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The novel coronavirus SARS-CoV-2 is the causative agent of the global
coronavirus disease 2019 (COVID-19) outbreak. In addition to pneumonia,
other COVID-19-associated symptoms have been reported, including loss
of smell (anosmia). However, the connection between infection with coron-
avirus and anosmia remains enigmatic. It has been reported that defects in
olfactory cilia lead to anosmia. In this Viewpoint, we summarize transmis-
sion electron microscopic studies of cilia in virus-infected cells. In the
human nasal epithelium, coronavirus infects the ciliated cells and causes
deciliation. Research has shown that viruses such as influenza and Sendai
attach to the ciliary membrane. The Sendai virus enters cilia by fusing its
viral membrane with the ciliary membrane. A recent study on SARS-CoV-
2-human protein—protein interactions revealed that the viral nonstructural
protein Nspl3 interacts with the centrosome components, providing a
potential molecular link. The mucociliary escalator removes inhaled patho-
genic particles and functions as the first line of protection mechanism
against viral infection in the human airway. Thus, future investigation into
the virus—cilium interface will help further the battle against COVID-19.

COVID-19 impairs smell

A novel coronavirus designated as severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) is an
enveloped virus of the family Coronaviridae with a
positive-sense, single-stranded RNA genome [1,2].
SARS-CoV-2 was identified as the etiological agent
that causes the global outbreak of coronavirus disease
2019 (COVID-19) [1,2]. Historically, several mild com-
mon cold coronaviruses such as hCoV-OC43 were
reported to infect humans [3]. However, highly patho-
genic human coronaviruses have emerged during the
past two decades, including SARS-CoV in 2002 and
MERS-CoV in 2012, which can result in acute respira-
tory distress syndrome, potentially leading to a reduc-
tion in lung function or death [2,4,5]. Despite the low
fatality rate, SARS-CoV-2 spreads more efficiently
than SARS-CoV or MERS-CoV, which makes it

Abbreviations
ACE2, angiotensin-converting enzyme 2.

challenging to contain [5,6]. By late June 2020, more
than 9.4 million laboratory-confirmed infections were
reported worldwide, including 0.48 million deaths [7].
The active therapeutic measures available to counter-
act the SARS-CoV-2 virus are limited, and the associ-
ated COVID-19 pathology is not well documented.
Thus, it is urgent to understand how SARS-CoV-2
hijacks the host during infection and how the disease
disrupts the cellular structure and function.
Coronavirus disease 2019 is predominantly a lung
infection, causing cough, fever, and fatigue, but other
symptoms have been reported throughout the body
[1,8]. A previously unrecognized symptom of SARS-
CoV-2 disease, loss of smell, has been acknowledged
by clinicians and the public globally. A recent clinical
study described that smell and taste impairments were
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strongly associated with COVID-19 patients in the
United States [9]. A similar correlation between the
new-onset chemosensory dysfunction (i.e., smell and
taste loss) and COVID-19 positivity was reported from
Iran and Italy since the COVID-19 outbreak, suggest-
ing that loss of smell or taste may be considered as
subclinical markers or a potential early symptom
[10,11]. Patients with the new-onset anosmia may be
asymptomatic carriers of SARS-CoV-2 infection who
require self-isolation; otherwise, they risk facilitating
the spread of disease [9,12]. Indeed, the Centers for
Disease Control and Prevention added ‘loss of taste or
smell’ as one of six new symptoms of COVID-19 on
their advisory page on April 27, 2020 [13]. However,
the pathological evidence for connecting COVID-19
infection with anosmia is lacking.

The current theory of smell mechanism posits that
numerous odorant receptors, which accumulate on
sensory cilia in the olfactory epithelium, perceive the
corresponding odorants and transduce the signal to
the olfactory cortex in the brain [14]. Primary cilia are
microtubule-based organelles that are projected from
the surface of the cell, functioning as the cell’s antenna
to perceive various environmental stimuli [15]. Ciliary
dysfunction leads to more than 35 types of diseases,
which are collectively termed ciliopathies [15]. The
olfaction of humans and many other species requires
the standard structure and function of olfactory cilia,
and anosmia turns out to be a common feature of
some types of ciliopathies such as Bardet—Biedl syn-
drome [15]. While the viral-induced inflammation can
perturb the nervous system and cause smell loss, viral
infection may disrupt the ciliary structure, which abol-
ishes the ciliary localization of olfactory receptors,
thereby preventing the perception of odorant mole-
cules. Here, we review the early transmission electron
microscopic (TEM) results of the ciliary ultrastructure
during viral infection, in the light of the latest molecu-
lar advancements.

