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Abstract

A prominent clinical symptom of 2019-novel coronavirus (nCoV) infection is hyposmia/anosmia (decrease or loss of sense of
smell), along with general symptoms such as fatigue, shortness of breath, fever and cough. The identity of the cell lineages
that underpin the infection-associated loss of olfaction could be critical for the clinical management of 2019-nCoV-infected
individuals. Recent research has confirmed the role of angiotensin-converting enzyme 2 (ACE2) and transmembrane
protease serine 2 (TMPRSS2) as key host-specific cellular moieties responsible for the cellular entry of the virus. Accordingly,
the ongoing medical examinations and the autopsy reports of the deceased individuals indicate that organs/tissues with
high expression levels of ACE2, TMPRSS2 and other putative viral entry-associated genes are most vulnerable to the
infection. We studied if anosmia in 2019-nCoV-infected individuals can be explained by the expression patterns associated
with these host-specific moieties across the known olfactory epithelial cell types, identified from a recently published
single-cell expression study. Our findings underscore selective expression of these viral entry-associated genes in a subset
of sustentacular cells (SUSs), Bowman’s gland cells (BGCs) and stem cells of the olfactory epithelium. Co-expression analysis
of ACE2 and TMPRSS2 and protein–protein interaction among the host and viral proteins elected regulatory cytoskeleton
protein-enriched SUSs as the most vulnerable cell type of the olfactory epithelium. Furthermore, expression, structural and
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docking analyses of ACE2 revealed the potential risk of olfactory dysfunction in four additional mammalian species,
revealing an evolutionarily conserved infection susceptibility. In summary, our findings provide a plausible cellular basis for
the loss of smell in 2019-nCoV-infected patients.

Key words: smell; COVID-19; pandemic; SARS-CoV-2; olfaction; olfactory sensory neurons (OSNs)

Introduction
The recent outbreak of the 2019-novel coronavirus (nCoV) trig-
gered the need for community-scale deployment of diagnostic
tests [1–4]. To date, various workgroups have extensively gener-
ated and analyzed the molecular profiles of the virus and the
hosts [5, 6]. Some major efforts include isolation and sequencing
of the viral genome from the airway epithelial cells [5–7]. Com-
parative genomics revealed that 2019-nCoV is closely related to
the bat severe acute respiratory syndrome (SARS)-like coron-
aviruses (bat-SL-CoVZC45 and bat-SLCoVZXC21) [5]. Notably, the
external subdomain of the 2019-nCoV spike, receptor-binding
domain (RBD), shares ∼40% identity at the amino acid level with
other SARS-related coronaviruses [8]. Of note, most of the amino
acid differences of the RBD are located in the external subdo-
main, which is responsible for the direct interaction of the virus
with the host receptors [8]. Further, some of the recent reports
underscore the role of angiotensin-converting enzyme 2 (ACE2)
as a prominent surface receptor for the cellular entry of 2019-
nCoV [9, 10]. A recent structural study involving the cryo-electron
microscopy (EM) unraveled the strong interaction between the
full-length viral spike protein and the human ACE2 receptor
[11, 12]. Comparative analysis with the SARS-CoV strain further
revealed that the intensity of the molecular interaction between
viral spike and ACE2 is at least 10 times stronger in the case
of the 2019-nCoV strain [12]. Notably, in addition to the ACE2-
mediated attachment to the host cell surface, a successful viral
entry also requires priming of the S protein via cellular proteases
[13]. Priming involves cleavage of the S protein at the S1/S2
and the S2 sites, which, in turn, assists in the fusion of 2019-
nCoV with the host cell membrane [14]. Notably, while lever-
aging antibody-mediated interventions, a recent report traced a
novel entry route of 2019-nCoV into the host cell via CD147/BSG
receptor [15]. Similarly, in addition to the TMPRSS2, other host
cell proteases, such as cathepsin, are suggested to be involved in
priming [16]. All these studies collectively reinforce the involve-
ment of the aforementioned host proteins in successful 2019-
nCoV entry into the host cell (Figure 1A). In order to determine
the tissue- or organ-level impact of 2019-nCoV, various groups
have traced the expression of these genes across organ/cell
types [17–20]. Of note, many of these studies have leveraged
single-cell expression studies to pinpoint the vulnerable cell
subpopulation. High expression levels of these genes have been
observed in a wide range of tissue/cell types such as epithelial
cells of the esophagus, absorptive enterocytes of the intestines,
mucosal cells of the oral cavity, proximal tubule cells of the
kidney, myocardial cells of the heart, endothelial cells of the
blood vessels, urothelial cells of the bladder, etc., thereby making
them potentially vulnerable to the 2019-nCoV infection [17–21].
All these molecular findings are largely in line with the clinical
symptoms reported worldwide, in which multi-organ failure is
emerging as a major contributor to the infection-associated mor-
tality [22]. While the loss of smell and taste has frequently been
implicated to 2019-nCoV infection [23–25], its cellular basis has
remained largely unexplored. The olfactory epithelium includes

