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Abstract

Over the last two decades the world has witnessed the global spread of
two genetically related highly pathogenic coronaviruses, severe acute res-
piratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2. However,
the impact of these outbreaks differed significantly with respect to the hos-
pitalizations and fatalities seen worldwide. While many studies have been
performed recently on SARS-CoV-2, a comparative pathogenesis analysis
with SARS-CoV may further provide critical insights into the mechanisms
of disease that drive coronavirus-induced respiratory disease. In this re-
view, we comprehensively describe clinical and experimental observations
related to transmission and pathogenesis of SARS-CoV-2 in comparison
with SARS-CoV, focusing on human, animal, and in vitro studies. By deci-
phering the similarities and disparities of SARS-CoV and SARS-CoV-2, in
terms of transmission and pathogenesis mechanisms, we offer insights into
the divergent characteristics of these two viruses. This information may also
be relevant to assessing potential novel introductions of genetically related
highly pathogenic coronaviruses.
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1. INTRODUCTION

Coronaviruses are common pathogens of animals and humans. In the past two decades two
zoonotic coronaviruses, both belonging to the genus Sarbecovirus, emerged and caused significant
mortality in humans. Severe acute respiratory syndrome coronavirus (SARS-CoV) originated
in Guangdong, China, in 2002 and caused an outbreak with 8,096 confirmed cases and 774
deaths in 29 countries (1). Although bats are considered the natural reservoir for SARS-CoV-like
viruses, civets and raccoon dogs are the incidental intermediate hosts (2, 3). This devastating
outbreak thus drew attention to the potential cross-species transmission of coronaviruses and
raised concerns about the reemergence of related SARS-CoVs and other coronaviruses (4). In
late 2019, a novel human coronavirus was detected in Wuhan, China, in a cluster of patients
with pneumonia (5). The emergence of this virus, named SARS-CoV-2 (6), eventually resulted
in the coronavirus 2019 disease (COVID-19) pandemic. Current scientific evidence supports the
hypothesis that, similar to SARS-CoV, SARS-CoV-2 also has a zoonotic origin (7–9), affirming
the previous concerns about the potential emergence of new coronaviruses and spillover into the
human population (4). However, unlike the SARS-CoV outbreak, which was quickly contained
through public health measures, SARS-CoV-2 led to a pandemic of unprecedented scale, causing
more than 769 million confirmed infections and more than 6.9 million confirmed deaths world-
wide (status as of 9 August 2023). The precise cause behind the vastly distinct outbreak outcomes
of SARS-CoV and SARS-CoV-2 is not well understood. These two viruses share 79% genomic
similarity, both use angiotensin-converting enzyme 2 (ACE2) as the cellular receptor (10–15),
and both replicate in the lower respiratory tract, with the capability to cause a potentially fatal
acute respiratory distress syndrome (ARDS) (16, 17).However, the fatality rate of SARS-CoV was
notably higher (∼10%) (1) compared with SARS-CoV-2 during the initial phase of the outbreak
(less than 1%) (18) (Table 1). In addition, variations in infection kinetics and viral shedding were
observed for these two viruses. Unlike those infected with SARS-CoV, individuals infected with
SARS-CoV-2 could transmit the virus even before symptom onset, allowing for asymptomatic
transmission (19). Given the fact that the emergence of novel coronaviruses in humans is quite
likely, a further understanding of the characteristics and determinants of pathogenicity of SARS-
CoVs is crucial for future pandemic preparedness. To address this, we provide a comprehensive
review on the comparative pathogenesis of SARS-CoV-2 and SARS-CoV, with a particular focus
on the infection of the respiratory tract in immunologically naive hosts. By summarizing the key
features of pathology in humans and animals, as well as mechanisms of pathogenesis, we explore
what makes SARS-CoV-2 a unique pandemic causative agent.

2. PATHOLOGICAL OBSERVATIONS

2.1. Pathological Changes in the Human Respiratory Tract

The main pathological changes seen in humans infected with SARS-CoVs are observed in
the respiratory tract. Both SARS-CoV and SARS-CoV-2 infections can cause ARDS, as post-
mortem examinations of lung tissues from fatal human cases revealed significant pathological
characteristics related to this condition (16, 17) (Table 1).

In SARS-CoV patients, the lungs were heavy and edematous and showed consolidation. In
some cases, there was diffuse consolidation and mucopurulent material in the tracheobronchial
tree (20, 21). The main lesion in SARS-CoV postmortem lungs was diffuse alveolar damage
(DAD), characterized by flooding of alveolar lumina with edema fluid, epithelial denudation of
alveolar walls, and formation of hyaline membranes along alveolar walls. Many alveoli collapsed,
and those remaining were filled with fluid and desquamated alveolar and bronchiolar epithe-
lial cells. Both hypertrophy and hyperplasia of alveolar type II pneumocytes (AT2 cells) were
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Table 1 General characteristics of SARS-CoV and SARS-CoV-2

SARS-CoV SARS-CoV-2
Outbreak scale
Case numbers 8,096 confirmed cases; 774 deaths (1) 769 million confirmed cases; more than

6.9 million confirmed deaths
Fatality rate ∼10% (1) Less than 1% (18)
Key clinical/pathological observations in human respiratory tract
Viral shedding 5–15 days after symptoms onset (42) 0–12 days after symptoms onset (44)
Severe complications ARDS, hypercytokinemia (16) ARDS, hypercytokinemia (17)
Pathological observations DAD, hypertrophy and hyperplasia of AT2 cells,

squamous metaplasia, infiltration of immune
cells, pulmonary fibrin thrombi (20, 21)

DAD, hyperplasia of AT2 cells, squamous
metaplasia, infiltration of immune cells,
pulmonary microthrombus (22)

Key clinical/pathological observations in animal respiratory tracts

H
am

st
er

Viral shedding 2–14 dpi (24) 2–14 dpi (27)
Clinical/pathological

observations
No obvious clinical signs; pulmonary

consolidation; mononuclear infiltrates in nose
and bronchioles; alveolar immune cell
infiltration; viral titers higher in lungs than in
nose (24–26)

Body weight loss and lethargy; pulmonary
consolidation, edema and necrosis,
submucosal immune cell infiltration; viral
titers higher in nose than in lungs (29–31)

N
H
P
s

Viral shedding 5–11 dpi (34) 2–8 dpi (37)
Clinical/pathological

observations
Lethargy and fever (highly variable); pulmonary

consolidation; DAD with edema, necrosis,
hyaline membranes, syncytia, and AT2 cell
hyperplasia (25, 26, 35)

No or mild symptoms (highly variable, age
dependent); pulmonary consolidation;
multifocal interstitial pneumonia with
edema, necrosis, hemorrhage, syncytia, and
AT2 cell hyperplasia (29–31)

Fe
rr
et

Viral shedding 2–14 dpi (38) 2–14 dpi (29)
Clinical/pathological

observations
Lethargy and fever; partially lethal; mild alveolar

necrosis, edema, and lymphocytic infiltration;
lymphohistiocytic bronchopneumonia; viral
replication in trachea and lungs (25, 26, 35)

No or mild symptoms; eosinophilic rhinitis;
pulmonary perivasculitis and vasculitis;
eosinophilic alveolar inflammation; viral
replication only in nasal turbinates (29)

Molecular characteristics
Cellular receptor ACE2 (102) ACE2 (103)
Cellular protease(s) TMPRSS2 (11) TMPRSS2, furin (10)

Abbreviations: ACE2, angiotensin-converting enzyme 2; ARDS, acute respiratory distress syndrome; AT2, alveolar type II pneumocyte; DAD,diffuse alveolar
damage; dpi, days post-infection; NHP, non-human primate; SARS-CoV, severe acute respiratory syndrome coronavirus; TMPRSS2, transmembrane serine
protease 2.

observed. Hypertrophic AT2 cells exhibited cytomegaly (unusually large in size), enlarged nuclei
with prominent nucleoli, and granular cytoplasm. Alveolar macrophages (CD68-positive) showed
mild to moderate increase, with some demonstrating hemophagocytosis. Multinucleated giant
cells (syncytia), derived from macrophages (CD68-positive) or epithelium (AE1/3-positive), were
present in some cases. Additional observations in these lung tissues included fibrin thrombi in
pulmonary blood vessels, intimal swelling of pulmonary blood vessels, small vessel vasculitis, and
a paucity of lymphocytic or other inflammatory cell infiltration (20, 21).

In fatal COVID-19 cases, the lungs were heavy, edematous, and displayed variable pleural fluid
volume. Central pulmonary emboli, intraparenchymal hemorrhage, and pulmonary consolidation
were also observed (22). DAD was often observed in COVID-19 lungs as well, ranging from acute
to organizing stages, characterized by the presence of intra-alveolar fibrin, hyaline membranes,
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or loosely organizing connective tissue in alveolar septa. Similar to fatal SARS-CoV infection,
large syncytia were present in lumen of alveoli and airways in these COVID-19 lungs. How-
ever, these syncytia were confirmed to be of epithelial (TTF-1-positive) rather than macrophage
(CD68-positive) origin on the basis of immunohistochemistry (IHC).Most cases had variable de-
grees of chronic interstitial inflammation, including perivascular lymphocytic infiltrates, as well
as variable neutrophilic infiltrates. Microscopic hemorrhage with DAD was noted in some cases.
There was mild tracheitis, characterized by edema and small lymphocytic aggregates in the tra-
cheal submucosa (22). Areas of pulmonary necrosis, microthrombi, pulmonary megakaryocytes,
and endotheliitis were also observed (23).