Cilia in virus-infected cells

Firstly, coronavirus infects the ciliated cells in the
human nasal epithelium, resulting in the loss of cilia.
In 1994, Bjorn Afzelius, who first described primary
ciliary dyskinesia, reported the ultrastructural study of
the nasal mucosa from a patient diagnosed with
chronic rhinitis and bronchitis [16]. Afzelius detected
coronavirus in the ciliated cells (Fig. 1C). From the
SARS-CoV-2-infected macaques, the latest pathologi-
cal studies found the expression of SARS-CoV-2 anti-
gens in the ciliated nasal epithelial cells [17].
Coronaviruses enter the host cells using the spike (S)
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protein, which binds to a specific cellular receptor, fol-
lowed by protease-dependent S protein priming. Both
SARS-CoV and SARS-CoV-2 employ the angiotensin-
converting enzyme 2 (ACE2) as the host receptor and
TMPRSS2 as the cellular protease. Single-cell RNA
sequencing (scRNA-seq) datasets from the Human
Cell Atlas consortium described the expression of the
receptor and protease in nasal epithelial cells [18,19],
providing the molecular basis for coronavirus entry
into the human nasal epithelia.

Afzelius showed that, although the virions did not
unduly damage the ciliated epithelium, the loss of cilia
represented one of the most striking ultrastructural
abnormalities in coronavirus-infected cells (Fig. 1A).
Two alternative models explain how a cell removes its
primary cilium [20]. In the amputation model, the entire
cilium is acutely eliminated at the ciliary base, such as
the pH shock treatment removing Chlamydomonas flag-
ella. In the absorption model, the cilium can be gradu-
ally absorbed by the cytoplasm. Afzelius reported that
cilia retracted into the cell body and found the 9 + 2
axonemal doublet microtubules inside the cytoplasm,
which suggests that viral infection causes deciliation
through cilium absorption (Fig. 1A). In line with this
model, the basal bodies from the deciliated cells sunk
into the cytoplasm, which was 7-8 microns below the
plasma membrane (Fig. 1A). The formation of the api-
cal vesicles that contain virion particles allowed Afzelius
to speculate further that these ectopic vesicles may cause
the basal bodies to be displaced from the cell surface,
leading to cilia retraction [16]. Importantly, loss of cilia
is evident in SARS and other viral infections [21]. Cor-
relatively, TEM studies detected the intermediate and
short cilia that undergo regeneration in the course of
patient recovery, including smell restoration (Fig. 1B)
[22]. However, no direct research determined whether
coronavirus infects olfactory neurons, olfactory epithe-
lia, or nasal epithelia localized in the same nasal cavity,
making the whole area equally at risk of infection.