several distinct cell types, namely, horizontal basal cells (HBCs),
microvillar cells (MVCs), Bowman’s gland cells (BGCs), globular
basal cells (GBCs), olfactory ensheathing glia (OEGs), sustentacu-
lar cells (SUSs), immature olfactory sensory neurons and mature
olfactory sensory neurons (iOSNs and mOSNs, respectively) [26].
Among these, OSNs are the key cell types that possess the
receptors for odorant detection [26, 27]. In humans, there are at
least ∼400 functionally distinct OSNs [28]. In addition to these,
the olfactory epithelium also possesses several other cell types
for the maintenance of tissue architecture and homeostasis. SUS
and MVC subtypes are responsible for providing metabolic as
well as physical support to the olfactory epithelium [29]. GBCs
and HBCs collectively constitute the basal stem cell population
and mainly reside near the basal lamina [30]. These cell types
ensure the renewal of the distinct cell types of the olfactory
epithelium [31–33]. While the modes of action of the aforemen-
tioned cell types in mediating optimal olfactory function are
already known, further investigation is needed to identify the
specific cell types, in which the vulnerability to 2019-nCoV is
largely unknown. Here we investigated the vulnerability of the
olfactory cell types toward 2019-nCoV infection. We leveraged
the recently published high-throughput single-cell expression
study to evaluate cell type-specific expression levels of the well-
known viral entry host genes. Our meta-analysis revealed that
a subset of SUSs that are enriched for cytoskeleton regulatory
proteins are the most vulnerable cell type to the 2019-nCoV
infection, followed by a minor population of BGCs and olfactory
stem cells (OSCs, GBCs and HBCs). Aside from humans, we also
pinpointed four at-risk mammalian species with high suscepti-
bility to 2019-nCoV infection and the potential of experiencing
an infection-mediated loss of olfaction.

Materials and methods
Single-cell RNA-sequencing analysis

The raw read counts of the single-cell RNA-sequencing datasets
were downloaded from GEO (GSE139522) [34]. We performed the
majority of our analyses including cell/gene filtering, clustering
and differential expression analysis, using the widely used
Seurat software suite [35]. Inbuilt functions NormalizeData(),
FindVariableFeatures(), ScaleData(), RunPCA(), DimPlot(), Find-
Neighbors() and FindClusters() were used for the various stan-
dard steps of single-cell expression data analysis. Each cluster
could be unequivocally mapped to a known cell type, based on
the markers reported in the original study (Figure S1A and B)
[34]. Differential gene expression was performed using the
Poisson method, an inbuilt function of the Seurat software suite.
To ensure reproducibility, we constructed average expression
vectors for different predefined categories of cells (all eight
olfactory cell types and ACE2-positive cells/TMPRSS2-positive
cells/CTSL-positive cells/BSG (CD147)-positive cells separately)
across two biological replicates, as available from the concerned
study [34]. The extent of the linear relationship between each
of the normalized expression vector pairs was computed using
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Figure 1. OSNs do not express 2019-nCoV entry genes. (A) Schematic diagram depicting the subcellular localization of the known 2019-nCoV entry host proteins.