2.2. Pathological Changes in Animal Respiratory Tracts

To study SARS-CoV pathogenesis in a more controlled setting, several animal models have been
developed. The emergence of the SARS-CoV epidemic has driven significant research efforts in
the past decades to identify suitable animal models, a need that has become even more press-
ing during the SARS-CoV-2 pandemic. An ideal animal model is permissive for viral infection
and mirrors clinical manifestation, immunological responses, and pathological changes of human
patients.

2.2.1. Hamsters. Syrian golden hamsters are nowadays the most suitable small animal model
for infections with SARS-CoV and SARS-CoV-2. Neither genetic adaptations of the animal nor
adaptations of the viruses are needed, and animals are characterized by their high permissiveness
for viral infection (Figure 1) (Table 1).

Hamsters infected with SARS-CoV did not exhibit obvious clinical disease, although mortality
was reported in one study with 3 out of 20 hamsters that died after infection with SARS-CoV
(strain Frankfurt-1). SARS-CoV replicated extensively in nasal turbinates and lungs, peaking at
2–3 days post-infection (dpi), and was cleared from lungs by 7 dpi and from nasal turbinates
by 14 dpi. Viral titers in nasal turbinates were 10- to 100-fold lower compared with lungs. At
postmortem examination, consolidated areas of up to 40% were found in the lungs, along with
swelling of epithelial cells, ulceration, and cellular debris accumulation. Tracheitis with loss of
cilia and bronchiolitis were also detected. Additionally, mononuclear cell infiltrates were found in
submucosa of nasal epithelium and bronchioles. In the lower respiratory tract, pulmonary consol-
idation and inflammatory infiltrates in the alveolar septa were found. SARS-CoV viral antigens
were detected in respiratory epithelium and endothelial cells of the nasal turbinates, submucosal
glands, tracheal epithelium, and, to a lesser extent, pneumocytes and pulmonary endothelial cells
(24–26).

SARS-CoV-2-infected hamsters commonly experienced body weight loss of up to 20%,mark-
ing acute viral replication and pulmonary changes. Additionally, lethargy, ruffled fur, hunched
posture, and respiratory distress were observed to variable extent. Radiological findings typically
included ground-glass opacities, dilated airways, and pulmonary consolidation. Proinflamma-
tory cytokines, such as interferon-gamma (IFNγ), interleukin-6 (IL6), IL10, and tumor necrosis
factor-alpha (TNFα), were commonly induced. Unlike in humans, there was no upregulation of
transforming growth factor-beta (TGFβ), a key factor for pulmonary fibrosis, in hamsters up
to 14 dpi. Viral replication in the respiratory tract peaked 2–3 dpi and was usually cleared by
14 dpi. Infectious virus level was 1–2 logs higher in nasal turbinates than in the lungs, peaking be-
tween 2–4 dpi (27). Pathological findings in SARS-CoV-2-infected hamsters indicated pulmonary
consolidation, edema, and various respiratory tract abnormalities such as epithelial necrosis, in-
flammation, blood vessel congestion, submucosal infiltration of immune cells, and accumulation
of cellular debris. An upregulation of lung injury markers was found in SARS-CoV-2-infected
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Figure 1

Pathological findings in lungs of Syrian golden hamsters infected with SARS-CoV or SARS-CoV-2. The figure shows histopathological
changes and viral antigen expression in the lungs of noninfected Syrian golden hamsters and hamsters that were inoculated with SARS-
CoV (strain HKU39849) or SARS-CoV-2 (strain Germany/BavPat1/2020) at a titer of 106 TCID50/animal and were euthanized at 4 dpi.
Viral nucleocapsid protein was stained with IHC. (First row) Compared with noninfected controls, the lungs of SARS-CoV- and SARS-
CoV-2-inoculated hamsters have multiple foci of inflammation (between arrowheads) in the lungs, which consist of (second row) flooding
of the alveolar lumina with edema fluid (asterisk), influx of neutrophils (arrowheads), and hyperplasia of alveolar type II pneumocytes
(arrows). (Third row) The foci of inflammation are colocalized with viral nucleocapsid protein expression (between arrowheads),
visible as brown staining. (Fourth row) Cells expressing viral nucleocapsid protein are both alveolar type I pneumocytes (arrowheads)
and alveolar type II pneumocytes (arrows). Bars indicate 50 µm. Abbreviations: dpi, days post-infection; H&E, hematoxylin and eosin;
IHC, immunohistochemistry; SARS-CoV, severe acute respiratory syndrome coronavirus; TCID50, 50% tissue culture infectious dose.
Tissues originated from M. Rissmann, E.J.B. Veldhuis Kroeze, P. van Run, A. Mykytyn, D. van Eck Schipper, et al., unpublished work.
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hamsters, accompanied by AT2 cell hyperplasia, syncytia, and fibrin strands. Viral antigens were
found in bronchiolar epithelial cells, AT1 and AT2 cells, and basal and sustentacular cells of the
olfactory epithelium in the nasal turbinates (28). Single-cell RNA sequencing (scRNA-seq) of
SARS-CoV-2-infected hamster lungs revealed that macrophages and neutrophils were the domi-
nant infiltrating cell populations, with macrophages containing the most viral particles and being
prime drivers of virus elimination. Vascular injury signs were commonly observed, but thrombi
were absent in the lungs of infected hamsters (29–31). In addition to Syrian golden hamsters, the
Roborovski dwarf hamster (Phodopus roborovskii), displaying severe clinical symptoms and acute
DAD, provides an alternative model for studying SARS-CoV-2 (32).

Studies directly comparing the outcomes of SARS-CoV and SARS-CoV-2 infections in Syrian
golden hamsters are lacking to date. While detailed data for SARS-CoV are currently limited,
there is an indication of more pronounced viral replication in the nose of SARS-CoV-2-infected
hamsters. However, no significant differences were observed in the comparative pathology of the
lower respiratory tract (Figure 1) (Table 1).

2.2.2. Non-human primates. Non-human primates (NHPs) offer the great advantage of close
resemblance to humans in terms of anatomy, physiology, and immunology. Several NHP species
were recruited in studies with SARS-CoV and SARS-CoV-2, with rhesus macaques (Macaca
mulatta), cynomolgus macaques (Macaca fascicularis), and African green monkeys (Chlorocebus
aethiops) being the most commonly used.

Clinical manifestations in NHPs after infection with SARS-CoV varied extensively between
different experiments and included lethargy, transient fever, diarrhea, and rare progression to
ARDS. Radiological examinations revealed multifocal pneumonia peaking at 8–10 dpi (33). Vi-
ral replication in the lungs was observed between 4–7 dpi, followed by an early clearance phase
starting at 4 dpi. Macroscopic lesions were characterized by a species-specific extent of multifocal
pulmonary consolidation. Necrosis of bronchiolar epithelium and multifocal tracheitis and bron-
chitis with lesions in the submucosal glands were observed. Histopathological changes exhibited
variability, encompassing a range of manifestations includingDAD,diffuse mild interstitial edema,
alveolar inflammation and necrosis, thickening of alveolar walls, hyalinemembranes, syncytia,AT2
cell hyperplasia, and infiltration of lymphocytes and macrophages. These changes were observed
between 5 and 60 dpi, with signs of active recovery in later stages of infection (34). Viral antigens
were detected in AT1 and AT2 cells and alveolar macrophages, as well as bronchiolar, bronchial,
and tracheal epithelial cells (25, 26, 35).

