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Respiratory pathogens represent a great burden for humanity and a potential source of new pandemics, as
illustrated by the recent emergence of coronavirus disease 2019 (COVID-19). In recent decades, biotechnological
advances have led to the development of numerous innovative therapeutic molecules and vaccine immunogens.
However, we still lack effective treatments and vaccines against many respiratory pathogens. More than ever,
there is a need for a fast, predictive, preclinical pipeline, to keep pace with emerging diseases. Animal models are

key for the preclinical development of disease management strategies. The predictive value of these models
depends on their ability to reproduce the features of the human disease, the mode of transmission of the in-
fectious agent and the availability of technologies for monitoring infection. This review focuses on the use of non-
human primates as relevant preclinical models for the development of prevention and treatment for human

respiratory infections.

1. Introduction

Lower respiratory tract infections (LRTI) are the fourth leading cause
of death worldwide, and tuberculosis and acute LRTI are the two most
common causes of severe illness and death (WHO, 2020). Respiratory
pathogens have been extensively studied in various animal models,
leading to the development of a number of effective vaccines and
treatments. Common pathogens, such as influenza viruses, continue to
circulate in human populations and between animals and humans,
resulting in yearly epidemic waves in the absence of broadly protective
(“universal™) vaccines. The recent coronavirus outbreak has highlighted
the need for improvements in our understanding of the immune system
of the respiratory tract (RT), to facilitate the development of vaccines
and treatments for immune disorders associated with severe acute res-
piratory distress. More than ever, we need to accelerate the development
of new preventive or therapeutic strategies, and animal models are key
to tackle this challenge. Mouse models have many advantages, as mice
reproduce rapidly and require limited resources in experimental
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settings, even if high levels of biosafety containment are required.
Furthermore, many tools are available for exploring their immune
functions and pathogenesis. These models are, thus, highly valuable for
improving our understanding of the basic molecular and cellular
mechanisms of host/pathogen interactions. However, they are also
subject to a number of limitations for studies of human infections and of
the countermeasures envisaged (Masopust et al., 2017). Mice are
phylogenetically distant from humans and often lack the appropriate
receptors for the entry and dissemination of human pathogens. The
mechanisms of innate and adaptive immunity also differ significantly
between mice and humans. Syrian hamsters and ferrets (Gretebeck and
Subbarao, 2015; van den Brand et al., 2014) are frequently used as
models for respiratory infections because the mode of transmission of
the infectious agent and the resulting pathogenesis in these animals
more closely resemble the features of human respiratory infections.
However, very few tools are available for exploring the host factors
associated with disease susceptibility in these animals, or for charac-
terizing the immune effectors underlying protective immunity. In many
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respects, non-human primates (NHPs) appear to constitute a particularly
relevant preclinical model for respiratory infectious diseases, because
pathogenesis in NHPs more closely resembles that in human patients,
and because treatments found to be effective in NHPs can more easily be
translated into clinical practice for humans (Bluemel, 2015). Apes, and
chimpanzees in particular, were historically used as research models for
studies of infectious diseases. However, for ethical and conservation
reasons, their use is no longer permitted in many countries, or they must
be used only in strictly controlled studies confined to a very small
number of research areas in which no alternative is available (NEAVS,
2021; NIH, 2015). Most of the biomedical research performed on NHPs
these days involves species such as macaques, baboons, marmosets, and
African green monkeys (AGM). The use of NHPs for research purposes
requires highly specific facilities and specialized staff. Despite the high
cost of studies in NHPs, these animals are still widely used in studies of
pathogenesis, preclinical studies of prophylaxis, and treatment trials. In
this review, we summarize the key features of NHP use for translational
research on human respiratory infections. Below, we address the
comparative anatomy, physiology and immunology of NHPs relative to
humans, and the contribution of NHP studies to improving our under-
standing of the pathophysiology of respiratory infections. We then focus
on new technologies that will improve this preclinical model for both the
modeling of pathogen exposure and the development of in vivo imaging.

2. Comparative anatomy and physiology of the respiratory
tracts of non-human primates and humans

We will first present a short description of the anatomy and physi-
ology of NHP airways, comparing them to those of humans, and will
then focus on the principal immunological features for investigation in
pathophysiological studies, as described by Miller et al. (2017).

2.1. Anatomy of the airways and lungs

The RT is divided into the upper respiratory tract (URT; the nose,
nasal cavity, pharynx) and the lower respiratory tract (LRT; larynx,
trachea, bronchi and lungs). The structure and organization of the air-
ways (trachea and bronchi) are probably the source of the largest dif-
ferences in RT anatomy between mammals. More detailed reviews on
comparative RT anatomy between mammals are available elsewhere
(Patra, 1986). NHPs are the mammalian species used in research with
the most similar airway anatomy to humans (Harkema, 1991). Both
humans and NHP species breathe via both the nose and mouth, whereas
rodents breathe via the nose only. Both humans and NHPs have far
fewer, more basic turbinates in the nasal cavity than rodents, carnivores
and pigs, indicating a relatively similar spatial distribution of epithelial
cells (Harkema, 1991; Parent, 2015). In addition, the segmentation of
the tracheobronchial tree in humans and NHPs is also similar, with a
dichotomous airway organization, contrasting with the monopodial
anatomy observed in rodents and pigs (Judge et al., 2014; Parent, 2015).
This organization delineates a clear separation between the lung lobes,
with laboratory NHPs having lungs consisting of two left lobes and four
right lobes (Plopper and Harkema, 2005). The right accessory lobe of
these animals is not present in humans and great apes, and constitutes
the major difference between these groups. The bronchus of NHPs, like
that of humans, separates into several intrapulmonary bronchi, followed
by terminal bronchioles, leading to the acini (Parent, 2015; Patra,
1986). There are several histological similarities between NHPs and
humans. In both, the cartilage extends to the proximal intrapulmonary
bronchus, and smooth muscles remain abundant until the terminal
bronchioles (Parent, 2015). This feature plays an important role in acute
and chronic lung infections, regulating airway caliber and ventilation in
response to inflammation. Mucosal ciliate cells and club cells, and the
intraepithelial distribution of nerves in the bronchus are also similar in
NHPs and humans, suggesting a similar mode of operation of the
mucociliary escalator (Castleman et al., 1975). Thus, the anatomy and

148

Molecular Immunology 135 (2021) 147-164

histology of the RT of NHPs closely resemble those of humans, making
NHPs unique models in terms of both lesion organization and the local
response to pathogens.

2.2. Physiology of the respiratory tract

The physiology of the respiratory tract also affects the pathophysi-
ological processes occurring during respiratory infections, and has been
studied in detail in NHPs. Evaluations of respiratory system function,
based on respiratory patterns, rate, tidal volume, and other parameters,
have been extensively used in NHPs for drug testing (Bluemel, 2015).
Minute ventilation (i.e. the product of tidal volume and respiratory rate),
the inspiratory/expiratory time ratio and mean inspiratory flow (tidal
volume/inspiratory time) are important parameters characterizing the
stimulation or depression of the respiratory system, and airway
obstruction (Remmers, 1976). In addition to these ventilator parame-
ters, airway patency and elastic recoil of the lung can be evaluated in
NHPs by measuring airway resistance and lung compliance, respec-
tively. Indeed, several underlying pathophysiological mechanisms may
alter lung compliance and airway resistance, which is particularly high
in cases of bronchoconstriction, edema, or epithelial hyperplasia (Hogg,
2004).

Several technical approaches have been developed for evaluating
respiratory parameters in anesthetized and conscious NHPs, as exten-
sively reviewed elsewhere (Bluemel, 2015). The relevance of these ap-
proaches, which were initially developed for drug evaluation, in
translational research lies in the use of methods similar to those devel-
oped in clinical settings. Plethysmography is widely used for the eval-
uation of lung function in patients, providing data for various
parameters, including residual volume, airway resistance and total lung
capacity (Criée et al., 2011). Head-out plethysmography has been
adapted for use in BSL3 laboratories, making it possible to explore the
impact of Yersinia pestis or Mycobacterium tuberculosis (Mtb) infections in
macaques (Obot Akata et al., 2007; Sharpe et al., 2017). Forced oscill-
ometry has been used in conscious and anesthetized cynomolgus ma-
caques (CM) (Bassett et al., 2014). This non-invasive approach has been
successfully used in humans, for obstructive lung diseases (Ram et al.,
2019). This technology provides a good example of the tools available
for NHP studies, making this animal model an excellent choice for drug
safety assessments and for exploring the role of small airways in respi-
ratory infections.

3. Key immune effectors in the NHP lung

The anatomy and physiology of the respiratory tract must be taken
into account when designing the exposure model and monitoring the
clinical symptoms occurring during the course of respiratory infection.
However, the key parameters in pathophysiological studies are those of
the immune system. Indeed, the RT is continually exposed to aerosols,
particles, microbiota, and invading pathogens.