(B) UMAP-based embedding of single-cell expression profiles represents the distinct cell types of the olfactory epithelium (C) UMAP-based embedding portrays the

relative expression of indicated transcripts in the distinct cell types of the human olfactory epithelium. (D) Stacked bar graphs representing the relative proportions

of cells (percent normalized) expressing the indicated 2019-nCoV entry-associated genes. (E) Stacked bar graph representing the relative proportion of cells (percent

normalized) co-expressing the known host receptor (ACE2 or BSG) and cellular protease (TMPRSS2 or CTSL). (F) Functional enrichment analysis of virus–human protein–

protein interactome genes reliably identified in olfactory epithelial cell types. (G) Box plot depicting Stouffer’s score computed based on virus–human protein–protein

interaction-related genes across the indicated cell types of the olfactory epithelium.
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Pearson’s correlation coefficient. We also performed a chi-square
test for comparing the relative proportions of various 2019-
nCoV-susceptible cell subpopulations between the biological
replicates.

Estimating the extent of host–virus protein–protein
interactions across cell types

The host–virus protein–protein interactions were obtained from
a recent study [36]. For cell and gene filtering, we used the
FilterCells() and FilterGenes() functions, respectively, from the
dropClust pipeline, with the default parameter values [37, 38].
The reduced expression matrix thus obtained was subjected
to median normalization. We log2-transformed the normalized
expression estimates after adding 1 as pseudo-count. Next, we
retained those N genes, for which the corresponding proteins
existed among the host proteins reported by the study. The
second pass of cell filtering was performed to retain cells that
expressed at least 10% of these genes. For each gene, the log-
normalized expression estimates were converted into Z-scores.
For each cell, a combined Stouffer’s Z-score Z was computed

as Z ∼
( ∑ (

i = 1
)
ˆN Zi

)
/N, where Zi denotes the cell-specific

Z-score corresponding to iˆth gene and N denotes the num-
ber of genes common between the expression and the pro-
tein–protein interaction data. A Stouffer’s score, in this context,
reflects the extents of protein–protein interaction in a cell. One-
sided Wilcoxon rank-sum test was performed to assess the
statistical significance of cell type-specific putative enrichment
of host–virus protein–protein interactions (Figure S1E).

Analysis of bulk RNA-sequencing dataset

Uniformly processed bulk RNA-sequencing data containing
transcriptomic profiles of whole olfactory mucosa from five
mammalian species, i.e. human, monkey, marmoset, mouse
and rat, were obtained from a recent publication from Saraiva
and colleagues [39]. Log-transformed FPKM values were used for
plotting the bar charts. The student’s t-test was used to calculate
the differences in the mean values across the species. A P-value
<0.05/<0.01/<0.001/<0.0001 is denoted as ∗/∗∗/∗∗∗/∗∗∗∗.

Construction of the phylogenetic tree

To construct the phylogenetic tree, the protein sequences of
ACE2 of five mammalian species were downloaded from the
NCBI database. The phylogenetic tree was constructed using
an online web server (http://www.phylogeny.fr/) [40]. Protein
sequences were supplied to the web server in FASTA format.
Multiple sequence alignment was performed using MUSCLE (ver-
sion 3.8.31). For refining the alignments, Gblocks (version 0.91b)
was used with a minimum block length of 10, and no allowed
gap positions were used. Whelan and Goldman amino acid
substitution model was used (available in PhyML 3.1/3.0 aLRT)
[41], where the number of substitution rate categories was set
to 4. Finally, the tree was rendered using TreeDyn (version 198.3)
[42].

Homology modeling and molecular docking

The protein sequences of ACE2 receptors of all species
were obtained from the NCBI database (rat, XP_032746145.1;
mouse, BAB40431.1; marmoset, XP_008987241.1; macaque,
NP_001129168.1). For homology modeling, the human ACE2 was
used as the template (PDB ID: 6VW1) [43]. The 3D structures were

generated by using Modeller v9.24 [44]. The quality of the models
was assessed by the Discrete Optimised Protein Energy (DOPE)
score, provided by the Modeller as well as by the Ramachandran
plots, produced by RAMPAGE. After obtaining the refined models,
we next performed docking experiments involving protein–
protein interactions between the spike RBD of 2019-nCoV and
the host-specific ACE2 receptors. We used the HADDOCK 2.4 web
server for molecular docking experiments [45]. The previously
known residues involved in the interaction were used to define
the active and passive residues of the proteins. HADDOCK
produces ranked clusters of protein–protein complexes based
on the HADDOCK score (1.0 Evdw + 0.2 Eelec + 1.0 Edesol + 0.1
EAIR). Notably, the HADDOCK score consists of a combination
of empirical (desolvation, buried surface area) and energy
(electrostatic, van der Waals) terms. The top resultant complexes
were then processed by PROtein binDIng enerGY prediction
(PRODIGY) web platform to evaluate their binding energy [46].
As a control, docking of human ACE2 was performed with
RBD of SARS-CoV (PDB ID: 2AJF) while using the same docking
parameters. Pairwise Mann–Whitney test was performed to
compute the statistical significance.

