment upon their detection: 
A) pathogenic agent: infections that cause clinical disease and 
mortality in immunocompetent animals; B) opportunistic agent: 
present in the environment or as part of the normal commensal 
flora with no clinical disease, but becomes pathogenic under 
certain conditions, acting synergistically with other infections; 
C) interfering agent: ability to interfere in outcomes or inter-
pretation of scientific protocols; D) zoonotic agent: naturally 
transmitted between vertebrate animals and humans; E) an-
throponotic agent: can be transmitted from humans to animals.6

Analysis of the health conditions must be based on these 
categories of agents, including the simian pathogens recom-
mended by FELASA.6 Screening these pathogens should be 
part of a program of periodic health monitoring of an animal 
population, as well as a component of animals being considered 
for experimental infection with SARS-Cov-2. Thus, in addition 
to SARS-CoV-2 virus,6 a detailed screening of other relevant 
infectious agents must be conducted and repeated when neces-
sary, depending on the time and course of the experiment for an 
appropriate follow-up of the results. Because the topic of this 
manuscript is possible pathophysiologic changes resulting from 
coinfection by the SARS-CoV-2 virus and other microorgan-
isms, we included the main agents whose clinical, hematologic, 
biochemical, and immunologic changes, when present, could 
exacerbate the course of the coronavirus infection and cause 
misinterpretation of clinical diagnoses.

After certifying that the preselected animals are COVID-19 
negative, they should undergo two selection phases. The first 
is the clinical evaluation phase in which a medical physical is 
performed, including weighing, body palpation, temperature 
measurement, heart and respiratory rate, oral evaluation, 
clinical examination in general, and deworming. The clinical 
analysis should include general clinical parameters (complete 
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hemogram and blood plasma or serum biochemistry) and assess 
factors that are compromised by the SARS-CoV-2 virus. Animals 
with changes that are consistent with the SARS-CoV-2 virus 
infection, such as leukocytosis, lymphopenia, high erythrocyte 
sedimentation rate (ESR), thrombocytopenia, D dimer elevation, 
decreased albumin, increased bilirubin, increased creatinine, 
high C reactive protein, and high lactate dehydrogenase 
(LDH),41 must be excluded from the study. Imaging, including 
radiology and ultrasound, and if possible, tomography, can 
provide a diagnostic assessment of possible changes that may 
be mistaken for COVID-19. This first phase of clinical evaluation 
lasts 1 mo, which is the time needed for the animal to adapt to 
the first isolation area after leaving the social group. The second 
screening phase is examination for pathogens (viruses, bacteria, 
and parasites), including those that commonly affect the animals 
(recommended by FELASA)6 and those considered endemic in 
the evaluated region.3,6

The health history of individual animals should also be 
considered, based on the annual or biannual health monitor-
ing program. Historical data are of paramount importance 
in choosing additional pathogens to be investigated during 
screening. Two different techniques should be used to confirm 
the diagnosis, usually serologic and molecular in the case of 
viruses and culture for enteric and respiratory bacteria. In 
the case of TB, both a tuberculin test and a molecular test 
should be done. An examination for intestinal parasites and 

of a blood smear for hematozoa should also be performed. 
Animals with positive or indeterminate findings should be 
excluded from the study, and negative animals selected to 
continue (Figure 3).3,5,6

In addition to the possible confounding coinfections already 
discussed throughout this text, macaques are susceptible to 
changes caused by Cercopithecine herpesvirus 1 (Herpes B virus). 
Herpes B virus is the zoonotic virus of greatest concern for those 
working with macaques, as the virus can be fatal in humans.62 
Infection is transmitted via bites, scratches, sexual contact, or 
contact between saliva and other body fluids of an infected 
animal. Viremia is intermittent and does not always coincide 
with symptoms. The most prevalent clinical signs in macaques 
are vesicular lesions in the oral cavity. Like other herpesviruses, 
B virus exhibits latency, particularly in the trigeminal ganglion, 
which leads to lifelong infection and quiescence for extended 
periods. During these periods, antibody titers may decrease be-
low the detection limits of serologic assays. Titers may rise again 
periodically, especially under ‘stress’ or immunosuppression.6 
Immunocompetent human patients may undergo reactivation of 
the herpes zoster virus due to the pathogenic process associated 
with SARS-CoV-2 virus. The interaction of herpes zoster virus 
and SARS-CoV-2 could result in trigeminal neuropathy.19

Opportunistic infections that normally arise from other 
unexpectedly reactivated agents1 should also be screened, in-
cluding cytomegalovirus, Epstein-Barr virus, rotavirus, SV40, 

Figure 3.  Pre-experiment screening recommendations for COVID-19 studies in nonhuman primates. STLV: Simian T-Lymphotropic Virus; 
SRV/D: Simian Retrovirus type D; SIV: Simian Immunodeficiency Virus; SFV: Simian Foamy Virus; BV: Herpesvirus B; HAV: Hepatitis A virus; 
HBV: Hepatitis B Virus; FLU: Influenza virus. TB: Tuberculosis. Selection of animals is divided into the clinical and pathogen research phases. 
Animals with positive (+) and indeterminate (?) results are excluded from the study, while negative are selected. Viral panel includes serol-
ogy and confirmation with molecular tests. Tuberculosis (TB) history in the animal husbandry requires association of tests. Pathogens were 
highlighted according to the FELASA recommendations,6 alerting endemics in the region and pathogens included in the health history of the 
scientific animal creation. Other clinical tests and pathogens based on each experimental protocol should be considered. Scheme created by 
BioRender - http://BioRender.com.