The immune system operates in strategic areas, and local lymphoid
tissues are associated with the mucosae (nasopharynx-associated
lymphoid tissue or NALT, bronchus-associated lymphoid tissue or BALT)
and distant sites, such as the cervical and mediastinal lymph nodes.
NALT and BALT are mucosa-associated lymphoid tissues (MALT) and
can be classified on the basis of function as inductive and effector sites.
Inductive sites consist of secondary lymphoid tissue (follicles and T-cell
zones), whereas effector sites consist of immune cells (mostly CD4T T
cells, IgA-producing plasma cells, dendritic cells (DC) and macrophages)
disseminated across the mucosae (Cesta, 2006). NALT displays a similar
organization in humans and NHPs. The NALT inductive sites consist of
Waldeyer’s rings: two tonsil palatines, two tubal tonsils, adenoid and
lingual tonsils (Casadei and Salinas, 2019). Tonsils are secondary
lymphoid organs covered by an epithelium, forming cryptic structures
and containing follicles, M cells, lymphocytes, DC, macrophages, and
some neutrophils. Rodents lack Waldeyer’s rings and have NALT only in
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the caudoventral portions of the nasal cavities, at the entrance to the
nasopharyngeal duct (Casadei and Salinas, 2019). These structures in
the nasal cavities are also present in NHPs and humans. BALT also varies
considerably between species, being absent from dogs, cats and Syrian
hamsters. In humans and NHPs, BALT is randomly distributed in the
bronchial airways, and preferentially localized at the bronchial tree
bifurcation (Cesta, 2006).

NHPs are, thus, the closest species to human in terms of lung struc-
ture and physiology, but also in terms of immune system localization
and composition. As explained below, this close resemblance also
translates into similar susceptibilities to respiratory pathogens and
similar pathophysiological features in cases of infection.

4. Role of NHPs in the modeling of respiratory tract infections

Not only do NHPs display anatomical, physiological and immuno-
logical similarities to humans, but they also present similar symptoms to
humans when infected with various pathogens. Some of the findings
detailed in the following paragraphs have been reviewed elsewhere
(Miller et al. (2017)) but advances necessitate an update, particularly for
coronaviruses.

4.1. Influenza viruses

Influenza or flu is a contagious respiratory disease caused by mem-
bers of the Orthomyxoviridae family. It may be seasonal, with severe
cases occurring mostly in children < 5 years old, pregnant women and
adults > 65 years old (Thompson et al., 2003), or pandemic, as in the
1918 and 2009 pandemics caused by HIN1 strains and resulting in
unusually high mortality rates among young people (Simonsen et al.,
1998; Van Kerkhove et al., 2013). Highly pathogenic HSN1 avian strains
with high mortality rates have also been emerging since 2003 (WHO,
2018a).

Uncomplicated influenza is characterized by an acute onset of URT
signs and symptoms, such as fever, myalgia, headache, lethargy,
anorexia, non-productive cough, sore throat, and rhinitis, lasting for one
to two weeks. In elderly or fragile patients, pulmonary complications
may occur, including primary viral pneumonia and secondary bacterial
pneumonia, acute respiratory distress syndrome (ARDS), shock, and
even death (CDC, 2019). Infections with avian strains, such as the H5N1,
can cause similarly severe symptoms in young, healthy patients.
Gastrointestinal symptoms and conjunctivitis have been reported in
H5N1 and H7 infections, respectively (WHO, 2018a; Yu et al., 2008).
Antibodies are generated against various viral proteins, but mostly
against HA and NA, both of which are subject to antigenic drift and
antigenic shift. CD8" effector T-cell responses are directed principally
against the most conserved proteins, i.e. the NP, M and P1 proteins
(Boon et al., 2002; Wang et al., 2007), but viral escape may nevertheless
occur (Berkhoff et al., 2007).

A new vaccine is formulated each year, in accordance with WHO
recommendations. It contains the four strains considered to be the most
likely to circulate in the year concerned. These vaccines can provide
70-90% protection against symptoms caused by the vaccine strains, but
a “universal vaccine” with broad protective efficacy would be required
to improve the control of emerging seasonal variants. Antiviral treat-
ments are available, but with a narrow window of use (Shie and Fang,
2019).

Small-animal models are widely used to study influenza viruses.
Ferrets, guinea pigs, hamsters and cotton rats are naturally susceptible
to infection with human influenza virus strains. Other species, such as
mice, can be infected only after adaptation of the human virus. How-
ever, influenza disease in these species is clinically unapparent, and
symptoms cannot, therefore, be used to assess the progression of infec-
tion or disease control with antiviral drugs or vaccines in preclinical
trials (Bouvier and Lowen, 2010).

Non-human primates are susceptible to infection with a number of
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human influenza A isolates, including viruses of the H3N2, H5N1 and
HIN1 subtypes (Bouvier and Lowen, 2010). Some studies have also
highlighted the susceptibility of CM to influenza B strains (Davis et al.,
2015; Kitano et al., 2010, 2011). The first reports of naturally occurring
infections in wild or captive monkeys emerged in 1919 (Davis et al.,
2015). In experimental settings, all the tested species shed the virus and
almost all developed symptoms. Various species have since been used
for trials of vaccination and antiviral drugs. Most of these studies were
performed on RM and CM, but some studies have also been performed
on baboons (Heberling and Kalter, 1970), squirrel monkeys (Scott et al.,
1978; Stephen et al., 1977) and pig-tailed macaques (Baskin et al., 2007;
Jegaskanda et al., 2013).

As in humans, the infection of RM and CM is characterized by a
biphasic fever and various symptoms, depending on the route of
experimental exposure, strain and dose; these species are, therefore,
highly suitable for use in drug and vaccine evaluation (Arikata et al.,
2012; Davis et al., 2015; Margine and Krammer, 2014). RM and CM may
display viral shedding in both the URT and the LRT, the depletion of
alveolar macrophages, severe symptoms of ARDS (Wonderlich et al.,
2017), bronchointerstitial pneumonia, peribronchiolar alveolitis,
edema, and hemorrhage (Cilloniz et al., 2009), due to widespread
alveolar epithelial cell death (Watanabe et al., 2018).

The importance of the challenge route has been clearly demon-
strated. In RM, infection has never been successfully established via the
IN instillation of influenza virus, but aerosol or IT delivery causes
infection, with clinical symptoms (including listlessness and lethargy,
facial flushing, and conjunctival injection), leukopenia (Berendt, 1974)
and seroconversion, resulting in protection against repeated challenge
(Saslaw et al., 1946). It has been suggested that symptom variability is
related to strain virulence. The use of combinations of the IN and IT
routes, frequently associated with the ocular and conjunctival routes,
has become the norm (Davis et al., 2015). Recent studies have also
shown that aerosols of H5N1 or H1H1 induce fewer symptoms and
weaker immune responses than combined IN + IT exposure in CM
(Mooij et al., 2020, 2021).

Thus, the long history of influenza studies in NHPs reflects the
changes over time in the species used in laboratories, and in the expo-
sure techniques used for airborne pathogens in studies performed in vivo.

4.2. Coronaviruses

Coronaviruses constitute another vast family of respiratory viruses
that have been studied for decades. They were identified as responsible
for common colds in humans in the 1960s (McIntosh et al., 1967) and
have become a matter of major concern since the SARS (severe acute
respiratory syndrome) and MERS (Middle East respiratory syndrome)
coronavirus outbreaks in 2002 and 2012, respectively, and the emer-
gence of SARS-CoV-2 at the end of 2019.

An estimated 90 % of adults have serum antibodies against HCoV-
229E, HCoV—-0C43, HCoV-NL63, and HCoV-HKU1 (Gorse et al., 2010;
MclIntosh and Perlman, 2015), which are thought to be responsible for
~15 % of common colds (Fouchier et al., 2004; van der Hoek et al.,
2004; Woo et al., 2005). By early 2021, SARS-CoV-2 had already
infected over 100,000,000 people, with an estimated mortality of ~2 %,
contrasting with SARS-CoV and MERS-CoV, the circulation of which was
limited during their respective outbreaks, as indicated by the number of
cases (~8100 and 2,500, respectively), although they were associated
with higher mortality (~10 and ~35 %, respectively) (Peiris et al., 2004;
WHO, 2021; Zaki et al., 2012).

The common cold-associated strains induce only mild symptoms,
and replicate in the nasopharynx. The SARS and MERS viruses were
found to replicate in the LRT, inducing severe pneumonia, which can
progress to ARDS (Arabi et al., 2017; Gu and Korteweg, 2007; Puelles
et al., 2020). Immunopathology, rather than excessive viral replication,
appears to underlie severe clinical progression (Peiris et al., 2003).
Antibody titers have been shown to wane rapidly for common cold



J. Lemaitre et al.

strains and to be inversely correlated with disease severity for SARS- and
MERS-CoV. By contrast, cellular immunity appears to last longer for
SARS- and MERS-CoV (Sariol and Perlman, 2020). Other characteristic
traits of SARS and COVID-19 include the infiltration of lymphocytes,
neutrophils and macrophages into the alveoli and interstitium, epithelial
denudation (Nicholls et al., 2003; Zhou et al., 2020), vasculitis, lym-
phopenia, spleen and lymph node atrophy, and the presence of the virus
in the brain, spleen, and other tissues (Gu and Korteweg, 2007; Puelles
et al., 2020). There is also growing evidence of extrapulmonary mani-
festations in COVID-19 patients, including thrombotic complications,
acute kidney injury, hepatocellular injury and myocardial dysfunction
(Gupta et al., 2020).