Multiple sequence alignment

The sequence alignment of ACE2 proteins across five different
mammalian species (human, rat, mouse, macaque, marmoset)
enabled the identification of highly conserved residues (i.e. same
residue at the same position in all five species) and partially
conserved residues (i.e. replaced by an amino acid with similar
biochemical properties or, in other words, a conservative or
semiconservative replacement). Multiple sequence alignment
was performed using Clustal Omega (https://www.ebi.ac.uk/Too
ls/msa/clustalo/) [47].

Code availability
Source code used for the single-cell expression data analysis
is accessible from the GitHub repository (https://github.com/kri
shan57gupta/The-cellular-basis-of-the-loss-of-smell-in-2019-
nCoV-infected-individuals).

Results
Divergent expression dynamics of viral entry genes
across olfactory cell subpopulations

We evaluated the expression of a panel of the known viral
entry transcripts (ACE2, TMPRSS2, BSG/CD147 and CTSL) in 3906
olfactory epithelium originated single cells from the recent
report by Durante and colleagues [34], collectively entailing eight
distinct olfactory cell types, namely, HBCs, MVCs, BGCs, GBCs,
OEGs, SUSs, iOSNs and mOSNs. We performed unsupervised
clustering of the individual cells using the Seurat software suite
[35]. The clusters thus obtained were unambiguously mapped to
specific cell types based on previously known markers (Figure 1B
and Figure S1A, B) [34]. All the four well-known viral entry
transcripts showed distinct expression patterns across each
of the eight cell types. In the case of ACE2, we observed sparse
expression levels, primarily restricted to four cell types, i.e. SUSs,
BGCs, GBCs and HBCs. Notably, these four cell types collectively
constitute less than 1% (32 out of 3906) of the total analyzed
cell population. Conversely, transcripts from TMPRSS2, BSG and
CTSL were observed at relatively higher concentrations across
all the cell types (Figure 1C). Besides host receptor binding,

https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaa168#supplementary-data
http://www.phylogeny.fr/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://github.com/krishan57gupta/The-cellular-basis-of-the-loss-of-smell-in-2019-nCoV-infected-individuals
https://github.com/krishan57gupta/The-cellular-basis-of-the-loss-of-smell-in-2019-nCoV-infected-individuals
https://github.com/krishan57gupta/The-cellular-basis-of-the-loss-of-smell-in-2019-nCoV-infected-individuals
https://academic.oup.com/bib/article-lookup/doi/10.1093/bib/bbaa168#supplementary-data


The cellular basis of the loss of smell in 2019-nCoV-infected individuals 5

efficient entry of 2019-nCoV also requires priming of the viral
S protein via host proteases [16]. As such, we next investigated
the cellular co-occurrence of these essential moieties. Our co-
expression analysis at the single-cell resolution further revealed
the higher infection susceptibility in a subset of SUSs across all
combinations (Figure 1D and E). Notably, due to the lack of direct
evidence for the BSG-mediated viral entry into the host cell [15],
for further analysis, we focused on the expression dynamics
of ACE2 and TMPRSS2. Next, we characterized the phenotypic
divergence between ACE2+; TMPRSS2+ and ACE2−; TMPRSS2−
subpopulations of the SUSs by examining the differentially
expressed genes (DEGs) (Figure S1C). Functional enrichment
analysis of the significant DEGs (log2FC ≥ 1 or ≤−1; FDR < 0.05)
revealed the enrichment of the cytoskeleton regulation genes
in ACE2+; TMPRSS2+ double-positive SUSs (Figure S1D). Notably,
certain replication machinery components of SARS-CoV, a virus
similar in properties to that of 2019-nCoV, utilize microtubule-
associated intracellular transport [48].