http://BioRender.com
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candidiasis, cryptosporidiosis, histoplasmosis, toxoplasmosis, 
and aspergillosis.5,6 Personnel should be aware of studies on 
immunosuppressive therapy against severe cases of COVID-19, 
as these agents increase the risk of opportunistic infections.1

Finally, infectious diseases carried by vectors are prevented 
through a program to isolate NHP from wild animals, especially 
rodents, insects, and birds.3,6 Stainless steel mosquito net screens 
are an effective method to prevent the entry of arboviruses (for 

Figure 4.  Pathophysiological changes caused by the SARS-CoV-2 virus and coinfections with other simian pathogens, possible mechanisms of 
coinfections and outcomes in COVID-19 studies with the primate model. aRespiratory bacteria: Streptococcus pneumoniae, Bordetella bronchiseptica, 
Klebsiella pneumoniae and Burkholderia pseudomallei; bVector-borne infections: arboviruses, such as dengue, yellow fever, zika virus and chikungunya; 
cGastrointestinal bacteria: Campylobacter, Salmonella, Shigella, Yersinia; dIntestinal parasites: Entamoeba histolytica, Balantidium coli, Giardia 
sp., Strongyloides, Trichuris; eOpportunistic agents: herpesviruses (that is cytomegalovirus, epstein-barr virus), rotavirus, SV40, candidiasis, 
cryptosporidiosis, histoplasmosis, toxoplasmosis, candidiasis, aspergillosis, gastrointestinal agents, respiratory agents.
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example, dengue, yellow fever, zika virus, and chikungunya).3 
A coinfection of arboviruses with SARS-Cov-2 could lead to 
greater symptom severity,77 especially due to lower leukocyte, 
neutrophil, lymphocyte, and platelet counts, which could con-
tribute to higher mortality.55

The pathophysiologic changes that occur with SARS-CoV-2 
and coinfection with other simian pathogens are summarized 
in Figure 4. Coinfection may require a differential diagnosis 
and alter outcomes in COVID-19 studies in NHP. All the co-
infections discussed above are based on reported histories of 
interference with results from research studying pathogens 
other than COVID-19. The concerns and hypothetical specifica-
tions raised relate to particular pathogens due to their clinical 
and immunologic similarities to SARS-Cov-2 virus, their high 
virulence and destructive features, or their zoonotic potential. 
Respiratory viruses and bacterial infections warrant particu-
lar consideration due to their SARS-Cov-2-like transmission 
characteristics and clinical manifestations which can cause 
more serious disease than any single agent.40,49 For example, 
STLV-infected NHP have high background levels in cellular 
immunity assays as compared with other simian pathogens,35 
which can invalidate the entire experimental design of a 
study. Equally important are coinfections with vector-borne 
infections, especially Flaviviridae, because they have clinical 
symptoms and laboratory findings that are difficult to distin-
guish from COVID-19.8

We strongly propose to expand the screening protocol for 
COVID-19 studies in NHP from the SARS-CoV-2 virus test and 
pathogens recommended by FELASA6 to include agents that 
occur in endemic areas (especially the vector-borne infections), 
pathogens identified in the health history of individual animals, 
and tests for respiratory agents such as influenza virus,28 Strep-
tococcus pneumoniae, and Bordetella bronchiseptica (Figure 3). The 
final experimental design should include both test frequency 
and the number of NHP in the study based on the specifics of the 
protocol and approval or licensing by relevant laws or policies 
related to ethics in the use of animals in research.

To protect the health of NHP, breeding animals should be 
guarded against any contact with viral agents. Although some 
data support claims that NHP are susceptible to the SARS-CoV-2 
virus, their role in maintaining the virus in the environment is 
unknown.57 The virus has undergone several mutations since it 
was first identified in late 2019, becoming increasingly virulent 
or contagious and able to adapt to new hosts. Research shows 
that initially, the virus had been mutating at a rate of about 1 
to 2 mutations per month. However, some newer variants have 
accumulated significantly more mutations in shorter intervals, 
causing worldwide concern.9

Professionals working with NHP, whether for research or 
species preservation, including national parks, zoos, and other 
places that receive visitors, must restrict access during critical 
pandemic periods57 due to the high number of individuals 
with asymptomatic infections.23,57 To protect animals from this 
vulnerability, the California National Primate Research Center 
(CNPRC), CA initiated a health surveillance program to deter-
mine the SARS-CoV-2 viral status of its NHP population. The 
program involved policies such as: i) reduction in access to the 
CNPRC; ii) reduced operations, limiting interindividual contact 
(human to animal, human to human, animal to animal); iii) 
adequate use of personal protective equipment; iv) distancing 
between people; and v) establishing a surveillance program for 
humans who deal directly with animals. People who tested posi-
tive were barred from access. At the same time, biologic samples 
(nasal and oropharyngeal swabs, 1 g of feces, and 5 mL of whole 

blood without anticoagulant) were collected weekly from 10% of 
the population of rhesus monkeys for validated detection tests 
of the SARS-CoV-2 virus by RT-PCR and ELISA. Special barrier 
rooms were used to house animals that were removed from both 
the SPF and the conventional non-SPF colonies to identify them 
as uninfected and appropriate SARS-CoV-2 inoculation studies 
in biosafety level 3 conditions (BSL-3).75

Other primate centers worldwide have also been initiating 
efforts to protect NHP from possible unexpected exposure, 
establish techniques for collection, storage, and transport of 
biologic samples, and develop laboratory tests and biosafety 
protocols in accordance with the technical guidelines of the 
World Health Organization and pertinent legislation of each 
country.71,72 For conduct of technical activities with animals, 
different institutions adopt recommended prophylactic meas-
ures by rotating employees, adjusting routines according to 
the needs of each job, and always avoiding crowded groups. 
Furthermore, periodic examinations of staff must be required 
to detect new infections.72
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