After infection with SARS-CoV-2, NHPs usually show no or mild symptoms with a high in-
terindividual variation. Of those clinical signs, loss of appetite, weight loss, and lethargy were the
most commonly observed. A progression to acute ARDS was barely observed in aged animals
(36). Radiological findings were dominated by edema, consolidation, and ground-glass opacities,
indicative of interstitial pneumonia. Hematological analyses revealed monocytosis, neutrophilia,
and lymphopenia. Proinflammatory chemo- and cytokines were elevated in respiratory samples
[e.g., IL6, IL10, IFNα, IFNγ, TNFα, and C-X-C motif chemokine ligand 10 (CXCL10)]. Viral
replication was initiated in the upper respiratory tract, peaking at 1–3 dpi, and followed by progres-
sion to the lower respiratory tract up to 18 dpi.Typically, recovery was observed between 9–17 dpi.
Macroscopic pulmonary changes in SARS-CoV-2-infected NHPs included foci of consolidation,
hyperemia, and hemorrhage. Rhinitis, tracheitis, bronchitis, and bronchiolitis with infiltration of
mononuclear cells, necrosis, and inflammation were detected in the respiratory tract. Histopatho-
logic changes were characterized by a multifocal or diffuse interstitial pneumonia with cellular
necrosis, alveolar septal thickening, edema, fibrin deposition, hemorrhage, and perivascular cuff-
ing. Hyperplasia of AT2 cells and syncytia could be found regularly, whereas hyaline membranes
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Figure 2

Comparison of pathological findings in lungs of non-human primates and ferrets infected with SARS-CoV or SARS-CoV-2. The figure
shows histopathological changes and viral antigen expression in the lungs of cynomolgus macaques and ferrets that were inoculated
with SARS-CoV (strain HKU39849) or SARS-CoV-2 (strain Germany/BavPat1/2020) with 106 TCID50/animal (cynomolgus
macaques) or 105 TCID50/animal (ferrets) and were euthanized at 4 dpi. Viral nucleocapsid protein was stained with IHC. Thickening
of alveolar walls (between arrowheads) and more pronounced viral antigen presence (arrows) can be observed in SARS-CoV-infected
macaques. In comparison, alveolar wall thickening is less pronounced and only occasional viral antigens can be found in
SARS-CoV-2-infected macaques. Peribronchiolar accumulation of neutrophils and lymphocytes (between arrowheads) and enhanced
presence of viral antigens (arrows) are observed in SARS-CoV-infected ferrets. Neither viral antigens nor obvious lesions are observed
in the lungs of SARS-CoV-2-infected ferrets. Bars indicate 50 µm. Abbreviations: dpi, days post-infection; H&E, hematoxylin and
eosin; IHC, immunohistochemistry; SARS-CoV, severe acute respiratory syndrome coronavirus; TCID50, 50% tissue culture infectious
dose. Cynomolgus macaque tissues were retrieved from previous studies (37, 148). Ferret tissues originated from
M. Rissmann, E.J.B. Veldhuis Kroeze, P. van Run, A. Mykytyn, D. van Eck Schipper, et al., unpublished work.

were rarely observed. Infiltrating cells were dominated by macrophages and neutrophils. Viral
antigens can be found in AT1 and AT2 cells, upper respiratory and conducting airway epithe-
lial cells, and alveolar macrophages. Endotheliitis, vasculitis, and pulmonary microthrombi were
described occasionally (29–31).

No significant distinctions were reported in clinical manifestation, tissue and cell tropism, or
histopathological changes between SARS-CoV- and SARS-CoV-2-infected NHPs, considering
the high degree of interindividual variation.However, a trend for comparatively more pronounced
lesions can be observed in aged NHPs that were infected with SARS-CoV (Figure 2) (Table 1).
Additionally, a notable difference lies in the tropism for nasal epithelium. Although results need
confirmation in directly comparative experimental setups, no viral replication was detected in the
nasal turbinates of NHPs infected with SARS-CoV, contrasting observations of SARS-CoV-2
infected NHPs (37).

2.2.3. Ferrets. Ferrets are a common model for respiratory infections and were therefore also
frequently utilized for SARS-CoV and SARS-CoV-2 studies.However, after infection with SARS-
CoV-2, they mimic only mild forms of disease, and the viral replication is mainly restricted to the
upper respiratory tract (Figure 2) (Table 1).

In SARS-CoV-infected ferrets, lethargy, fever, sneezing, and even lethal outcomes were
sporadically observed. Viral replication was found in trachea, lungs, and tracheobronchial lymph
nodes, peaking at 5–6 dpi. Histologically, indications of mild alveolar damage, alveolar edema,
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and perivascular and peribronchial lymphocytic infiltration, as well as lymphohistiocytic bron-
chopneumonia were observed. Pulmonary lesions involved up to 10% of the lung surface (25, 26,
35, 38).

Only mild symptoms of disease were observed in SARS-CoV-2-infected ferrets, including
an elevation of body temperature, lethargy, nasal discharge, and coughing (27). Hematological
alterations such as mild lymphopenia and neutrophilia have been described (29). Elevated inflam-
matory cytokines, including chemokine ligand 8 (CCL8), CXCL9, and CCL2, were observed.
SARS-CoV-2 infection also generated a unique gene signature, characterized by an enrichment
of genes associated with cell death and leukocyte activation, such as IL1A and CXCL8 (39). Viral
replication could be found only in the upper respiratory tract, mainly in nasal turbinates, and no
infectious virus was recovered from the lungs of infected animals (40). Peaks of viral replication
appeared at 2 dpi and lasted until 14 dpi. Microscopically, bronchial submucosal granulomatous
foci with eosinophilic material and collagen fragments were described. Furthermore, pulmonary
perivasculitis and vasculitis, eosinophilic and histiocytic inflammation within alveolar spaces, and
accumulation of cell debris along alveolar and bronchial epithelium were detected in the lower
respiratory tract (41).

Similar to the comparison between SARS-CoV-2 and SARS-CoV in NHPs and hamsters,
definitive conclusions cannot be drawn in ferrets due to limited and variable studies on SARS-CoV.
However, a clear distinction can be found with SARS-CoV replicating and causing pathological
changes in the lower respiratory tract of ferrets, whereas an infection with SARS-CoV-2 is limited
to the upper respiratory tract and barely causes apparent disease. Furthermore, it is worth noting
that a higher level of SARS-CoV-2 replication was observed in the nasal turbinates of infected
animals.

3. TRANSMISSION MECHANISMS OF SARS-CoVs

3.1. Transmission in Humans

Both SARS-CoV and SARS-CoV-2 are airborne and transmitted via respiratory droplets gen-
erated by coughing and sneezing. During SARS-CoV infection, nasal viral shedding peaked at
approximately day 10 after onset of symptoms (42, 43). In contrast, in nasal and throat swabs ob-
tained in the beginning of the SARS-CoV-2 outbreak, the viral load peaked soon after symptom
onset, with nose titers being higher than throat titers (44). These distinctions likely explain why
SARS-CoV did not spread to the same global extent as observed with SARS-CoV-2 and why a
pandemic of SARS-CoV could be prevented relatively soon by public health measures.Moreover,
in a human challenge study of SARS-CoV-2, viral shedding from infected individuals into the
environment was strongly correlated with viral titers in nasal swabs, indicating the nasal transmis-
sion route (45). In the nasal respiratory mucosa, SARS-CoV-2 targets ciliated cells (46). Because of
the similar stability of SARS-CoV-2 (strain USA-WA1/2020, 614D) and SARS-CoV (strain Tor2)
viral particles under experimental conditions (47), these observations raise questions on whether
SARS-CoV-2 exhibits enhanced fitness in the nasal respiratory mucosa and whether this disparity
contributes to its transmissibility. In addition to nasal respiratory mucosa, a postmortem study
showed that in the olfactory mucosa, sustentacular cells were the main targets of SARS-CoV-2 in-
fection but not olfactory sensory neurons. Nevertheless, the infected sustentacular cells may lead
to transient olfactory dysfunction in COVID-19 patients, appearing as anosmia, one of the com-
mon symptoms of COVID-19 (46).Whether the infected sustentacular cells contribute to the viral
transmission is unclear. Despite one reported case of SARS-CoV-infection-related anosmia (48),
there is no published study about the susceptibility of olfactory sensory neurons or sustentacular
cells to SARS-CoV infection.
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3.2. Transmission in Animal Models

Animal models enable a controlled experimental setting to investigate the dynamics of viral trans-
mission, providing insights into the routes and mechanisms by which the virus spreads, as well as
the viral shedding patterns.

In ferrets, SARS-CoV was successfully isolated from pharyngeal swabs of infected animals and
was efficiently transmitted to cohoused animals (25). Interestingly, no virus was detected in nasal
swabs in this study, which stands in sharp contrast to the shedding pattern of SARS-CoV-2 in
ferrets. The kinetics of viral shedding differed between donor and recipient animals, with a later
peak of shedding in recipient animals, mimicking delayed viral shedding after onset of clinical
manifestation as described in SARS-CoV infection in humans (38). SARS-CoV-2-infected ferrets
transmitted virus efficiently via direct contact and by air. The shedding pattern of the virus in
donor and direct/indirect recipient animals was comparable (49).

A comprehensive study on the comparative transmission of SARS-CoV and SARS-CoV-2
in ferrets reported that both viruses maintained their infectivity over distances exceeding 1 m
through the air. Transmission to recipient animals was observed for both viruses, with SARS-CoV
showing slightly higher efficiency (50). Contrary to findings by Martina et al. (38), the shedding
kinetics were similar between recipients and donors, as well as between the two viruses. Viral RNA
was detected in throat and nose swabs, with slightly higher levels in throat swabs. SARS-CoV was
transmitted much faster in ferrets as compared with humans, likely due to the constant exposure of
recipients to unidirectional airflow, optimizing their exposure. This factor may contribute to the
high transmission efficiency observed (50). It is also noteworthy that advanced age was associated
with enhanced viral shedding in SARS-CoV-2-infected-ferrets (51). Furthermore, SARS-CoV-
2 lacking the S1/S2 furin cleavage site was shed to lower titers from infected ferrets and failed
to transmit to cohoused sentinel animals, underlying the importance of the furin cleavage site for
SARS-CoV-2 transmission (52). SARS-CoV-2-infected hamsters also transmitted virus effectively
through direct contact and by air, whereas fomite transmission was not efficient (53, 54). In NHPs,
infectious SARS-CoV was detected in nasal and throat swabs (37, 40), while SARS-CoV-2 shed-
ding was detected in respiratory and rectal samples, with the highest viral titers in nose swabs (29,
30). The kinetics of SARS-CoV shedding in NHPs were comparable to those of SARS-CoV-2
(37, 55).