We used an orthogonal approach leveraging host–virus
protein interactome, to identify the most vulnerable olfactory
cell types for 2019-nCoV infection. For this, we developed a
novel strategy to overlay host–virus protein interactome on
cell type-specific expression signatures (section Materials and
methods). Based on the interactome enrichment analysis, we
ranked the various olfactory cell types. In line with our previous
analyses, the SUSs were found to be maximally susceptible
to viral infection (Figure 1F and G; Figure S1E). Importantly, to
ensure the reproducibility of our findings, we performed the
reproducibility analysis on all the single olfactory cell types
obtained from two biological replicates (patients 2 and 3 of
Durante et al. 2020 [34]). For each subpopulation, our analysis
revealed highly reproducible expression patterns across the
replicates (Figure S2). Moreover, similar results were obtained
when the relative proportions of the 2019-nCoV-susceptible
cells were compared between the biological replicates (ACE2
and TMPRSS2 double-positive cells; chi-square value = 2.75,
P-value = 0.43). In summary, while the OSNs largely lack the
host-specific proteins essential for the cellular entry of 2019-
nCoV, the supporting and the stem cell subpopulations of the
olfactory epithelium are potentially highly susceptible to the
viral infection.

Comparable expression levels and binding affinity of
ACE2 toward viral spike protein across five mammalian
species

The rate of transmission of 2019-nCoV is remarkably higher as
compared to the related SARS-CoV [49]. Although it has been
speculated that the 2019-nCoV is transmitted to humans from
animal sources [50], little is known about the capability of the
other mammal species to act as carriers. Notably, in a recent
report, monkeys have been confirmed as potential carriers of
2019-nCoV [51]. We studied if other mammalian species are also
at the risk of developing 2019-nCoV-mediated loss of olfaction.
To test this, we first estimated the messenger RNA levels of ACE2
and TMPRSS2 transcripts in the bulk RNA-Seq profiles of the
whole olfactory mucosa of five mammalian species. Our results
suggest a comparable expression of these two viral entry genes
(ACE2 and TMPRSS2) among all the species (Figure 2A and B).
Next, in order to gain direct evidence of the molecular inter-
actions between the viral S protein and ACE2, we first mod-
eled and refined the three-dimensional stable protein struc-
ture of ACE2 homologs from all the four mammalian species
(Figure S3A-D). To achieve this, we used the recently solved

human ACE2 protein structure as a template (Figure S3A-D).
Next, we performed molecular docking between the viral RBD
[43] and the modeled ACE2 proteins specific to the individual
species (Figure 2C and D). A comparison of the binding param-
eters further revealed similar binding affinities across all tested
pairs, suggesting similar vulnerability for 2019-nCoV infection in
these species (Figure 2E-G). Importantly, to ensure the robust-
ness of the docking experiments, we compared the HADDOCK
scores obtained from docking of human ACE2 with RBD of SARS-
CoV and 2019-nCoV. Notably, a recent report experimentally esti-
mated the EC50 (half-maximal effective concentration) values
of the aforementioned interactions (human ACE2 and viral RBD
domains) [52] and observed preferable binding of 2019-nCoV
with that of human ACE2, as compared to SARS-CoV (Figure S3E).
We also observed significantly lower HADDOCK scores in the
docking simulations of human ACE2 and 2019-nCoV (pairwise
Mann–Whitney U-test, P-value <0.0001), which is in line with
the published experimental results [52]. Collectively, all these
analyses suggest that similar to humans, the olfactory system
of other mammals could also be at potential risk of 2019-nCoV
infection.