Small-animal models have been used to study coronaviruses, but this
approach has major limitations (Munoz-Fontela et al., 2020). Mice are
susceptible to infection with SARS-CoV, but they do not display symp-
toms similar to those in humans (Roberts et al., 2005). For infection with
SARS-CoV-1 (McCray et al., 2007; Tseng et al., 2007), SARS-CoV-2 (Bao
et al., 2020; Sun et al., 2020) or MERS (Cockrell et al., 2016; Li et al.,
2017; Zhao et al., 2014), they must be humanized or infected with
adapted strains (Roberts et al., 2007). MERS can replicate in the lungs of
rabbits, which may display seroconversion, but with no symptoms or
manifestations of disease (Haagmans et al., 2015). Ferrets and Syrian
hamsters are highly susceptible to SARS-CoV-2 infection and are able to
transmit SARS-CoV-2 to other animals in the same housing, but ferrets
have low viral titers and few symptoms (Kim et al., 2020; Shi et al.,
2020), and older male hamsters have higher viral titers, slight weight
loss, moderate-to-severe lung disease and more severe symptoms (Chan
et al., 2020; Imai et al., 2020; Sia et al., 2020).

Common marmosets can be used as models for MERS and SARS, but
they appear to be relatively resistant to SARS-CoV-2 infection. They
develop lethal pneumonia following intratracheal (IT) exposure to
MERS-CoV, and this led to their use as models for drug evaluation (Chan
et al., 2015). A few studies have reported SARS and SARS-CoV-2 infec-
tion in marmosets exposed via the IT and/or IN routes (Lu et al., 2020).
All SARS-infected animals presented lesions, with viral RNA and in-
flammatory changes detected in the lung. Only one third of the mar-
mosets exposed to SARS-CoV-2 developed fever; viral RNA was detected
until day 14 in nasal, tracheal, and rectal swabs, and in blood. However,
no pneumonia was observed, no viral RNA was detected in other tissues,
and there was no seroconversion (Lu et al., 2020).

Both SARS-CoV-1 and -2 can replicated in the URT and LRT of AGMs,
with similar results obtained for both viruses (Cross et al., 2020; Hart-
man et al., 2020; McAuliffe et al., 2004; Woolsey et al., 2021). Lower
replication rates and milder lung disease were observed after exposure
via the IN route only than after the use of a combination of the IN and IT
routes (Cross et al., 2020; Woolsey et al., 2021). The monkeys developed
only mild clinical signs, if any, but presented signs of coagulopathy, high
liver enzyme levels, focal interstitial mononuclear infiltration in the
lungs, edema and macrophage infiltration. They rapidly developed
antibody responses that protected against rechallenge with the same
strain (McAuliffe et al., 2004; Woolsey et al., 2021).

Baboons were recently used in SARS-CoV-2 studies of age-related
susceptibility and in vaccination studies (Singh et al., 2021; Tian
et al., 2021). The virus replicates in the URT and LRT of these animals,
with prolonged viral RNA shedding. Old animals displayed stronger lung
inflammation than young animals, and significantly stronger inflam-
mation was observed in baboons than in RM, regardless of the age of the
animals studied (Singh et al., 2021).

RM and CM are the most frequently used NHP models studies of for
coronavirus disease and for the preclinical evaluation of therapeutic
agents (Maisonnasse et al., 2020; Williamson et al., 2020) and vaccines
(Brouwer et al., 2021; Corbett et al., 2020). CM and RM were the first
animal models used for studies of SARS (Fouchier et al., 2003) and
MERS (Munster et al., 2013), respectively. The doses of inoculum and
routes of inoculation are similar in all studies for all viruses, ranging
from 10° to 107 PFU/animal, mostly delivered via a combination of the
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IN and IT routes, and sometimes also via the oral and ocular routes.

RM exposed to MERS presented temporary, mild-to-moderate clin-
ical signs, viral RNA in the RT, infiltrations and interstitial labeling with
inflammatory markers, and on chest X-rays, during the first few days of
infection. Neutralizing antibodies (NAbs) were detected as early as 7 dpi
(De Wit et al., 2013; Munster et al., 2013; Yao et al., 2014). Similar
results were obtained for SARS-infected CM (Kuiken et al., 2003;
Osterhaus et al., 2004).

When infected with SARS-CoV-2 via the IN and/or IT routes, both CM
and RM present mild-to-moderate symptoms. Viral RNA is detectable
throughout the respiratory and gastrointestinal tract, and in other or-
gans (Chandrashekar et al., 2020; Deng et al., 2020a; Lu et al., 2020;
Munster et al., 2020; Shan et al., 2020), mimicking the infection
observed in most humans without comorbidity. The hallmarks of human
SARS-CoV-2 infection — pulmonary edema and diffuse interstitial
pneumonia — were observed on X-rays during these studies. In
comparative studies, old RM and CM suffered from more severe inter-
stitial pneumonia, with higher viral loads in the lungs and on rectal
swabs, and viral replication throughout the lung (Rockx et al., 2020). By
contrast, only the upper lobes of the lung appeared to be affected in
younger RM (Yu et al., 2020). Old RM also developed higher antibody
levels (Lu et al., 2020). However, no mortality was observed, even in the
geriatric groups (Rockx et al., 2020), contrasting with the severe sys-
temic responses observed in older macaques with SARS (Smits et al.,
2010). Upon reinfection, shortly after a first exposure, viral loads in the
RM were lower, according to analyses of BAL, nasopharyngeal swabs,
and rectal swabs, and no symptoms were observed (Chandrashekar
et al., 2020).

Various anti-SARS-CoV-2 vaccines have already been tested in RM
and CM, and have been shown to decrease genomic and subgenomic
RNA levels in nasal and/or tracheal swabs. In all studies, the animals
developed NAbs. Only one of these studies showed an increase in IgA
levels in the mucosal fluids (Brouwer et al., 2021). This finding is of
particular importance, given that mucosal antibodies appear to be the
most relevant for establishing the likelihood of reinfection (Habibi et al.,
2015; Singleton et al., 2003). Indeed, preclinical studies for SARS and
MERS highlighted the importance of IgA-driven immune responses and
of the localization of T cells to the RT, and vaccine candidates have been
shown to yield higher levels of protection following IN immunization
than after immunization via parenteral routes (Jia et al., 2019; Kim
et al., 2019; Zhao et al., 2016).

A vaccine-associated enhancement of respiratory disease (VAERD)
has been observed in vaccine trials performed on animal models of
SARS, including NHPs (Liu et al., 2019), and in mice immunized against
a human SARS-CoV isolate and challenged with a heterologous strain of
the virus (Deming et al., 2006).

Like influenza viruses, coronaviruses have been studied in various
NHP species. However, these viruses elicited little research interest until
the turn of the century, and research on coronaviruses has built largely
on previously acquired knowledge for influenza viruses. Age has also
been studied as a risk factor in NHPs infected with coronaviruses, as a
means of reproducing the risk factor associated with some comorbidities
in humans, but it did not seem to be associated with more severe disease
in SARS-CoV-2-infected NHPs. Other techniques will probably be
required to obtain a model of severe disease.

4.3. Respiratory syncytial virus

Human respiratory syncytial virus (hRSV) is another highly conta-
gious virus that can provoke acute respiratory illnesses. In healthy
adults, hRSV infection resembles the common cold (Hall et al., 2001),
but in infants, it is the principal cause of acute bronchiolitis (Shi et al.,
2017) and is associated with hospitalization and mortality rates similar
to those of influenza in elderly and fragile adults (Falsey et al., 2005; Lee
etal., 2013; Widmer et al., 2012). Its prevalence is extremely high: 70 %
of children are infected in their first year of life, and more than 99 % are
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infected within the first two years (Glezen, 1986). Reinfections occur
throughout life, at a rate of 5-10 % per year (Falsey et al., 2005).

Unfortunately, despite more than 60 years of research, only a few
vaccines and curative treatments been developed to the phase 3 clinical
testing stage, and none has been approved for market release (Thornhill
et al., 2020). Prophylaxis with the monoclonal palivizumab antibody
(Synagis®) can decrease the risk of hospitalization by 50 % (Andabaka
et al., 2013). However, this strategy is very costly and is, thus, recom-
mended only for infants at high risk (premature or with certain cardiac
or pulmonary conditions) (Wang et al., 2008). In this context, in vivo
infection models are crucial for understanding hRSV pathogenesis and
characterizing disease-associated and protective immune responses.
Many animal models exist, but most display limited viral replication,
with few symptoms and the development of URTI in some cases, but not
of LRTI (Altamirano-Lagos et al., 2019; Bem et al., 2011; Taylor, 2017).

Mice, cotton rats, ferrets and neonatal lambs are semi-permissive to
hRSV infection, display some clinical symptoms and can develop LRTI
(Boukhvalova et al., 2009; Larios Mora et al., 2015; Gregory A. Prince
et al., 1978; Stark et al., 2002; Stittelaar et al., 2016). However, the
differences between their immune systems and RT structures and those
of humans, and the limited availability of molecular tools limit the use of
these models.