Despite conflicting data, no major differences in kinetics and amplitude of shedding in animal
models can be defined for SARS-CoV and SARS-CoV-2.However, indications for a reduced nasal
shedding were occasionally reported in SARS-CoV-infected-ferrets andNHPs, but this aspect has
not been extensively investigated in hamsters.

4. PATHOGENESIS MECHANISMS OF SARS-CoVs

Understanding the pathogenesis of SARS-CoV and SARS-CoV-2 involves elucidating the factors
that initiate the inflammatory cascade resulting in ARDS. The viruses can cause lung damage
directly by the infection and destruction of the alveolar epithelial cells or indirectly by induction
of immune mediators (6, 56). Severe SARS-CoV infection and COVID-19 are associated with
hypercytokinemia (i.e., the cytokine storm), which can cause life-threatening complications, such
as viral sepsis and multiorgan failure (57, 58). A comprehensive understanding of the pathogenesis
of SARS-CoVs requires combining the analysis from clinical human samples, animal models, and
in vitro models.

4.1. Pathogenesis in the Human Respiratory Tract

The alveoli are constructed with thin AT1 cells, which are responsible for gas exchange, and
cuboidal AT2 cells that are the progenitors for AT1 cells during lung regeneration (59). AT2 cell
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hyperplasia has been observed in the lungs of fatal cases of both SARS-CoV and SARS-CoV-2
infections (21–23, 60). In COVID-19 lungs, scRNA-seq revealed that both AT1 and AT2 cells ex-
pressed lower levels of cell-type identificationmarkers but elevated expression of genes involved in
apoptosis. Furthermore, AT2 cells lost the ability to differentiate toward AT1 cells, displaying an
inflammation-associated transient progenitor cell state, impairing lung regeneration (61, 62).This
is in line with observations in SARS-CoV fatal cases by Chen et al. (63), where viral positive lung
cells belonged to a novel subset exhibiting stem/progenitor status, missing AT1 and AT2 markers.
Additionally, in lung autopsies from SARS-CoV infection, viral-infected ACE2+ cells produced
a higher level of proinflammatory cytokines (64). Further investigation is needed to determine
whether this unique subset of SARS-CoV-positive lung cells underwent a similar inflammatory
state as observed in SARS-CoV-2 infection and whether it contributed to the disease progression
during SARS-CoV infection.

Another important observation in lungs of COVID-19 patients is the prevalence of syncytia.
These syncytia in the postmortem tissues not only were positive for SARS-CoV-2 spike protein
but also contained CD45-positive cells, suggesting that syncytia tend to internalize lymphocytes
(65). Although the presence of syncytia has also been observed in the lungs of SARS-CoV patients,
it is noteworthy that SARS-CoV does not exhibit high fusogenicity in in vitro human airway
models. The precise mechanism underlying the formation of syncytia in SARS-CoV infection
remains uncertain.

While type I IFNs (IFNα and IFNβ) are widely expressed along the respiratory tract, and
can lead to immunopathology during infection, type III IFN (IFNλ) responses are primarily re-
stricted to mucosal surfaces and provide antiviral protection without adverse proinflammatory
responses. Factors such as timing and duration of immune responses may contribute to the dis-
ease progression. ScRNA-seq of cells obtained from nasopharyngeal swabs of severe COVID-19
patients revealed moderate induction of type I or type II IFN–responsive genes in viral-infected
ciliated cells. Moreover, elevated levels of inflammatory cytokines as well as type I and III IFNs
were detected in the bronchoalveolar lavage fluid from severe COVID-19 cases, but not in na-
sopharyngeal swabs, suggesting that the possible cause of severe disease was due to unrestricted
viral replication in the upper airway and tissue damage in the lower airway (66, 67). In the context
of SARS-CoV infection, however, studies are available only for the systemic level of type I and
III IFNs. During the acute phase in severe and nonsevere patients, type I and III IFNs, as well
as related chemokines such as CXCL10, were upregulated in the peripheral blood. As the disease
progressed, self-sustaining expression of proinflammatory chemokines and interferon-stimulated
genes (ISGs), accompanied with deficient antigen presentation genes, led to poor disease outcome
(57, 68).

Lung tissue injury and inflammation attracts immune cells. ScRNA-seq on lungs of lethal
COVID-19 cases thus revealed a dense presence of abnormally activated monocyte-derived
macrophages and alveolar macrophages, characterized by an increase of proinflammatory
macrophages and a decrease of anti-inflammatory macrophages (61, 62). There was no signif-
icant increase in T cell populations observed in COVID-19-affected lungs, and only a modest
upregulation of cytokines and programs associated with T cell activation and tissue residency,
indicating impaired T cell responses. Notably, monocyte/macrophage-derived IL1β and epithe-
lial cell–derived IL6 were identified as distinct characteristics of SARS-CoV-2 infection (61). In
the lungs of SARS-CoV fatal cases, macrophages, both infected and uninfected, were identified
(20, 21). Furthermore, SARS-CoV-infected T cells were detected in SARS-CoV lung autopsies
in one study. It was hypothesized that these infected T cells played a role in lymphopenia and
facilitated viral dissemination to other organs (21). However, the specific function of these SARS-
CoV-infected immune cells was not extensively investigated in the patient samples. Figure 3
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Figure 3 (Figure appears on preceding page)

Comparative pathogenesis of SARS-CoV and SARS-CoV-2 in the human respiratory tract. (a) SARS-CoV-2 infects sustentacular cells
in the olfactory mucosa, causing transient olfactory dysfunction such as anosmia in some patients. It remains unclear whether
SARS-CoV infects the olfactory mucosa. (b) In the nasal respiratory epithelium, SARS-CoV infects ACE2-expressing ciliated cells. In
contrast, SARS-CoV-2 efficiently infects both ciliated cells and goblet cells, leading to uncontrolled viral replication due to weak
intrinsic immune responses in the nose. (c) In the lower conductive airway, SARS-CoV-2 infection results in the shedding of infected
cells and triggers epithelial regeneration. It also promotes the formation of syncytia, facilitating virus spread. There is limited
knowledge regarding SARS-CoV infection in the lower conductive airway, except that it infects ACE2-positive ciliated cells. (d) Both
viruses can cause severe lung damage. SARS-CoV infection in the alveolar epithelium leads to the presence of a unique infected cell
cluster and syncytia, although the fate of these cells remains unexplored. SARS-CoV-2 infection generally induces weaker IFNs and
proinflammatory responses in the lungs, but in severe cases, inflammatory responses are elevated. Infected AT2 cells lose their ability to
differentiate, impairing lung repair. There is formation of syncytia, which may contain lymphocytes. Abbreviations: AT1/AT2, alveolar
type I/II pneumocyte; ACE2, angiotensin-converting enzyme 2; IFN, interferon; SARS-CoV, severe acute respiratory syndrome
coronavirus. Figure contains elements adapted with standard license from http://stock.adobe.com.

summarizes the characteristics of SARS-CoV and SARS-CoV-2 pathogenesis in the human
respiratory tract.

Innovative techniques such as single-cell omics have provided valuable opportunities to investi-
gate the pathogenesis and immune response in SARS-CoV-2 infection (61, 62). During the initial
outbreak of SARS-CoV in the early 2000s, the availability and development of innovative tech-
niques such as single-cell omics were limited compared with the present day. Consequently, most
studies on SARS-CoV were conducted using technologies that were available two decades ago.
Even now, the feasibility of using suitable historical patient samples for high-resolution single-
cell analysis remains a challenge in SARS-CoV studies. The advancements in in vivo and in vitro
models present valuable opportunities to bridge the gaps in our understanding of SARS-CoV
pathogenesis and facilitate comparative investigations with SARS-CoV-2, utilizing cutting-edge
techniques. These approaches can provide important insights into the similarities and differences
between the two viruses and enhance our understanding of their respective disease mechanisms.

4.2. Pathogenesis in Animal Models

In animal models, the severity and clinical outcomes of the diseases caused by SARS-CoV and
SARS-CoV-2 are influenced by both host and viral factors.While host factors encompass a range
of protective reactions, such as immune responses or cell death, they can also lead to enhanced
disease when excessive or interfering with normal physiological functions, such as gas exchange
in the lungs. On the other hand, viral factors are usually intrinsic properties that suppress a host
response and enhance viral replication and dissemination. In contrast to in vitro platforms, ani-
mal models provide the physiological environments that encompass intricate cellular interaction
and genetic modification, making them particularly valuable for the identification of systematic
determinants of disease severity during SARS-CoV and SARS-CoV-2 infections.