Various viruses enter the host cells by directly fusing
with the plasma membrane or through endocytosis,
but relatively little is known about whether the viruses
can enter the host cells from cilia by directly attaching
to the ciliary membrane. TEM studies provide evi-
dence that cilia can be the absorption site or entry site
for viral infection. In 1970, Dourmashkin and Tyrrell
showed that the influenza virus lined up along the cil-
iary membrane (Fig. 1C) [23]. Their TEM images con-
vincingly showed that the Sendai virus not only
attached to cilia but also fused to the viral membrane
with the ciliary membrane (Fig. 1D). After entering
the cilia, the Sendai virus nucleocapsid became par-
tially uncoiled and spread between the ciliary
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Fig. 1. (A) Left: The electron microscopy image from Ref. [16] shows the sunk cilium and basal body (horizontal arrow) in a ciliated human
nasal epithelial cell. The neighbor basal bodies remain at original places (vertical arrows). Scale bar: 1 um. Middle: schematic diagram of the
primary cilium. Right: schematic diagram of the sunk cilium and basal body. (B) Loss and regeneration of cilia during virus infection. (C) Left:
Influenza viruses attach to the cilia of trachea epithelial cells (arrows) [23]. Scale bar: 100 nm. Middle: Coronaviruses attach to the cilia
(arrows) and microvilli (arrowheads) of nasal epithelial cells [16]. Scale bar: 1 um. Right: diagram of cilia and microvilli with virus particles
attached. (D) Left: Sendai viruses adhere to the cilia of trachea epithelial cells [23]. Some viruses fuse the viral membrane with the cilia
membrane, and the nucleocapsids enter the cilia (arrows). Scale bar: 500 nm. Right: A diagram shows that viruses attach to and fuse with
the cilia membrane. (E) The Nsp13 protein in SARS-CoV-2 interacts with the centrosome proteins [24]. Figure reproduced from Ref. [16,23].
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membrane and axoneme [23]. Afzelius’s TEM image
also revealed the attachment of coronavirus to cilia in
nasal epithelia (Fig. 1B) [16]. Thus, cilia serve as the
absorption sites for different families of viruses, and,
at least for the Sendai virus, cilia appear to be one of
the entry sites for viral infection. These studies
revealed that the viruses enter the host cell at multiple
locations; for example, the viruses adhere to the
plasma membrane of the microvilli [16,23], another
type of cell surface protrusion that is supported by
actin bundles.

The recent research on the SARS-CoV-2-human
protein—protein interactions revealed a potential
molecular link between virus and cilium biology [24].
The SARS-CoV-2 30 kb genome encodes 14 Orfs.
Among them, polyprotein Orfla/Orflab is autoprote-
olytically processed into 16 nonstructural proteins.
Except for Nsp3 and Nspl6, all the predicted 27 pro-
teins were individually expressed in human HEK293T
cells with an affinity tag. Affinity purification and mass
spectrometry-based proteomics systematically identified
the binding partners of SARS-CoV-2 proteins in the
host cells. Among the high-confidence interactors,
Nspl3 binds to as many as 12 components in the cen-
trosome, including three in the pericentrosomal region,
five in the distal appendage of the centriole, and four
in the proximal end of the centriole (Fig. 1E) [25-27].
These physical interactions have not been experimen-
tally validated, and the underlying biological relevance
is unclear. We cannot exclude the possibility that the
host cells treat the viral protein Nspl3 as cellular gar-
bage by disposing it onto the centrosome, where it
glues to the centrosome. Alternatively, Nspl3 may
actively localize to the centriole and compete with the
endogenous binding partners of the centrosome pro-
teins, abolishing the physiological interactions within
the structure. Therefore, the ectopic interactions of the
SARS-CoV-2 protein with the host proteins may dis-
rupt the centriolar structure or the interaction between
centriole and cilia, which eventually leads to decilia-
tion. While the RNA sequence of the coronaviruses
from which Afzelius showed their ability to affect cilia
structure is not available, Nsp13 is a highly conserved
protein in coronaviruses, as evidenced by 100% amino
acid sequence identity of Nspl3 in SARS-CoV-2 and
SARS-CoV. Because HEK293T cells do not develop
cilia, a similar protein interaction network analysis will
need to be performed in human ciliated cells, which
may yield additional insights into the interactions
between SARS-CoV-2 viral proteins and the centriolar
or ciliary proteins. To directly examine the impact of
Nspl3 in ciliogenesis, a future study will need to
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express Nspl3 in ciliated cells and monitor cilia integ-
rity over time.

Outstanding questions

Despite the profound importance of the mucociliary
clearance in removing inhaled viral pathogens, cilium
biology and viral infection appear to have been two
parallel fields for decades. The outstanding questions
in regard to the virus—cilium interface include: How
does viral infection cause deciliation? Can we block
deciliation to preserve a functional mucociliary escala-
tor for viral particle clearance? How does the virus
enter cilia? ACE2 and TMPRSS2 are expressed in
both nasal and bronchial epithelia [18,19]. How does a
virus move from cilia to cell body? Does the nucleo-
capsid hijack the retrograde intraflagellar transport
dynein-2 motor protein? How could we regenerate cilia
during patient recovery? While the ancient TEM
images, the latest scRNA-seq, and proteomic studies
provide clues, the molecular and cellular insights into
these problems still await future investigations.
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