Several NHP species have been used as models of RSV infection.
Chimpanzees are naturally susceptible to hRSV infection. Indeed, the
virus was first isolated from a colony of chimpanzees with clinical signs
of URTI (Morris et al., 1956) similar those observed in humans (Belshe
et al., 1977). No LRTI has been observed in experimentally infected
chimpanzees, but a few fatal cases of hRSV-associated bronchopneu-
monia have been reported in naturally infected chimpanzees displaying
the histopathological alterations characteristic of acute LRTI (Clarke
et al., 1994; Szentiks et al., 2009).

African green monkeys, owl monkeys, cebus monkeys, CM, RM and
bonnet macaques can be experimentally infected with hRSV, but only at
high doses (10° to 108 PFU), and with moderate rates of viral replica-
tion. Unlike macaques, African green monkeys, owl monkeys and cebus
monkeys may present clinical signs, such as rhinorrhea, conjunctivitis,
sneezing and wheezing. Following IT inoculation, AGM, owl monkeys
and macaques develop only mild interstitial pneumonia, whereas cebus
monkeys present gross pneumonic lesions in the lung (Babu et al., 1998;
de Swart et al., 2002; Kakuk et al., 1993; McArthur-Vaughan and
Gershwin, 2002; Prince et al., 1979; Richardson et al., 1978; Simoes
et al., 1999; Weltzin et al., 1996).

Infant baboons have also been infected with hRSV intratracheally,
leading to clinical signs of LRTI and major histopathological changes.
However, the decrease in viral titers observed in BAL after 24 h suggests
that the damage to the lungs may be due to a non-specific inflammatory
response to high-dose inoculation, rather than viral replication (Papin
et al., 2013).

NHP models have been used to study the mechanisms of vaccine-
enhanced RSV disease (de Swart et al., 2002; Kakuk et al., 1993; Pon-
nuraj et al., 2001). This phenomenon has been a major concern in
vaccine development since its discovery in the 1960s, when the vacci-
nation of children with a formaldehyde-inactivated virus led to 80 %
hospitalization, with two deaths upon subsequent infection (Kim et al.,
1969). Studies confirmed that a skewing of the T-cell response towards
Th2 cytokines was the major cause of this vaccine-enhanced disease and
suggested that sensitization to cell culture components present in the
vaccine might also have played a role.

Early vaccines were often tested on chimpanzees (Collins et al., 1990;
Crowe et al., 1993; Teng et al., 2000), but RM and AGM are now the
species most widely used for preclinical studies of RSV vaccination,
followed by CM (Bates et al., 2016; Correia et al., 2014; Grunwald et al.,
2014; Jones et al., 2012; Marcandalli et al., 2019; Patton et al., 2015;
Sesterhenn et al., 2020).

This virus has, thus, been studied in vivo for decades, and various
limitations have been encountered in most of the NHP species tested, in
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terms of symptoms or viremia relative to those observed in humans.
Nevertheless, NHPs remain the best preclinical model, due to their
immunological and physiological closeness to humans. Similar ques-
tions about the most appropriate species and exposure techniques for
infection have also been posed for airborne bacteria, as described below.

4.4. Tuberculosis

Tuberculosis (TB) is the most important infectious disease world-
wide. It is caused by a single pathogen, Mtb. This highly contagious
bacterial disease is transmitted between humans via the inhalation of
aerosolized infected droplets. Of the 30 % of individuals infected, only
5-10% develop clinical manifestations of active TB. The vast majority of
infected individuals present only latent TB. Tuberculosis principally
affects the lungs and exists as a continuous spectrum of disease states,
from dormant to fulminant infection (Lin and Flynn, 2018). We still
know little about the transition from latent to active TB. The classic
symptoms are non-specific and include weight loss, the coughing up of
blood-containing mucus and a wide range of other symptoms, depend-
ing on the other organs affected. The hallmark of the disease is the
development of granulomas, organized aggregates of macrophages and
lymphocytes, the nature of which may vary considerably within and
between individuals (Scanga and Flynn, 2014). TB diagnosis remains
difficult and is based principally on immunological tests (tuberculin skin
test (TST), interferon gamma release assay (IGRA)), and chest X-rays. A
major resurgence of TB has occurred in recent decades, associated with
the global failure of anti-TB vaccination with BCG (Mycobacterium bovis
Bacillus Calmette-Guerin). BCG continues to protect children against
active tuberculosis but is ineffective against pulmonary forms in adults.
The impact of the disease has also been increased by HIV co-infection,
and the progression of drug-resistant Mtb, including
multidrug-resistant bacteria (WHO, 2020). Novel therapeutic strategies
are required to control the TB pandemic, and international efforts have
intensified in recent decades, through initiatives such as the WHO End
TB Strategy, which aims to decrease TB-related mortality by 90 % by
2030 (WHO, 2020).

Several animal models, including guinea pig, rabbit, mouse and
zebrafish, have been used to study the basic pathogenesis of TB, but
none of these models fully reproduces the full range of disease stages and
the diversity of pathological lesions. NHP models, especially macaques,
have been used to study TB since the 1960s (Kaushal et al., 2012). These
animals are the preferred models because they provide the best repro-
duction of the full spectrum of human disease and infection outcomes.
Moreover, they respond to many human drug agents in a similar manner
to humans, they can be monitored with identical parameters, and they
present variable responses to BCG vaccination, as reported for humans
(Flynn et al., 2015; Pena and Ho, 2015). They have, therefore, been
widely used in immunological studies, studies of pathogenesis, and
vaccine development. A common marmoset model of TB has recently
been developed. Marmosets have the advantage of being much smaller
than other NHP species, and they can be used for dizygotic twin com-
parisons. They are also highly susceptible to diverse Mtb strains. The
technologies used with macaques can also be applied to marmosets,
providing opportunities for testing new drug regimens using smaller
doses of antibiotics (Cadena et al., 2016; Via et al., 2013). The principal
limitation to the use of marmoset models is the lack of tools for exploring
immune responses and absence of a latent form of TB.

The form of TB disease and its progression in NHPs depend on several
parameters, including Mtb strain (CDC1551, Erdman, H37RV, Beijing
isolate), the dose of inoculum — very low (1-10 CFU), low (10-50 CFU),
medium (< 500 CFU), high or very high (> 1400 CFU) — and the route
of infection (intranasal (IN), intrabronchial (IB) or IT instillation, aero-
sol route, intravenously) (Cadena et al., 2016). NHP species and
geographic origin also affect disease progression. For example, RM are
more susceptible to Mtb infection and are better models of active TB
than CM, which are mostly used to study latent disease (Capuano 3rd
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et al., 2003; Dijkman et al., 2019; Maiello et al., 2018; Sharpe et al.,
2016). Moreover, CM originating from Asia (high levels of genetic di-
versity) appear to be more able to control the disease than CM from
Mauritius (low levels of genetic diversity) (Sharpe et al., 2017).
Following inoculation, NHPs are considered to be infected on the basis
of the same criteria as used for human diagnosis. In vivo imaging is of
particular interest, in addition to Mtb growth in gastric aspirates (GA)
and/or bronchoalveolar lavage (BAL) samples, conversion in an
immunological diagnostic test (TST, IGRA), the presence of clinical signs
(cough, weight loss), and transcriptomic findings (Capuano 3rd et al.,
2003; Lin et al., 2013b). The exposure of CM to low doses of Mtb through
aerosols leads to a form of latent TB resembling that in humans
(Capuano 3rd et al., 2003). Latent TB in NHPs is defined by an absence of
clinical signs, with no cultivable bacteria in BALs or gastric aspirates for
at least six months, with evidence of infection (see above). Interestingly,
like humans, CM can develop stable latent TB, spontaneously reac-
tivated disease, or a reactivation of infectious disease in response to
immune suppression (Lin et al., 2009). Studies in macaque models have
shown that individual lesions may respond different to different drugs.
Macaques and marmosets are also used in many vaccine studies,
including studies of new routes of inoculation and new vaccine
candidates.

The immune response to Mtb seen in macaques and humans
following aerosol exposure is relatively slow. The cellular immune
response leading to the formation of granulomas predominates. In
humans and macaques, peripheral responses to Mtb infection can usu-
ally be detected after four to six weeks. The available data support the
hypothesis that the outcome of Mtb infection is determined at granu-
loma level (Flynn et al., 2015). The use of in vivo imaging in NHPs
revealed individual granulomas that were visible as early as two to four
weeks after inoculation. These granulomas were dynamic, changing
over time, and appeared to be independent of each other (Coleman et al.,
2014; Lin et al., 2013a, 2014). Macaques often present classic lesions
with central caseous and necrotic cores, but other types of granulomas
(non-necrotizing, suppurative) have also been observed, as in humans
(Scanga and Flynn, 2014). The key cells involved in granuloma forma-
tion are macrophages, dendritic cells and neutrophils, which promote
Mtb antigen-specific Th1 responses, with the local secretion of large
amounts of IFN-y. Moreover, newly characterized components of the
innate immune system, such as invariant natural killer T (iNKT) cells
(Chancellor et al., 2017), MAIT cells (Bucsan et al., 2019; Paquin-Proulx
et al., 2018) y§ T cells (Chen et al., 2013; Dan Huang et al., 2012; Janis
et al., 1989), and ILC (Ardain et al., 2019), or the microbiota (Gupta
et al., 2018) may play an important role in influencing the outcome of
Mtb infection. Latent TB infection in NHPs has been activated by TNFa
pathway blockade or by co-infection with TB in macaques infected with
simian immunodeficiency virus (SIV), as a model of HIV infection in
humans (Bucsan et al., 2019; Diedrich et al., 2010). Interestingly, studies
in these models have raised the possibility of a CD4" T cell-independent
mechanism of latent TB control involving CD8™ T cells (Foreman et al.,
2016).