4.2.1. Host factors. Immunosuppression experiments using animal models have highlighted
the importance of an intact immune response in the context of SARS-CoV and SARS-CoV-2 in-
fections. Hamsters treated with cyclophosphamide, which induced immunosuppression, showed
more severe and prolonged disease, along with an expanded tissue tropism for both SARS-CoV
and SARS-CoV-2 (69, 70). Depletion of CD4+ T cells in BALB/c mice resulted in delayed clear-
ance of SARS-CoV from the lungs, while CD8+ T cell response was critical to protect C57BL/6
mice from lethal SARS-CoV outcomes. Additionally, a dysregulated proinflammatory signature of
circulating T cells at baseline was associated with severe disease in mice with SARS-CoV infection
(71). RAG2 knockout hamsters, lacking mature T and B cells, showed uniformly lethal outcomes
following SARS-CoV-2 infection (70).
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In vivo experiments have provided evidence that the pulmonary pathology observed in SARS-
CoV and SARS-CoV-2 infections is primarily driven by immunopathology rather than the direct
effects of viral replication. Supporting the role of immunopathology in SARS-CoV-2-induced
lung damage, pulmonary pathology was significantly reduced in STAT2-knockout hamsters, along
with increased viral loads and viral RNA dissemination in peripheral tissues (72). Different from
humans, in hamsters, a proinflammatory expression profile, characterized by productive rather
than dysregulated inflammation and a tendency toward T cell recruiting chemokines, was ob-
served, which may explain the transient and self-limiting nature of SARS-CoV-2 infections in
these animals (73). Furthermore, the critical role of Toll-like receptor signaling in controlling
pulmonary pathology caused by SARS-CoV and SARS-CoV-2 has been repeatedly demonstrated
(74, 75). Activation of nuclear factor kappa B (NF-κB) has also been identified as an important
determinant of disease severity in mice and NHPs infected with SARS-CoV and SARS-CoV-2
(76–78).

Both SARS-CoV and SARS-CoV-2 infections in animals have shown a correlation between
an increase of age and more severe disease, higher viral replication and shedding, and reduced
viral clearance (31, 35, 79–81). Similar to the observations in humans (82), higher transcription
levels of essential viral entry factors ACE2 and TMPRSS2 (transmembrane serine protease 2)
were detected in the respiratory tract of aged ferrets and mice, suggesting that hosts with ad-
vanced age might be more susceptible to infections (83). Furthermore, an age-related increase in
immune response and the presence of a proinflammatory microenvironment with an accumula-
tion of CXCR3+ (C-X-C motif chemokine receptor 3) cells in the lungs have been observed in
SARS-CoV-2-infected NHPs and mice (51, 77, 84, 85), suggesting that age-related factors play a
significant role in the pathology of CoV infections. Besides, sex is an important determinant for
the disease outcome after infectionwith both SARS-CoV and SARS-CoV-2.Multiple experiments
indicate that more severe disease, as well as enhanced viral replication and immunopathology, was
observed in male animals (86–88).

Coagulative disorders have been identified as an important factor for both SARS-CoV and
SARS-CoV-2 disease severity. In mouse models, elevated levels of profibrotic cytokine transcripts
and fibrin deposition in the lungs were observed during lethal SARS-CoV infections (89). Sim-
ilarly, evidence of coagulation dysfunction was identified in SARS-CoV-2-infected NHPs (90),
accompanied by the upregulation of pathways associated with complement and platelet acti-
vation, thrombosis, vascular injury and repair, and neutrophil degranulation (31). Additionally,
both SARS-CoV-2-infected mice and NHPs displayed endothelial activation and dysfunction in
pulmonary vessels, characterized by adhesion of platelets and immune cells (91). Proteomic anal-
ysis of the lung tissues from SARS-CoV-2-infected hamsters further revealed the activation of
complement cascade, coagulation cascade, platelet activation, ferroptosis, and focal adhesion (92).

SARS-CoV infection and the spike protein itself reduced ACE2 expression, which was an ad-
ditional pathogenic factor. The renin-angiotensin system has a crucial role in severe acute lung
injury, and ACE2 is critical in acute lung failure (93). Similarly, downregulation of ACE2 was ob-
served in SARS-CoV-2-infected hamsters (94). Although the sequences of hamster and human
ACE2 are relatively similar, slight differences at position 82 were hypothesized to be responsible
for the absence of fatal disease following infection with SARS-CoV and SARS-CoV-2 in ham-
sters (40). However, it was assumed that susceptibility to infection was multifactorial, influenced
not only by genetic ACE2 composition but also by organ-specific ACE2 expression, additional
receptors/proteases, and host immune responses (95).

4.2.2. Viral factors. SARS-CoVs contain several open reading frames (ORFs) in their genomes,
generating different viral proteins. The viral proteins and genetic variations of SARS-CoVs
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that contribute to viral replication and immune evasion have the potential to influence their
pathogenicity. The envelope (E) protein of SARS-CoV was identified as an important virulence
factor in mice and hamsters. A deletion of the SARS-CoV E gene led to reduced lung injury
with limited neutrophil influx and increased presence of CD4+ and CD8+ T cells. The E protein
PDZ-binding motif (PBM), a domain involved in protein–protein interactions, and the E protein
ion channel activity were major determinants of virulence (76, 96, 97). In mice, the PBM of
SARS-CoV and SARS-CoV-2 E proteins were involved in dysregulating gene expression related
to ion transport and cell homeostasis (98). Additionally, the SARS-CoV-2 E protein alone was
able to cause ARDS-like damages in mice (99). The SARS-CoV strain Frankfurt-1 possesses a
unique 45-nucleotide deletion in its ORF7b protein. Hamsters inoculated with a virus carrying
this deletion showed an increased viral burden in their lungs. The presence of intact ORF7b
was mainly found in early variants of SARS-CoV, suggesting its potential role in limiting the
spread of SARS during the initial phase of the epidemic (100). Infection of K18-ACE2 mice
with recombinant SARS-CoV-2 variants identified ORF3a and ORF6 as the major contributors
of viral pathogenicity, with ORF6 as a potent inhibitor of the host innate immune response
and ORF3a inducing cytokines being favorable for viral replication and tissue damage (101).
Furthermore, SARS-CoV-2 ORF8 was identified as an important virulence factor, and its deletion
attenuated pulmonary inflammation in hamsters (78).

4.3. Pathogenesis in In Vitro Studies: Cellular Entry Mechanism

Both SARS-CoV and SARS-CoV-2 exploit ACE2 as the cellular receptor for host entry (102, 103).
In silico and in vitro investigations have yielded comprehensive insights into the interaction of the
spike proteins of SARS-CoV and SARS-CoV-2 with the human ACE2 receptor and cellular pro-
teases, shedding light on the distinct mechanisms employed by these two human coronaviruses
to facilitate their cellular entry. In vitro studies often use cell lines expressing the ACE2 recep-
tor and/or the proteases, together with pseudoviruses that were engineered to express the viral
spike proteins. However, it is important to acknowledge that cell lines and pseudoviruses have
limitations in representing the complexity of the human respiratory system and authentic viral
infection and may cause false conclusions (104, 105). Therefore, it is crucial to complement these
studies with physiologically relevant models such as primary cultures, human organoids, and in
vivo experiments to obtain a comprehensive understanding of the viral entry mechanism.

Additionally, choice of spike variants is crucial for comparative investigations of SARS-CoV
and SARS-CoV-2 entry mechanisms. The D614Gmutation in the spike protein of SARS-CoV-2,
which emerged in March–May 2020, led to enhanced binding to the ACE2 receptor and viral
particle stability. This variant played a significant role in the early stages of the pandemic and is
commonly used for comparative studies with SARS-CoV in in vitro investigations (106).

Following successful receptor binding, SARS-CoV undergoes two proteolytic cleavage events
that lead to the activation and conformational change of spike proteins, priming the viral cell en-
try machinery. The first cleavage occurs at the S1/S2 junction, whereas the second cleavage site
is adjacent to the S2′ site within the S2 subunit. The second cleavage exposes the fusion pep-
tide, which triggers fusion of viral and cellular lipid bilayers, facilitating the release of the viral
ribonucleoprotein complex into the host cell. In the case of SARS-CoV-2, the first cleavage at
the S1/S2 junction occurs during viral production, requiring only the second cleavage of the spike
protein on the target cells after the receptor binding (10). For both SARS-CoV and SARS-CoV-2,
as observed in cell lines, TMPRSS2 mediates plasma membrane fusion entry, while cathepsin L
(CTSL) regulates endolysosome-mediated entry (10, 11).

The utilization of specific receptors and proteases by SARS-CoV and SARS-CoV-2 signifi-
cantly impacts their cellular and tissue tropism, representing a critical factor in viral transmission
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and pathogenesis. For example, the cell entry mechanism of SARS-CoV-2 on human nasal epithe-
lial cells has been well studied using a primary nasal epithelium model (12, 13). The SARS-CoV-2
virions (614G variant) firstly attached tomotile cilia via the ACE2 receptor.The virus then traveled
to the cell body through ciliary trafficking. Viral replication in these cells triggered the formation
of apically extended and highly branched microvilli, which facilitated virus egress. The highly in-
fectious omicron variant of SARS-CoV-2 displayed a higher binding affinity to motile cilia and a
faster viral entry compared with the ancestral strain, suggesting a mechanism of the rapid spread
observed in the community (13). A comparative analysis of the entry machinery of SARS-CoV and
SARS-CoV-2 in such in vitro human nasal epithelium systems would be valuable to gain insights
into their respective transmissibility.