Discussion and future directions
In addition to the infection-induced multi-organ dysfunction,
a major bottleneck in combating the pandemic outbreak of
2019-nCoV is the availability and accessibility of the diagnostic
methods to masses worldwide. Although major initiatives have
been taken to develop 2019-nCoV centric molecular diagnostic
kits, their fabrication, manufacturing, mass dissemination and
adoption are likely to be time consuming. Recently, multiple
clinical studies have reported the abrupt loss of smell and taste
in a large number of 2019-nCoV-infected individuals [23–25],
thereby, collectively, reinforcing its potential application as the
first line of diagnostics in the patients exhibiting other 2019-
nCoV-related hallmark symptoms. In pursuit of this, the Global
Consortium of Chemosensory Researchers (GCCR) has initiated
a worldwide scientific study to assess the possible relationships
between respiratory illness and its effects on smell and taste.
Similarly, other studies also point toward the sudden loss of
olfaction as the first manifestation in the confirmed 2019-nCoV-
infected patients [23–25]. Additionally, the symptom survey of
2019-nCoV-infected patients also revealed the loss of smell as
a stronger predictor of positive diagnosis than the self-reported
fever [23]. Our study aims to underscore the potential cellu-
lar basis of the loss of olfaction, by examining the olfactory
epithelium-specific cell types based on the expression levels
of the host-specific viral entry moieties as well as the burden
of host–virus protein–protein interactions. Our analyses suggest
that the loss of smell in the infected patients might not be
due to the direct impairment of the OSNs. Instead, SUSs, BGCs
and OSCs (HBCs and GBCs) exhibit the molecular makeup that
makes the cells susceptible to viral infection (Figure 3). This
conclusion was drawn based on a consensus approach involving
gene expression as well as host–pathogen protein interactome.
Importantly, since all our findings are largely substantiated by in
silico analysis, one cannot obviate the limitations of the single-
cell transcriptomics assay such as sampling bias or high dropout
rates [53]. While the identification of the 2019-nCoV infection-
susceptible cell types of the olfactory epithelium is characterized
based on a handful of known viral entry moieties of the host
cells, one cannot rule out the possible involvement of currently
uncharacterized host cell surface receptors or proteases which
may facilitate the viral entry into the host cells.
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Figure 2. Multifactor analysis involving gene-expression and molecular docking highlights the potential risk of olfactory dysfunction in other mammals. (A) Bar graph

depicting the relative abundance of ACE2 in the bulk RNA sequencing of the whole olfactory mucosa of five indicated mammalian species. Bars represent the mean

values, the error bars represent the standard deviation, and asterisks represent statistical significance. (B) Bar graph depicting the relative abundance of TMPRSS2

in the bulk RNA sequencing of the whole olfactory mucosa of five indicated mammalian species. The bar represents the mean values, the error bars represent the

standard deviation, and asterisks represent statistical significance. (C) Phylogenetic tree depicting the ACE2 sequence similarities between five mammalian species. (D)

Protein structures depicting the molecular interactions between ACE2 proteins and the RBD domain of 2019-nCoV estimated using computationally assisted molecular

docking. Structure of 2019-nCoV RBD (pale cyan) complexed with its receptor ACE2 (distinct color for different species). (E) Bar graph depicting the HADDOCK scores

under the indicated conditions. Error bars represent the standard deviation of the estimates, and asterisks represent statistical significance. (F) Bar graph representing

the binding energies of the interaction between the 2019-nCoV receptor-binding domain and ACE2 receptor in the indicated species. Error bars represent the standard

deviation of the estimates, and asterisks represent statistical significance. (G) Web logo representing the key conserved amino acids of ACE2 of five mammalian species.

Single and double asterisks represent highly and partially conserved known interacting residues, respectively.

The direct sensory roles of the SUSs are largely elusive; how-
ever, they are known to provide metabolic and physical support
to the olfactory epithelium [54]. Particularly the SUSs are known
to be involved in secretion [55], endocytosis [56] and cytochrome
P-450-mediated detoxification [57]. Moreover, as glia-like cells,
they impart critical functionality related to phagocytosis of dead

cells [58] and regulation of the ionic exchange with the extra-
cellular regions [59, 60]. Hegg et al. [61] identified a key func-
tion of SUSs in establishing communication between neurons,
basal cells and SUSs themselves. The authors identified that the
activation of G-protein-coupled receptors, particularly the P2Y
purinergic receptor and the muscarinic acetylcholine receptor,
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Figure 3. Graphical representation of the key findings.