As for RSV, the species is key in studies of Mtb: macaques and
marmosets are the best species for studies aiming to improve our un-
derstanding of Mtb infection and to evaluate treatment and vaccination
strategies against this pathogen. The studies discussed here also high-
light the need for innovative tools for following the disease, with pa-
rameters comparable with those used in humans. This is also the case for
other bacteria, such as Bordetella pertussis.

4.5. Whooping cough

Whooping cough, or pertussis, is a highly contagious respiratory
disease caused by airway infection with Bordetella pertussis. In human
patients, this disease is characterized by a prolonged characteristic
cough lasting several weeks, an increase in circulating lymphocyte
levels, and a transient fever. Over the last two decades, despite high
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levels of vaccination coverage (86 % on average; (WHO, 2018b), the
number of whooping cough cases has been increasing in many countries
(Centers for Disease and Prevention, 2019). Unfortunately, the causes of
this resurgence remain poorly understood.

Bordetella pertussis infection models are, thus, crucial to improve our
understanding of the pathophysiology of pertussis and the immune re-
sponses correlated with protection. Several non-primate preclinical
models, including rodents and pigs, have been used in studies of
whooping cough, but none of these models fully reproduces the spec-
trum of clinical symptoms, notably cough (Elahi et al., 2005; Elahi et al.,
2007). Some studies have also been performed in NHPs. Cases of
whooping cough in chimpanzees with classic clinical symptoms and
controlled infection were reported decades ago (Rich et al., 1932). Many
studies have also reported controlled B. pertussis infection tests in other
NHP species, including RM and CM or cebus monkeys (Culotta et al.,
1935; Merkel and Halperin, 2014). However, most of these studies re-
ported a failure to provide a robust infection model reproducing all the
clinical symptoms observed in humans, and cough in particular.

Baboons are currently the only available NHP model accurately
reproducing most of clinical characteristics of pertussis in humans. Papio
anubis monkeys exposed to B. pertussis via the IN and IT routes have been
reported to develop a typical long-lasting paroxysmal cough, leukocy-
tosis, mild fever and colonization of the upper airways (Naninck et al.,
2018; Warfel et al., 2012a). Natural transmission between baboons has
also been reported in the same basic model (Warfel et al., 2012c).

The immune responses occurring in baboons after B. pertussis expo-
sure were then investigated, revealing the importance of the cellular
Th1/Th17 T-cell response, in addition to the humoral response, for
strong immunity and efficient bacterial clearance (Warfel et al., 2012a,
b, Warfel et al., 2014b).

The first vaccination studies in baboons revealed that acellular
pertussis vaccines were unable to prevent bacterial colonization and
transmission (Warfel et al., 2014b). The findings for this preclinical
model provided additional support for the hypothesis that current
acellular vaccination protocols may have resulted in a pool of asymp-
tomatic patients infected with B. pertussis, likely to contribute to the
resurgence of whooping cough.

The baboon model of pertussis is now used in many vaccination
studies, including studies of candidate vaccines, and may therefore
contribute to the deciphering of immune correlates of protection and
new vaccination strategies to protect against pertussis (Kapil et al.,
2018; Locht et al., 2017; Warfel et al., 2014a, 2016).

This bacterium is, thus, even more restrictive than those discussed
above in terms of the susceptibility of NHP species. Only baboons can be
used to reproduce the features of the human disease accurately. A few
other bacterial respiratory diseases have been studied in NHPs, but in
much less detail.

4.6. Other bacteria

4.6.1. Streptococcus pneumoniae

S. pneumoniae causes pneumonia and is responsible for deaths
worldwide. This bacterium is usually present in the human naso-
pharynx, and this colonization precedes infection of the lungs. In some
individuals, it can also induce bacteremia and meningitis (McCullers and
Tuomanen, 2001). S. pneumoniae pneumonia generally occurs as a sec-
ondary infection following infection with viruses, such as influenza or
adenovirus. The typical clinical symptoms of pneumococcal pneumonia
are chills, cough, hyperventilation, tachycardia, fever and a loss of
appetite. Diagnosis is based on the presence of alveolar infiltration on
chest X-rays and an increase in white blood cell counts. These parame-
ters usually return to normal within three weeks.

Philipp et al. (Philipp et al., 2006) established a model of
S. pneumoniae pneumonia in RM by IT inoculation, for use in vaccine
assessment. RM are probably not natural carriers of S. pneumoniae
(Philipp et al., 2012), but this study revealed that they were nevertheless
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receptive to infection. Bacteria were detectable in BAL fluids three to
five weeks post-inoculation, and infected macaques presented clinical
signs of pulmonary infection (Philipp et al., 2006). None of the animals
developed systemic infection. A loss of appetite and respiratory distress
was observed in some of the animals, together with fever, but cough and
tachycardia were not apparent. All animals displayed an increase in
leukocyte counts and alveolar infiltration on chest X-rays. As in infected
humans, IL-6, IL-1f and TNF-« levels in BAL were high at the onset of
infection, and then rapidly returned to basal levels, except for IL-6,
which remained present at high levels throughout the duration of the
study. Similarly, neutrophil counts were high in the BAL of all infected
animals. Thus, inoculation of the lungs of RM with S. pneumoniae re-
produces most of the symptoms observed in infected humans.

This model has been used to test a vaccine, which was found to
protect against pneumonia (Denoel et al., 2011).

A similar pneumonia model was established in baboons (Papio cyn-
ocephalus), which displayed similar symptoms, with the exception of
bacteremia, which was present in all the infected animals 24 h post-
infection (Reyes et al., 2017). This model was used to evaluate the
cardiac toxicity of S. pneumoniae after pneumococcal pneumonia. In this
study focusing on heart parameters, cardiac injury was observed in all
infected animals, with ischemic alterations visible on electro- and
echocardiography, and high serum troponin concentrations. On nec-
ropsy, S. pneumoniae was detected in the myocardium; necroptosis and
apoptosis were observed in the heart tissue, together with scars,
consistent with an acute cardiac toxicity syndrome. This model re-
produces previous observations that one third of patients with
S. pneumoniae lung infection experience major adverse cardiac events.

Superinfection models have also been created in NHPs, as most cases
of S. pneumoniae respiratory disease result from underlying viral infec-
tion. In this context, CM were co-infected with an avian influenza virus
(subtype H7N7) and S. pneumoniae (Miyake et al., 2010). However,
inoculation with both these pathogens did not induce the severe pneu-
monia observed in co-infected human lungs, probably because the two
pathogens were introduced simultaneously, whereas, in human patients,
the viral infection precedes bacterial colonization. This model was
nevertheless used to investigate the effect of a vaccine against H7N7
virus on co-infection-related morbidity (Miyake et al., 2010). Vaccina-
tion decreased the severity of pneumonia, demonstrating that anti-viral
vaccination can also decrease the severity of bacterial infection in this
context.

A co-infection model also shed light on the immunodepressive effect
of acute ethanol intoxication in simian immunodeficiency virus (SIV)-
infected RMs subsequently infected with S. pneumoniae (Nelson et al.,
2013; Trevejo-Nunez et al., 2015).

4.6.2. Yersinia pestis

Plague, which is caused by Yersinia pestis, was historically a terrifying
deadly disease, but can now be controlled by antibiotics. In addition to
causing bubonic plague, Y. pestis can also cause lethal pneumonia in
humans (Perry and Fetherston, 1997). On autopsy, the lung displays
necrotizing pneumonia, with intra-alveolar edema and foci of severe
alveolitis. After an initial lag period of 24—48 h, disease progression is
rapid, with fever, tachypnea, tachycardia, bacteremia and blood
leukocytosis.

RM and CM have been used as models for studies of pneumonic
plague (Finegold, 1969; Koster et al., 2010; Van Andel et al., 2008), as
have AGM (Cercopithecus aethiops) (Davis et al., 1996; Layton et al.,
2011), which were infected with aerosolized Y. pestis. The inhalation of
the bacterium rapidly leads to fatal disease, resembling that in humans.
The histopathological features and clinical aspects of human plague are
also observed during the course of infection in macaques. As in humans,
infection required only a low bacterial load in monkeys. The disease also
developed in two phases in primates. The features of human plague not
observed in macaques are coughing, hemoptysis, thrombocytopenia and
coagulopathy. These models have been used to study the effects of

153

Molecular Immunology 135 (2021) 147-164

vaccines and treatments (Cornelius et al., 2008; Honko et al., 2006;
Huang et al., 2009).