4.3.1. Tissue/cell expression of ACE2 and proteases. Considering that viral entry of SARS-
CoV and SARS-CoV-2 is a multifactorial-dependent procedure, efforts have been made to
understand the coexpression profile of cellular viral entry factors in human tissues.

In the human nasal airway, nasal goblet cells and multiciliated cells compose the highest frac-
tion of ACE2+TMPRSS2+ cells (107), matching the fact that these cells are the main targets of
SARS-CoV-2 in the human nose. In the olfactory mucosa, ACE2 and TMPRSS2 are coexpressed
in sustentacular and basal cells but not in olfactory sensory neurons (108). This is consistent with
the observation that SARS-CoV-2 infects sustentacular cells but not olfactory sensory neurons in
postmortem samples (46). CTSL, which has been observed to be recruited by both SARS-CoV
and SARS-CoV-2 in cell lines, is coexpressed with ACE2 in olfactory mucosa and pericytes in
lung (109). In the lower lung, ACE2 and TMPRSS2 mRNA are coexpressed in AT1 and AT2
cells. It is worth noting that TMPRSS2 is expressed only in a subset of ACE2-positive cells, in-
dicating that other alternatives can be recruited by the viruses (107). As examined in lung, nasal,
and gut epithelial cells, the coexpression of TMPRSS2 and ACE2 is associated with expression
of key immunological genes and genes involved in viral infection, indicating the possible trigger
of responses such as cytokine storm during disease development (109). Furin mRNA is expressed
in a wide range of human tissues, including its high expression in ACE2+/TMPRSS2+ nasal cili-
ated cells and AT2 cells (110, 111). Since SARS-CoV-2 utilizes furin but SARS-CoV does not, the
abundance of furin may contribute to the tissue tropism and replication kinetics of SARS-CoV-2.

4.3.2. Interaction of spike proteins with the receptor/proteases. Similar to the SARS-
CoV spike protein, the SARS-CoV-2 spike protein interacts with the cellular receptor through
a receptor-binding domain (RBD), which contains a core and a receptor-binding motif (RBM)
(112, 113). Both spike proteins have a similar number of hydrogen bonds and salt bridges at the
RBMs.Although structurally very similar, compared with the SARS-CoVRBM, the SARS-CoV-2
RBM forms a bigger binding interface, which provides more contact with ACE2. The enhance-
ment in receptor interaction is probably caused by structural changes in the ACE2-binding ridge
by four residues (482–485 GVEG), and at L455, F486, Q493, and N501 (112, 113). Binding ki-
netics assays further confirmed a higher binding affinity to ACE2 of the SARS-CoV-2 RBD than
that of the SARS-CoV RBD (112–114) (Figure 4).

The seasonal alphacoronavirus NL63 also uses ACE2 for cellular entry.Comparing the utiliza-
tion of ACE2 between low-pathogenic NL63 and the high-pathogenic SARS-CoVs is informative
for factors influencing disease severity. The spike of NL63 has less interface surface area with
ACE2 compared with those of SARS-CoV and SARS-CoV-2 (115). Each virus uses specific seg-
ments at the spike–ACE2 interface. Evaluation of the interaction energy between ACE2 and viral
spike proteins revealed the binding affinity order of the three coronaviruses as SARS-CoV-2 >

SARS-CoV>NL63 (116).Nevertheless, the binding affinity to the receptor cannot solely explain
all differences observed during infection.
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Figure 4

Differences in receptor and protease usage by spikes of SARS-CoV and SARS-CoV-2. (a) The protease
cleavage sites on the spikes of SARS-CoV and SARS-CoV-2, with the arginine cleavage site indicated in red
letters. The presence of a furin-cleavable multibasic cleavage site (residues underlined) at the S1/S2 junction
of the SARS-CoV-2 spike protein distinguishes it from the SARS-CoV spike protein. Additionally, the
SARS-CoV-2 spike protein contains an extra cleavage site for TMPRSS2 in the RBD region (red arrow).
(b) The two spike proteins interact with ACE2 via structurally similar RBMs. Contacting residues in the
SARS-CoV-2 RBM and SARS-CoV RBM are indicated by red letters and blue letters, respectively.
However, the SARS-CoV-2 spike protein exhibits a larger and stronger binding interface with ACE2 due to
specific critical residues, highlighted in green boxes. Abbreviations: ACE2, angiotensin-converting
enzyme 2; R, arginine; RBD, receptor-binding domain; RBM, receptor-binding motif; SARS-CoV, severe
acute respiratory syndrome coronavirus; TMPRSS2, transmembrane serine protease 2. Sequences used for
this figure are obtained from SARS-CoV strain HKU39849 and SARS-CoV-2 strain Germany/BavPat1/
2020 on the basis of published data (112, 113). Figure contains elements adapted with standard license from
http://stock.adobe.com.

The adaptation of a coronavirus to human cells is reflected by its receptor binding—a phe-
nomenon that was already observed during the outbreak of SARS-CoV. The spike protein of
SARS-CoV strain Tor2, obtained from the earlier outbreak period, showed strong binding to hu-
man ACE2, while the spike proteins from a strain that emerged later during the outbreak (strain
GD) and from a SARS-CoV-like virus (SZ3) exhibited efficient binding to palm civet ACE2 but
less binding to human ACE2. Residues 487 and 479 on the spike proteins were found to be cru-
cial for association with the human receptor. This finding supported the hypothesis that the late
outbreak was caused by a newly introduced viral strain that had yet to fully adapt to the human
host, resulting in decreased transmissibility (117).

Following receptor binding, the spike protein of SARS-CoV undergoes a crucial first cleavage
at the S1/S2 site by TMPRSS2, which is a prerequisite for subsequent cleavage at the S2′ site.
Unlike SARS-CoV, the S1/S2 junction of the SARS-CoV-2 spike protein contains a distinctive
multibasic cleavage site (MBCS) with three basic arginines interrupted by a nonpolar alanine
(RRAR). This MBCS can be cis-cleaved by the ubiquitous cellular protease furin (Figure 4).
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This unique MBCS motif on SARS-CoV-2 facilitates a faster serine protease-mediated entry on
Calu-3 cells (118). A mutant SARS-CoV-2 that lacked the MBCS motif had impaired replication
in Calu-3 cells (119). This aligns with in vivo observations that SARS-CoV-2 with MBCS defi-
ciency showed less transmission in ferrets (52). These data highlight the significance of this motif
for efficient viral replication and spreading in respiratory epithelium.

Both SARS-CoV and SARS-CoV-2 can utilize TMPRSS2 for the second proteolytic cleav-
age step. In the case of the SARS-CoV spike protein, TMPRSS2 cleaves at the R797 site before
the fusion peptide (120), whereas in the SARS-CoV-2 spike protein, TMPRSS2 can efficiently
cleave the C-terminus of the RBD, in addition to upstream of the fusion peptide in S2 (121)
(Figure 4). The furin usage by SARS-CoV-2 reduces the reliance on proteolytic events occurring
on the target cell surface, unlike SARS-CoV, which necessitates two cleavage steps mediated by
TMPRSS2. The presence of the MBCS and the utilization of furin likely contribute to the en-
hanced and rapid spread of SARS-CoV-2 within the human airway epithelium (Figures 4 and 5).

This difference in using furin further affects the entry routes used by these two viruses in
cell lines. SARS-CoV-2 pseudovirus (614D) cell entry depended more on TMPRSS2 expression
than SARS-CoV pseudovirus in 293TACE2+ cells. But a SARS-CoV-2 mutant with a deficient
furin cleavage site no longer heavily depended on TMPRSS2 (122). SARS-CoV, which generally
requires more proteolytic activation of sufficient numbers of spike proteins on the target cells,
was able to utilize CTSL-mediated entry more efficiently when TMPRSS2 was absent. It was
hypothesized that the furin cleavage resulted in an unstable status of the SARS-CoV-2 spike,which
was further destabilized in the acidifying endosome, impairing the endocytic entry route mediated
by CTSL. The 614G variant of the SARS-CoV-2 spike protein, known for its increased stability,
had reduced susceptibility to the effects of TMPRSS2 (122). This impact of the furin cleavage
site was further demonstrated in clinical isolates of SARS-CoV-2 (614G) propagated in VeroE6
cells. These viruses obtained mutations in the MBCS, causing adaptation to the CTSL-mediated
entry pathway present in VeroE6 cells (105) (Figure 5). These observations undoubtedly demand
further validation using more relevant cell models, rather than cell lines.