induces calcium oscillations in SUSs. They further provided
mechanistic insights by using pharmacological interventions
and showed the involvement of phospholipase C (PLC) pathways
in triggering the calcium increase. Moreover, studies utilizing
Xenopus laevis as a model organism revealed the implication of
intraepithelial purinergic signaling, possibly via SUS, in the pro-
liferation of the olfactory stem cells, thereby influencing odorant
detection [62]. Interestingly, SUSs are also known to mediate
intraepithelial signaling and could potentially modulate the odor
detection thresholds of OSNs using endocannabinoids. Czesnik
et al. in 2007 used CB1 receptor-specific antagonists on Xenopus
larvae and observed modulation in the odor-evoked calcium
changes within the mOSNs [63]. Moreover, in a subsequent study,
Breunig et al. revealed that 2-arachidonoylglycerol (2-AG), an
endocannabinoid, is synthesized by the glia-like SUSs, and its
synthesis largely depends on the hunger state of the organism
[64]. Interestingly, the authors have also observed decreased
detection thresholds to food odors in the OSNs in the presence
of 2-AG, suggesting a plausible mechanism by which SUS can
indirectly influence the receptor neurons [64]. Another putative
mechanism that could induce such a starking phenotype is the
infection in the blood vessels (endothelial cells), which may also
indirectly influence the odor detection thresholds [21].

Lastly, although SUSs are not directly involved in odor detec-
tion, one cannot rule out their plausible involvement in mediat-
ing the loss of smell symptom in 2019-nCoV-infected patients,
as they are the key maintainers of the olfactory organ home-
ostasis and its architecture [30, 65–67]. These assumptions have
been substantiated by rigorous experiments on rodents, where
damage to SUSs and BGCs induces architectural damage in the
olfactory epithelium [54, 60].

Notably, in addition to SUSs, our results also highlight the
viral infection susceptibility in minor subpopulations of BGCs
and OSCs. BGCs play a vital role in maintaining the optimal
functionality of the olfactory system. First, they produce a num-
ber of olfactory binding proteins to facilitate the transport of
odorants to olfactory receptor cells. Second, they also secrete

mucus which protects the olfactory epithelium from drying out
and therefore indirectly assists odor recognition by mOSNs [54].
Similarly, while OSCs are not known to have any direct role in
odorant detection, they play a crucial role in the regeneration
of the olfactory epithelium upon lesions [32, 68]. Notably, injury
models involving the direct loss of SUSs have been shown to
activate the HBCs which in turn proliferate and replenish the
lost cells, thereby reconstituting the olfactory epithelium home-
ostasis [68]. Mechanistically, loss of Notch signaling pathways
between SUSs and HBCs leads to the breakdown of mitotic
dormancy of HBCs by downregulating tumor protein p63 [69].
In light of these critical functional roles, we speculate that the
apparent loss of smell could be a result of viral load in SUSs,
BGCs and OSCs. Due to their apical localization in the olfactory
epithelium, 2019-nCoV may first infect SUS cells, leading to
the partial/complete breakdown of the olfactory architecture,
resulting in the decline in olfaction. Moreover, the intensity of
this phenotype further exaggerates due to a failure in the repair
response because of the subsequent infection in the OSCs. In
addition to this, our analysis on four additional mammalian
species also suggests that the 2019-nCoV-mediated loss of smell
phenotypes is not restricted to humans but may also impact
other mammalian species. Collectively, our study provides the
first line of evidence that a subpopulation of olfactory cells
is potentially equipped with host-specific viral entry moieties,
which can be exploited by the virus for its entry.

Key Points
• Loss of smell (anosmia) is emerging as one of the

key early symptoms in 2019-nCoV-infected individu-
als worldwide, indicating an atypical direct impact on
the olfactory organ.

• As olfactory receptor neurons are not directly targeted
by the 2019-nCoV, a direct explanation of the loss of
smell phenotype is not so obvious.
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• 2019-nCoV-human protein–protein interaction-based
bioinformatics analysis revealed the highest infection
susceptibility in the SUSs.

• 2019-nCoV infection-mediated compromise in abun-
dance or cellular function of SUSs (supporting cells),
olfactory stem cells (OSCs) and Bowman’s gland cells
of the olfactory epithelium are the most probable
causes of anosmia.

• A multifactor analysis involving the gene-expression
analysis and molecular docking collectively indicates
the potential risk of olfactory dysfunction in four
additional mammalian species.
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