4.6.3. Streptococcus pyogenes

S. pyogenes (also known as group A Streptococcus, GAS) is best known
as a cause of pharyngitis, scarlet fever and impetigo (Carapetis et al.,
2005). However, it can also trigger a severe form of bronchopneumonia,
with notable outbreaks and a fatality rate of 30-60%. Histologically, the
acute pneumonitis and bronchitis induced by S. pyogenes are charac-
terized by a dense polymorphonuclear (PMN) leukocyte infiltrate and
edema. Interstitial pneumonitis, perivasculitis, vasculitis and bron-
chiolitis are also prominent features.

The model of LRTI due to S. pyogenes established in CM (Olsen et al.,
2010a) mimics the histopathology of infection in humans. The animals
present transient bacteremia, and bacteria are also recovered from the
spleen and kidneys on necropsy. The hilar lymph nodes display massive
follicular expansion and sinus histiocytosis, characteristic of an
exuberant immune response. The bone marrow is hyperplastic, due to
expansion of the myeloid lineage and megakaryocytes. Serum concen-
trations of acute-phase proteins, such as CRP and fibrinogen, increase
significantly. Serum concentrations of pro-inflammatory cytokines and
peripheral WBC counts are high at 24 h, but decrease to baseline levels
by 120 h, indicating that infection induces a robust inflammatory
response that then rapidly decreases. The histological and clinical fea-
tures observed in infected macaques are identical to those observed in
humans with S. pyogenes pneumonia. However, the late phases of
infection were not investigated in this study, as all the animals were
euthanized on day 5.

4.6.4. Staphylococcus aureus

S. aureus is a major cause of serious infections worldwide, and is
responsible for various types of infectious diseases, ranging from mild
skin lesions to fatal invasive diseases. Cases of fatal pneumonia have
been reported, especially when S. aureus secretes the Panton-Valentine
leukocidin (PVL), a two-component pore-forming toxin targeting
PMNs. PVL expression in bacteria is epidemiologically correlated with
methicillin-resistant S. aureus (MRSA), which emerged in the 1990s and
has a particularly high incidence in North America (Moran, 2006). This
pathogen can cause fatal pneumonia.

An MRSA infection model has been established in CM, mimicking the
clinical and histological features of mild-to-moderate S. aureus pneu-
monia in humans (Olsen et al., 2010b). However, the specific, and very
severe effects of PVL were not observed. Furthermore, the use of a
PVL-deficient strain yielded similar symptoms, confirming the lack of
effect of PVL in NHPs. Community-acquired S. aureus pneumonia is often
associated with viral infections. A co-infection model was therefore
established by the same group in CM (Kobayashi et al., 2013). Animals
were first infected with the H3N2 influenza virus, and then with MRSA
five days later. However, viral infection failed to enhance S. aureus
pathogenesis in the lungs. Another co-infection model was recently
established in RMs, using influenza A virus instead of H3N2 and a
bacterial inoculum three orders of magnitude larger (Chertow et al.,
2016). The animals were first infected with influenza A, either by IB
inoculation or by aerosolization, and then with MRSA by IB inoculation
on day 4. Severe pneumonia was observed in the IB influenza alone and
IB influenza plus MRSA groups. However, chest X-rays revealed larger
amounts of infiltrate and more severe lung histopathology for the
co-infection. This is the NHP model most closely resembling human
S. aureus pneumonia, although PVL is probably not active because of
species specificity.

4.6.5. Klebsiella pneumoniae

K. pneumoniae is an opportunistic pathogen that can cause various
infectious diseases, including pneumonia, usually in individuals with
comorbid conditions or susceptibility factors. A high proportion of
strains are resistant to multiple antibiotics, accounting for the high
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mortality associated with infections with this bacterium (Munoz-Price
et al., 2013).

NHPs are naturally susceptible to K. pneumoniae infections, notably
pneumonia. A model of K. pneumoniae lung infection in CM was recently
established by IT inoculation (Malachowa et al., 2019). Severe pneu-
monia was observed on X-ray and pathology analyses, revealing edema,
bronchiolitis, vasculitis and pleuritis. The infection resolved from day 11
onwards. This model was used to test a vaccine, which protected animals
against severe disease (Malachowa et al., 2019).

All these bacteria have been studied in less depth than Mtb or Bor-
detella pertussis, mainly because they cause fewer hospitalizations or
deaths and are easier to control with antibiotics. However, the risk of
antibiotic-resistant bacteria emerging is growing, and such studies will
therefore be of increasing importance in the coming years. They also
highlight the importance of NHPs as models for studying co-infection
with SIV or the effects of smoking on respiratory infectious diseases.

4.7. Conclusions

Many NHP species can be used as models for the study of respiratory
pathogens, both viruses and bacteria. However, some species display
symptoms more closely resembling those of humans than others, and
these species should be used preferentially when assessing treatment or
vaccine efficacy. But even if human symptoms are not fully reproduced,
NHPs remain the closest model we have to humans. The efficacy of drugs
or vaccines can be studied in these models, on the basis of viral or
bacterial load. Immune responses may also be an adequate readout for
vaccine immunogenicity. NHPs are also great models for studying co-
infections or the effect of comorbid conditions on respiratory infec-
tious diseases.

New technologies from clinical set-ups have been adapted for NHPs,
to consolidate these models in terms of pathophysiology and clinical
follow-up, and have much increased the value of these preclinical
models.

5. New technologies for the modeling and exploration of
respiratory tract infections

The data obtained to date for NHPs exposed to various respiratory
pathogens confirm the relevance of NHPs as preclinical models for the
evaluation of drugs and vaccines, and for studies of the clinical outcome
of respiratory infectious diseases. However, over the years, it has
become clear that the closer we get to a naturally occurring infection,
the better the match between the symptoms observed and those of
humans. It is therefore crucial to improve the process of exposure to the
pathogen, to mimic the natural infection process as closely as possible. It
is also important to be able to compare the clinical data obtained in
hospitals to those obtained in preclinical studies. Fortunately, it is now
possible to use clinical material that has been adapted for NHPs, such as
nebulizers or in vivo imaging techniques.

5.1. Experimental exposure to pathogens and treatments

In humans, the RT is infected directly by contact between the hand
and the nose and mouth, droplets produced by coughing, for example, or
aerosols from various endogenous and exogenous sources. The direct
deposition of respiratory pathogens, via the IN and/or IT routes, is
probably the most widely used approach in the development of NHP
models. Flexible endoscopy makes it possible to target a specific lung
lobe more precisely, as in Mtb deposition (Sibley et al., 2016). However,
these approaches do not mimic the natural transmission of airborne
pathogens. Bioaerosol production, leading to pathogen transmission,
takes place when we breathe, talk, laugh, cough and sneeze (Thomas,
2013). Systems for exposure to experimental aerosols have been under
development for decades, to reproduce a natural exposure of the airways
to pathogens (Alsved et al., 2020; Warfel et al., 2012b). Aerosol delivery

154

Molecular Immunology 135 (2021) 147-164

systems can be split into two parts: the aerosol generator and the
exposure system or interface. Aerosol delivery systems provide an even
distribution of the pathogenic agent throughout the pulmonary lobes,
particularly in the cranial lobes, which are the easiest to target. Diverse
aerosol-generating systems have been described, with specific charac-
teristics in terms of particle concentration and size, and, thus, the dis-
tribution of deposits in the RT. The use of aerosol technology to expose
the RT to the pathogen is crucial in models of respiratory infections and
can influence disease severity by modifying the distribution of the
pathogen on its anatomical or cellular target (Thomas, 2013). Indeed,
pathogenesis in animal models of infectious diseases, such as influenza,
may differ with the distribution of the virus in the lung (Watanabe et al.,
2018). The circulation of aerosol particles in the airway, as a function of
particle size and respiration physiology, is well described in humans, but
not, as yet, in all NHP models (Kulkarni et al., 2016). Basically, in adults,
particles of more than 5 pm in diameter remain in the URT, particles
between 2 and 5 pm in diameter are deposited in the lower airways and
particles between 0.5 and 2 pm in diameter are deposited in the alveoli
(ISO, 2013; Standardization, 2007). Submicronic particles (smaller than
0.5 pm in diameter) are mostly exhaled or diffuse into the bloodstream
via the vascular system of the lung. These theoretical distributions for
humans may not apply to NHPs. They have been explored in vivo in
macaques, with innovative imaging tools, such as PET imaging. These
studies highlighted the possibility of using clinical aerosol generators in
macaques in a translational research approach (Dabisch et al., 2017).

In addition to particle size, which determines the anatomical site of
deposition of the aerosol, other factors must be taken into account when
exposing NHPs to pathogen-containing aerosols. The constraints
imposed by the use of NHP models and highly infectious pathogens limit
the possibility of exposing awake animals to the pathogen. Exposure
under anesthesia is preferred, but this influences respiratory rate,
breathing magnitude and airflow in the URT. The interface between the
aerosol generator and the animal is also a key point, and various ap-
proaches have been described: isolator, face mask or IT intubation
(Wong, 2007), as described in Table 1.

Nebulizers are liquid atomizer systems widely used for aerosol gen-
eration in clinical practice and capable of producing a highly respirable
fraction (particles less than 5 pm in diameter). Several types of nebu-
lizers, producing aerosols with different characteristics, are available, as
detailed in Table 2. Three major technologies have been used in NHP
models. The jet nebulizer is the oldest technology used for pathogen
exposure. The sizes of the particles produced depend on air/gas pres-
sure. The ultrasonic nebulizer uses piezoelectric quartz vibration to
generate aerosols of specific particle size as a function of wave fre-
quency. Finally, mesh nebulizers form aerosols by passing pathogen
suspensions through a perforated membrane, which determines particle
size.