Furthermore, the presence of the MBCS in the SARS-CoV-2 spike protein resulted in a
stronger fusogenicity compared with SARS-CoV in human airway organoid-derived air-liquid
interface (ALI) cultures, potentially facilitated by furin utilization (118). Apart from furin, the
process of SARS-CoV-2-mediated cell–cell fusion also involves TMPRSS2, which enhanced the
fusion process by proteolytically processing both the SARS-CoV-2 spike and ACE2 receptor in
cell lines (123) (Figure 5).The enhanced cell–cell fusion of SARS-CoV-2may hold significant im-
plications for the pathogenesis, as SARS-CoV-2 potentially can spread efficiently through syncytia
formation in the human airway (124). Notably, there is a lack of quantitative evidence comparing
the extent of syncytia formation caused by SARS-CoV and SARS-CoV-2 infection in both patient
and experimental animal lungs.

In addition to TMPRSS2, there are other serine proteases that are expressed in the human
respiratory tract and have the ability to cleave spikes from SARS-CoV and SARS-CoV-2. These
serine proteases include TMPRSS11A,TMPRSS11D,TMPRSS11E, andTMPRSS13 (125, 126).
The ability of both SARS-CoV and SARS-CoV-2 to exploit various serine proteases expressed in
the human respiratory tract to facilitate viral entry provides a higher degree of adaptability and
thus contributes to the intricate cellular and tissue tropism observed in clinical settings.

4.4. Pathogenesis in In Vitro Studies: Tissue Tropism and Innate
Immune Responses

Compared with experimental animals, in vitro models provide a controlled and focused approach
to studying specific cellular or molecular events associated with SARS-CoV and SARS-CoV-2
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Figure 5

In vitro observations on cellular entry by SARS-CoV and SARS-CoV-2. During viral entry, the
SARS-CoV-2 spike protein shows a higher affinity for ACE2. The presence of an MBCS enables
SARS-CoV-2 to enter cells more rapidly through the membrane fusion pathway. In contrast, SARS-CoV can
utilize both membrane fusion and CTSL-mediated endosomal entry pathways. Furin cleavage of the newly
synthesized SARS-CoV-2 spike protein in the Golgi apparatus enhances its ability to efficiently bind to
ACE2 and utilize TMPRSS2, thereby contributing to its stronger fusogenicity and viral spread.
Abbreviations: ACE2, angiotensin-converting enzyme 2; CTSL, cathepsin L; MBCS, multibasic cleavage
site; SARS-CoV, severe acute respiratory syndrome coronavirus; TMPRSS2, transmembrane serine
protease 2. Figure contains elements adapted with standard license from http://stock.adobe.com.

pathogenesis. Various in vitro models, such as those based on postmortem patient samples,
ex vivo tissue explants, and cell lines expressing key receptors and proteases, have been used to
investigate viral entry, cellular tropism, and innate immune responses.While cell line models offer
a high-throughput system to explore viral–host interaction networks for these viruses (127, 128),
they lack the physiological context of viral infection and may induce undesired viral adaptations
(104, 105). In contrast, in vitro human primary airway cultures resemble the morphological and
physiological features of the human conducting airways more closely and have been instrumental
in studying infection kinetics and cellular tropism for both SARS-CoV and SARS-CoV-2 (12–14).
Organoid models derived from stem cells offer regeneratable and self-organized cells that exhibit
functional and architectural characteristics of the corresponding tissues. Human pluripotent stem
cell–derived and multipotent adult stem cell–derived respiratory organoids, representing fetal/
neonatal and mature states, respectively, have been extensively utilized to study SARS-CoV-2
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infection kinetics, entry mechanisms, and immune responses (105, 129–131). Notably, the use of
these organoid models to study SARS-CoV is still limited.

Furthermore, selecting appropriate viral strains is crucial for comparative investigations of
SARS-CoV and SARS-CoV-2 pathogenesis. The SARS-CoV-2 variant with D614G mutation
in the spike protein has shown increased replication and transmissibility in various cultures and
animal models (106) and is widely used in in vitro studies. In the case of SARS-CoV, a gradual dele-
tion occurred in the ORF8 coding sequence during the epidemic. This deletion was present in all
strains involved in the middle and late phases of the epidemic and resulted in attenuated replica-
tion in cell lines (132). Therefore, caution must be exercised when comparing the replication of
this ORF8-deleted variant of SARS-CoV with SARS-CoV-2 (133).

4.4.1. Observations in upper airway models. In humans, SARS-CoV exhibits a peak in shed-
ding approximately 10 days after symptoms appear, whereas SARS-CoV-2 shows a peak shortly
after symptom onset (6, 42, 43). Besides, in vivo investigations indicated a higher replication of
SARS-CoV-2 compared with SARS-CoV in the nose. It is therefore crucial to investigate whether
SARS-CoV-2 displays enhanced replication or fitness in the human nasal mucosa and whether this
disparity contributes to its transmissibility.

Several studies that applied scRNA-seq on nasopharyngeal swabs of COVID-19 patients have
revealed that in the nasal mucosa, SARS-CoV-2 mainly targets ACE2+TMPRSS2+ ciliated cells
and goblet cells (66, 134). In contrast, there is limited literature on nasal cellular tropism of SARS-
CoV in patients, except for a few in vitro studies showing that SARS-CoV infected ACE2+ ciliated
nasal epithelial cells in culture (14, 15).

Considering the lower pH (approximately 6.3) in the nasal cavity compared with the neutral
pH (approximately 7.5) in the lumen of the human lungs, the pH level may contribute to the
stability and infectivity of the viruses. In 293TACE2+TMPRSS2+ cells, the SARS-CoV spike-carrying
pseudoviruses exhibited higher infectivity at pH 7.5 than at pH 6.3. Conversely, the SARS-CoV-2
pseudoviruses (both 614D and 614G) showed a preference for lower pH conditions (125).

Impaired intrinsic immune responses in the nose were observed in patients with severe
COVID-19. ScRNA-seq of cells obtained from nasopharyngeal swabs of patients with severe
COVID-19 revealed absence of antiviral responses in viral infected cells, suggesting the possible
pathogenesis of severe disease by enhanced viral replication in the upper airway (66). Further-
more, when infecting human primary nasal epithelial cultures with SARS-CoV-2 (614D strains),
a delayed induction of type I and III IFNs and IFN-regulated gene expression relative to viral
gene replication was observed at 1 dpi (135, 136).

4.4.2. Observations in lower conducting airway models. Investigation on postmortem
samples from SARS-CoV infection detected viral antigens in ciliated epithelial cells lining bron-
chioles, bronchi, and trachea using detection methods such as electron microscopy, IHC, and
in situ hybridization (21, 60). The primary human tracheobronchial culture model confirmed
that SARS-CoV primarily infected ACE2-expressing ciliated cells (15, 137). In the fatal cases of
COVID-19, viral antigens were detected in ciliated cells in trachea, bronchi, and bronchioles by
IHC (22, 23). Close examination of tracheal tissue obtained from deceased COVID-19 patients
revealed significant tissue damage. The infection led to the shedding of ciliated and club cells
into the lumen, leaving the underlying basal cells exposed, and was accompanied by extensive cell
proliferation (138) (Figure 3).

The establishment of in vitro human airway models enabled the comparative investigations for
SARS-CoV and SARS-CoV-2. In human airway organoid-derived ALI cultures, SARS-CoV-2
(strain Germany/BavPat1/2020, 614G) infection resulted in the formation of syncytia, charac-
terized by the fusion of multiple uninuclear cells. In contrast, such syncytia formation was not
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observed in the human airway ALI culture upon SARS-CoV (strain HKU39849) infection. This
distinction may be attributed to the presence of an MBCS at the S1/S2 junction of the spike pro-
tein of SARS-CoV-2. The increased fusogenicity of SARS-CoV-2 on human airway epithelium is
a plausible strategy to evade extracellular immune surveillance and enhance viral dissemination.
Consequently, this enhanced fusogenicity likely contributes to the transmission and pathogenesis
of SARS-CoV-2 (118, 124), similar to what has been observed in a ferret model (52).Notably, syn-
cytia were observed in lungs of SARS-CoV-infected patients and NHPs (20, 21, 25). It is possible
that these observed syncytia had originated from macrophages upon SARS-CoV infection. As a
result, the evidence regarding the syncytia formation of SARS-CoV in human airway ALI culture,
where professional immune cells including macrophages are absent, remains inconclusive.

Given that a temperature gradient exists in the human respiratory tract, with mucosal temper-
ature higher in the lower respiratory tract, temperature sensitivity was examined for SARS-CoV
and SARS-CoV-2. In primary human tracheobronchial epithelial cells, SARS-CoV-2 (strain
München-1.1/2020/929, 614G) displayed enhanced progeny viral production at 33°C compared
with 37°C, while SARS-CoV (strain Frankfurt-1) infection was not influenced by tempera-
ture (133). The contrasting preferences for pH and temperature exhibited by SARS-CoV and
SARS-CoV-2 could be attributed to the stability profiles of their spike proteins under specific
environments.