However, some inoculum properties may not be compatible with all
three nebulization techniques. For instance, the inoculum must contain
large particles or have a high viscosity for ultrasonic and mesh nebu-
lizers. Conversely, heat-sensitive pathogens are unsuitable for ultrasonic
nebulization and shear-sensitive pathogens cannot be used with jet
nebulizers. Targeting a specific part of the tract can therefore be a real
technological challenge.

The concentration and size of droplets must be accurately measured,
to guarantee the homogeneity of NHP exposure, to determine the vol-
umes of aerosol inhaled, and to ensure reproducibility. The coupling of
the device to a plethysmograph makes it possible to calculate the
amounts inhaled as a function of the ventilatory parameters of the ani-
mals (Alsved et al., 2020; Hartings and Roy, 2004; Wong, 2007). In
addition, real-time capture tools (impinger), designed to impose mini-
mum stress on the microorganism, can be used to determine pathogen
concentrations and viability.

All three types of nebulizers are used in NHPs. They each have ad-
vantages and disadvantages (Table 2) that must be taken into account by
users.
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Table 1

Advantages and limitations of the various interfaces for NHP exposure to res-

piratory pathogens.

Interfaces Advantages Disadvantages
Easy Lung distribution not uniform
All to d it i
OWS 10 CepOsIt & Precise  p nesthetized NHPs
Intra-tracheal quantity
instillation Repeatable Apnea during the exposure

Endo-tracheal
nebulization

Head only
chamber

Whole body
cabinet

Oronasal face

Homogeneous deposition

Relatively repeatable

Non-invasive
Anesthesia not mandatory

Spontaneous breathing

Ideal for repeated dose
studies

Several animals possible at
the same time

Non-invasive

Vigilant animal

Spontaneous breathing
Ideal for prolonged
exposure studies

Several animals possible at
the same time

Easy

Spontaneous breathing
Reduced aerosol volume

By-pass URT defense
mechanisms

Anesthetized NHPs
Mechanical ventilation during
the administration

By-pass URT defense
mechanisms

Face and eyes exposure
Reduced air flow in the
chamber

Aerosol volume loss

Full body contamination (fur,
skin, eyes),

Reduced air flow in the
chamber

Heat accumulation

Bulky and expensive
Substantial aerosol volume

loss

Air leakage

mask Face and eyes exposure
loss 4 P
Mouth and nose targeting Anesthetized animal
Easy Air leakage
. High deposition in nasal
. Spontaneous breathing g. . P
Nose piece cavities

Reduced aerosol volume

Anesthetized animal
loss

5.1.1. Jet nebulizers

Jet nebulization is the oldest technology available and is widely used
in animal models of infection. It uses a gas source to atomize the liquid
into fine particles. Around 90 % of large particles fall back in the
nebulizer reservoir, resulting in a change of concentration and viability
of the pathogen over time. Particles are polydispersed and their size
depends on the airflow. These devices are suitable for producing low
MMAD (mass median aerodynamic diameter) particles for targeting
deep within the lungs (1-2 pm and down to submicronic particle sizes,
0.2 pm). One of their principal limitations is the difficulty changing
aerosol flow without changing aerosol particle size, with the aerosols
generated by a nozzle. The volume of air required to generate and
transport the aerosols is often greater than the volume that the animals
can breathe, resulting in a significant loss of inoculum in inhalation
chambers. The flow rate is often too high (6-8 L/min used for a standard
jetnebulizer vs. 1-2 L/min for NHPs) as the animals are anesthetized for
face-mask delivery or mechanical ventilation (exposure via an IT tube).

One of the major advantages of these devices is the possibility of
nebulizing suspensions and viscous solutions. Je nebulizers are, there-
fore, the preferred technology for the nebulization of bacteria. Inoculum
volume is often at least 10 mL (three-jet collision) and it is difficult to
nebulize small volumes due to the residual volume. Calculation of the
amounts of inhaled particles is straightforward because the aerosol is
reproducible.

5.1.2. Ultrasonic nebulizers
In ultrasonic nebulizers, the size of the particles generated is a
function of the frequency of the ultrasonic waves. Particle size is fixed
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during a procedure (polydispersal of the aerosol). The degradation of
heat-sensitive molecules due to quartz warming is the principal draw-
back of these nebulizers. They are not suitable for the generation of
suspensions. Like jet nebulizers, some residual mass is trapped in the
nebulizer, and liquid concentration increases over time. By contrast to
jet nebulizers, the air flow rate can be adjusted to the minute ventilation
of the animal without affecting aerosol generation (i.e. particle size).
Users may also encounter difficulties washing and decontaminating the
equipment, making it unsuitable for the generation of bioaerosols.

5.1.3. Mesh nebulizers

These devices have membranes that contain holes of a perfectly
characterized size (2—4 pm). The size of the droplets generated is fixed,
unless the holes become blocked with aggregates. As with the ultrasonic
nebulizer, airflow can be modified without changing the size of the
droplets. Mesh nebulizers are, therefore, perfectly suitable for use in
anesthetized animals, whether breathing spontaneously or on mechan-
ical ventilation (after intubation or with a facemask). One of the limi-
tations of this technology is the requirement for the inoculum to be free
of particles larger than the holes in the mesh. It is also impossible to
nebulize liquids that are too viscous.

Mesh nebulization thus appears to be less aggressive to the inoculum
than jet or ultrasonic nebulization, due to the physical mechanism of
droplet generation and the absence of droplet recycling in the reservoir.
This results in a constant formulation in the reservoir, and, thus, the
maintenance of constant amounts of aerosol over time. It is highly
suitable for the exposure of animals to viruses, as it limits losses of
viability (Bowling et al., 2019) with a fairly small volume (less than 1
mL).

Aerosols are also effective for the delivery of vaccines or treatment to
the RT (Castro et al., 2005; Mathieu et al., 2013). Combining the ad-
vantages of low residual volume with adjustable airflow, mesh nebu-
lizers provide highly efficient deposition in terms of the volume loaded
in the reservoir.

As described above, the nasal anatomy of primates, and of RM in
particular, is similar to that of humans. This features of NHPs makes it
possible to use the same IN deposition techniques in translational ap-
proaches, in preclinical studies in NHPs and in humans (Yeh et al.,
1997). Macaques are highly suitable models for neonatal aerosol
deposition (Dubus et al., 2005). NHPs seem to have a high degree of
exposure to inhaled substances, particularly in terms of deposition per
unit of airway surface area. However, the different alveolar volumes in
the RM model had only minor effects on aerosol dosimetry within the
lungs by imaging techniques (scintigraphy with [*°Tc] or other tech-
niques; (Cheng et al., 2008). The breathable particle size for RM
(Dabisch et al., 2017; Wolff, 1996) should be considered different from
that for adult humans, and closer to that for human children (i.e. 2.4 pm
vs 5 pm)(Schueepp et al., 2009; Schuepp et al., 2005).

Depending on the pathogen, NHP species and aim of the study, it is
now possible to choose between various exposure techniques to improve
both the relevance and reproducibility of preclinical studies. Once the
best model in terms of pathophysiology has been selected, it is also
important to choose the best way to follow the disease in vivo and to
ensure comparability to clinical data.

5.2. In vivo imaging to monitor the infection

Many approaches are used to monitor respiratory infections,
including blood sampling, swabs, curettage or more extensive lavages of
the RT. However, most of these approaches are quite invasive provide
only very local information, or, conversely, a global but poorly resolved
picture of the whole infection. In vivo imaging at local and/or at whole-
body scale is a better way of exploring respiratory infections longitu-
dinally without invasive sampling.

Various imaging strategies can be considered. Chest X-rays are a
useful, easily implemented technique. Their limitless depth of
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Different types of aerosol nebulizers used in NHP models.
Nebulizer Nebulization specification
technology

interface

Aerosols characteristics

Type

MMAD

Key Facts

Field of expertise

NPH
species

Refs.

3 Jet-Collision

Jet Nebulizer

3 Jet Nebulizers

(Nanoneb®, Atomisor
NI11, Sidestream) Q = 8

L/min
Ultrasonic .
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Mesh Aeroneb®, Vibrating Mesh
Nebulizer Nebulizer

Head only Exposure
inhalation chamber

Head only Exposure
inhalation chamber
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inhalation chamber

Exposure Box,
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Oronasal Mask

Exposure inhalation
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(RVFV); strain ZH501.

Nipah Virus (NV)

Monkeypox Virus
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of virulent strain of Bacillus
anthracis spores

Polydispersed Aerosols of
DTPA -Tc99m

Radiolabed Monodispersed
aerosols

SARS-CoV-2 Virus size: 60
and 140 nm
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mucosal exposure
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Large particles of NV target extra thoracic
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Small particles of NV reach the deep lungs
and induce diffuse pulmonary disease
Intermediate particles of NV induce
pulmonary parenchymal disease and brain
lesions

Monkeypox virus in macaques

Gross and microscopic anatomopathological
lesions

Regional deposition patterns Deposition in
thoracic region vs extra thoracic region

Regional deposition pattern shifts as particles
size increases, greater deposition in proximal
regions of the respiratory tract

Pulmonary inflammation and lymph nodes
invasion. Pneumonia visible by in vivo
imaging (['®F]-FDG/PET/CT)

Virology
Physiopathology
Treatment.

Virology
Physiopathology

Virology
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Countermeasures

Clinical development
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penetration can provide an overview of an entire lung in a single image.
Density abnormalities detected on X-rays can reveal and characterize
pneumonia and infection patterns. This technique remains the most
widely used type of imaging for the monitoring of infection, including
the recent monitoring of SARS-CoV-2 infection in NHPs (Deng et al.,
2020b; Williamson et al., 2020). However, X-rays provide analyses of
the RT in only two dimensions and their spatial resolution is relative
poor (of the order of a few millimeters). Computed tomography
(CT-scans) can provide a three-dimensional tomographic reconstruction
of the lungs at much higher resolution (500 pm to 1 mm). It can also be
used for quantitative analyses of density (expressed in Hounsfield units).
The percentage change in lung hyperdensity (PCLH) has recently been
proposed as a means of monitoring COVID-19 lung burden in a quan-
titative manner in SARS-CoV-2-infected NHPs (Finch et al., 2020), with
more conventional, but operator-dependent, semi-quantitative CT
scoring based on lesion type and extension.

Functional in vivo imaging can also be used to monitor respiratory
infections in NHPs. Positron emission tomography (PET) coupled to CT
is a key tool for monitoring in NHPs and could be used for prognostic
purposes, for the prediction of successful drug treatment for TB (Lin
et al., 2013a). [18F]—Fluorodeoxyglucose, a glucose analog trapped in
cells, is the most common tracer used in PET imaging. This radiotracer is
a quantitative marker of cell hypermetabolism, as depicted in Fig. 1, and
it therefore reflects inflammation, such as granuloma activity or the
presence of inflammatory cell infiltrates, for instance.

Other radiotracers for direct pathogen visualization, such as fluo-
rodeoxysorbitol and fluoromaltose (Gowrishankar et al., 2014; Wein-
stein et al, 2014), sugars specifically metabolized by some
enterobacteria, with a broad rapid biodistribution, as a means of
increasing specificity. Radiolabeled antibodies targeting pulmonary
pathogens are also currently undergoing validation in small-animal
models (Rolle et al., 2016; Thornton, 2018; Wiehr et al., 2016), and
may be rapidly transposed to NHP studies, as already reported for SIV
monitoring in macaques (Santangelo et al., 2015). Several limitations,
such as liver uptake and slow biodistribution due to the biological nature
of antibodies may also be taken into account, but can be overcome by
modifying the probe. Antibody radiotracers and their derivatives (dia-
bodies, minibodies, nanobodies, etc.) are promising tools for the specific
detection of respiratory pathogens, despite potential issues relating to
biodistribution and background (Freise and Wu, 2015).
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One of the main advantages of the nuclear imaging techniques
described above is that they are routinely used in clinical practice,
facilitating the transfer of methods and results from preclinical studies
into clinical practice. In addition, PET technology can be used for
standardized quantitative signal assessment (expressed as the standard
uptake value, SUV) with excellent sensitivity in defined regions of in-
terest (Slomka et al., 2016). However, PET imaging cannot be used for
multiplexing and sometimes also requires extensive radiochemistry and
large installations with a high level of biosafety, which can limit its use.

Other optical imaging techniques, such as pulmonary bronchoscopy
coupled with probe-based endomicroscopy, have also been used in NHPs
and in other preclinical respiratory infection studies, with genetically
modified fluorescent pathogens or probes. This last approach makes it
possible to follow the distribution of the pathogen in the lower airways
with excellent sensitivity and spatial resolution, but is still rarely used in
infectious disease research (Thiberville et al., 2007, 2009) (Naninck
et al., 2018). Optical imaging-based methods (fluorescence microscopy,
two-photon microscopy, bioluminescence) suffer the disadvantage of a
rapid loss of signal with the body of the NHP in vivo in the absence of
heavy surgical intervention. However, these techniques can be used in
smaller animal models, such as mice (Fiole et al., 2014; Fiole and
Tournier, 2016).

In vivo imaging is highly advantageous for monitoring, with minimal
invasiveness, the anatomical and functional respiratory burden
following infection in NHPs, thanks to classical X-ray imaging and recent
improvements in nuclear PET imaging. These techniques combine the
advantages of closeness to clinical practice and of overcoming certain
ethical issues in preclinical studies.

6. Ethical constraints and considerations for NHP studies

Throughout this review, one key issue arises concerning the use of
NHPs as models for research purposes: ethics. Societal pressure has led
to the emergence of laws regulating the use of animals, particularly
NHPs, in biomedical research. Ethical guidelines such as the 4Rs
(Reduce, Refine, Replace, Rehabilitate) must be taken into account,
imposing various constraints, for projects to gain approval from ethics
committees. A synergy between the need for solid answers to scientific
questions and the consideration of animal welfare has made it possible
to optimize the work with NHPs.

Fig. 1. PET-CT images of [*®F]-FDG uptake in a
cynomolgus macaque.

(A) Chest frontal slice with lymph node hyper-
metabolism in the clavicular (brown arrow),
mediastinal (red arrow) and axillary (yellow
arrow) regions. (B-C) Transverse slice with hy-
permetabolism in the tonsil (blue arrow),
nasopharynx-associated lymphoid tissue (pur-
ple arrow) and lymph node in cervical regions
(green arrow). (D) 3D representation of [*8F]-
FDG hypermetabolism.
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Reducing the number of NHPs used per study is probably the most
important goal worldwide for both ethical and practical reasons. The
need for NHPs as preclinical models has increased in recent decades and
will probably remain high with the emergence of new pathogens.

Firstly, these models must be restricted to research that are impos-
sible with other animal models and to advanced phases of preclinical
research. Statistical modelling now makes it possible to reduce the
number of animals per group, by helping both the design and the
analysis of the study.

Secondly, the use of wild-caught primates is banned since 1975 by
the Convention on International Trade in Endangered Species of Wild
Fauna and Flora (CITES) and all primates used in research in the Euro-
pean Union (EU) originate from approved breeding centers (CITES,
1973). In addition, the use of great apes as research models has pro-
gressively decreased and is now forbidden, which has necessitated the
development of other NHP models over the years.

The need for breeding facilities with self-sustaining colonies has
therefore increased. Up till now, laboratories have been allowed to work
with F1 animals (i.e. born in a breeding facility, but born to wild-caught
parents). However, this rule is due to change shortly in the European
Union, with only the study of F2 generations permitted in laboratories,
as a strict application of the 2010/63/UE directive. This regulatory
change implies years of breeding to ensure that F2 animals are produced
in similar numbers to the F1 animals currently used (PMS Limited,
2017). As it has been announced in 2017, breeding facilities will
hopefully have had the time to adapt themselves.

In order to refine the protocols, and for NHPs to behave in a natural
manner, they need to be kept in social groups, which can be complicated
in infectious disease studies, in which transmission is an issue. The space
required for each animal is much larger than that for small-animal
models, making it necessary to have large and expensive dedicated
rooms. Environmental enrichments to compensate for the constraints
imposed on the animals and to reproduce their cognitive or feeding
behaviors are constantly improved (NC3Rs, 2017). Cooperative work
(target training, for example) is often used to reduce the experimental
bias associated with repeated anesthesia (DeMarco and Nunamaker,
2019). The impact of stress on the pathophysiology of infectious diseases
has been widely documented (Irwin and Cole, 2011; Padro and Sanders,
2014; Sloan et al., 2007), and the refinement of experimental procedures
is necessary to obtain robust scientific data that can be directly trans-
posed to humans.

It is also generally difficult to rehabilitate NHPs, due to the cost of
accommodating such species over time, particularly after their use in
infectious disease studies.

On another very positive note, the 4R rule has stimulated the search
for new technologies. As we have discussed in this review, nebulization
and in vivo imaging techniques are prime examples of technologies at
our disposition for refining protocols thanks to minimally invasive
techniques. In general, clinical techniques are easy to transpose to NHPs.
In vivo imaging also makes it possible to decrease the number of animals
required as the pathophysiology of a disease can be followed without
needing to kill the animal.

7. Conclusions and perspectives

NHP models are precious tools for all stages of preclinical studies,
providing us with a better understanding of infections and making it
possible to test vaccines and drugs with parameters as close as possible
to those in humans. Despite the costs, and the ethical and technical is-
sues associated with NHP studies, recent years have seen the adaptation
of many tools to NHPs, which can now be monitored with materials
remarkably similar to that used in human medicine. Many human re-
agents are directly functional in NHPs, resulting in more straightforward
comparisons than for small animals. Even if they do not perfectly
reproduce the symptoms observed in humans for all pathogens, these
precious models are of the utmost importance in the context of emerging
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pathogens and pandemics, as they can make it possible to predict the
potential effects of a drug or vaccine in humans more accurately than
small animal models, and more rapidly than clinical trials.
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