Compared with the nose, the immune responses upon SARS-CoV-2 (strain France/IDF0571/
2020, 614D) infection were even more dampened in human primary bronchial epithelial cul-
tures, indicating potential inherent differences in the early immune response to SARS-CoV-2
infection in the human airway (135). Additionally, in primary human tracheobronchial epithe-
lial cells infected with SARS-CoV-2 (München-1.1/2020/929, 614G), a higher IFN-driven innate
immune signaling at 37°C than at 33°C was observed. This was accompanied by a higher vi-
ral replication at 33°C, raising the question of whether more potent innate immune activation
restricted SARS-CoV-2 replication in the human airway at 37°C (133). In the same study, SARS-
CoV (strain Frankfurt-1, with ORF8 deletion) infection triggered a weaker type III IFN antiviral
and proinflammatory response than did SARS-CoV-2 (133). Nevertheless, in the ex vivo lung tis-
sue, while replicating at a high level, SARS-CoV-2 (HKG/HKU-001a/2020, 614D) showed an
impaired induction of interferons and proinflammatory factors compared with SARS-CoV (strain
GZ50) (139). These observations indicate that the different replication capability of SARS-CoV
and SARS-CoV-2 along the human respiratory tract is not only affected by the variation in their
cell entry machinery but also inversely associated with the innate immune response induction
during the infection.

4.4.3. Observations in lungmodels. In postmortem samples of both SARS-CoV infection and
SARS-CoV-2 infection, viral antigens were detected in both AT1 and AT2 cells (21–23, 60). In
accordance, in human ex vivo tissues, antigens from both viruses were detected in AT1 and AT2
cells, as well as alveolar macrophages (139). Hyperplasia of AT2 cells was reported in the lungs in
both SARS-CoV and SARS-CoV-2 fatal infection (21–23, 60).

AT2 cells play a crucial role in lung repair by serving as progenitors for AT1 cells (59). The
application of scRNA-seq on COVID-19 patient materials revealed that AT2 cells, as well as
AT1 cells, exhibited decreased expression of cell-type identification markers and were apopto-
tic. These AT2 cells were unable to differentiate into AT1 cells but instead displayed a transient
progenitor cell state associated with inflammation. This impaired lung regeneration may con-
tribute to the severity in COVID-19 cases (61, 62). This observation was validated using a 3D AT2
organoid model. In SARS-CoV-2-infected AT2 organoids, expression of AT2-specific surfactant
proteins decreased. SARS-CoV-2-positive cells in the organoid culture displayed an elongated
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morphology without expressing AT1 markers. The infection with SARS-CoV-2 also resulted in
proinflammatory responses and cell death within the AT2 organoids (140, 141).

In SARS-CoV fatal cases, lung cells positive for viruses were identified to belong to a subset
with stem/progenitor characteristics, and these cells were missing AT1 and AT2 markers (63).
It would be intriguing to investigate whether this particular subset of SARS-CoV-positive lung
cells exhibited a similar inflammatory progenitor cell status as observed in COVID-19 patients.
While primary AT1 and AT2 cell cultures were established to study SARS-CoV infection (142,
143), the application of novel AT2 organoids as an additional model for SARS-CoV infection is
of considerable value.

In both pulmonary cell line Calu-3 cultures and human ex vivo lung tissues, SARS-CoV-2
(strain HKG/HKU-001a/2020, 614D) displayed a higher replication rate and viral produc-
tion compared with SARS-CoV (strain GZ50), which might be due to the impaired IFNs and
proinflammatory responses upon SARS-CoV-2 infection (139, 144). In a multiomics study, SARS-
CoV-2 (strain Germany/BavPat1/2020) and SARS-CoV (strain Frankfurt-1) infected lung cell
line A549 showed a downregulation of type I IFN and a proinflammatory activation for both
virus infections. SARS-CoV infection caused higher activation of the NF-κB pathway, while
a specific recruitment of TGFβ factors, which are involved in tissue fibrosis, was observed in
SARS-CoV-2 infection. Furthermore, in this study, there was differential regulation of cellular
pathways, including ubiquitination and phosphorylation, during SARS-CoV-2 infection compared
with SARS-CoV (128). These findings suggest that variations in the cellular machinery employed
by SARS-CoV and SARS-CoV-2may underlie the observed disparities in viral replication kinetics,
ultimately impacting the pathogenesis of these two viruses.

Alveolar macrophages and plasmacytoid dendritic cells serve as one of the primary IFN-
producing cells during pulmonary infection. Viral antigen–positive macrophages were detected
in autopsies in both SARS-CoV and SARS-CoV-2 infections (21, 23). SARS-CoV did not pro-
ductively infect primary alveolar macrophages, monocyte-derived macrophages, or dendritic cells
in vitro. Nevertheless, infection in the lung epithelial cells modulated the intrinsic functions
of monocyte-derived macrophages and dendritic cells (142, 145). In the case of SARS-CoV-2,
primary alveolar macrophages were not susceptible to productive viral infection and failed in pro-
ducing IFNs or activating ISGs upon infection (strain 291.3 FR-4286). This finding provided a
possible mechanism by which individuals with low-level symptoms may exhibit inactivated im-
mune responses, allowing viral replication in the lungs and eventually contributing to community
spreading of SARS-CoV-2 (146).

5. INTEGRATION AND CONCLUSION

The emergence of novel coronaviruses into the human population is almost inevitable, highlight-
ing the importance of understanding the characteristics that contribute to the global pandemic
potential of viruses like SARS-CoV-2. The comparative analysis between SARS-CoV and SARS-
CoV-2 is therefore crucial for comprehending the pathogenesis of these two highly pathogenic
viruses.While studies have contributed to our understanding of disease severity determinants and
clinical outcomes, there are limited comparisons of these two viruses under identical experimental
conditions.

Animal models have played a crucial role in the broad understanding of the pathological
changes upon infections with SARS-CoV and SARS-CoV-2, revealing comparable viral replica-
tion kinetics, tissue tropism, shedding, and transmission. However, due to the complex nature
of infectious agents like SARS-CoV and SARS-CoV-2, which induce a wide range of clini-
cal manifestations in humans through intricate pathomechanisms, no single animal model can
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comprehensively represent all these aspects during infections. Direct comparisons between ex-
perimental outcomes in animal models and clinical outcomes in humans are subject to limitations
because of variations in the viral entry route and host immune systems, as well as experimental
variables.Therefore, animal tissue-derived organoid cultures offer an alternative approach to eval-
uate the susceptibility of different animal models to SARS-CoV or SARS-CoV-2 infections and
the key differences between human and animal hosts, such as the viral receptors and proteases.

Nevertheless, a higher replication of SARS-CoV-2 than SARS-CoV in the nose has been ob-
served in animal models (37), which aligns with clinical observations where viral titers peaked
earlier inCOVID-19 patients (6, 42, 43). In vitro studies also showed that SARS-CoV-2 replication
was favored by pH and temperature conditions resembling those in the human nasal mucosa (125,
133). Impaired intrinsic immune responses in the nasal mucosa may contribute to the increased
replication of SARS-CoV-2 (66). Future comparative research is desired to investigate the antivi-
ral immune responses in the nasal mucosa of animals infected with SARS-CoV and SARS-CoV-2.
In addition, comparative studies using human nose organoids can provide valuable insights into
local immune responses, viral entry mechanisms, and replication fitness of these two viruses in the
human nasal mucosa.

The development of ARDS is crucial in determining disease severity and fatality rates. Both
SARS-CoV and SARS-CoV-2 have been associated with damages to pulmonary epithelial cells in
deceased patients and animal models, which can be a direct cause of ARDS. Single-cell omics have
improved the understanding of the disruption in lung repair and regeneration during SARS-CoV-
2 infection, revealing an inflammatory state in AT2 cells and their impaired ability to differentiate
into AT1 cells. Human AT2 organoids are useful tools for studying this phenomenon. While
high-resolution single-cell omics analysis may not be feasible in SARS-CoV clinical autopsies,
it can be applied to SARS-CoV-infected AT2 organoids, offering valuable comparative inves-
tigations into the lung pathogenesis of SARS-CoV. Furthermore, local inflammatory responses
involving immune cells such as macrophages and neutrophils contribute to alveolar damage and
immunopathology.Age andmale sex are also determinants of the pathogenesis of both SARS-CoV
and SARS-CoV-2. Animal models offer valuable opportunities to compare systemic outcomes
during infections with these viruses.

The kinetics of viral shedding from the nasal cavity seem to play a crucial role in the
pathogenicity of respiratory pathogens. When a novel coronavirus emerges, human nose
organoids could facilitate the quick assessment of the potential of the virus to infect and be excreted
from the nasal mucosa. Human lung organoids, on the other hand, help to predict the disease
impact on the lower respiratory tract, including cellular tropism and innate immune responses.
Animal organoid models also aid in determining the susceptibility of experimental animal species
to viral infection, guiding the selection of appropriate animal models for studying pathogenesis,
disease outcomes, viral shedding, and transmission.

Although adaptive changes were observed in the SARS-CoV viral genome during the outbreak,
one common variant predominated during the late phase of the epidemic (147). In contrast, during
the SARS-CoV-2 outbreak, several variants of concern of SARS-CoV-2 have been identified, and
probablymore will be in the near future,with sets of mutations in the spike protein or other sites in
the viral genome, which complicate the analysis of their pathogenesis. However, these data will be
highly relevant for proper risk assessment not only of these but also of potential new SARS-CoV
variants that may emerge in the near future.
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