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Altered olfactory function is a common symptom of COVID-19, but its etiology is unknown. A key question
is whether SARS-CoV-2 (CoV-2) - the causal agent in COVID-19 - affects olfaction directly, by infecting
olfactory sensory neurons or their targets in the olfactory bulb, or indirectly, through perturbation of
supporting cells. Here we identify cell types in the olfactory epithelium and olfactory bulb that express
SARS-CoV-2 cell entry molecules. Bulk sequencing demonstrated that mouse, non-human primate and
human olfactory mucosa expresses two key genes involved in CoV-2 entry, ACE2 and TMPRSS2. However,
single cell sequencing revealed that ACE2 is expressed in support cells, stem cells, and perivascular cells,
rather than in neurons. Immunostaining confirmed these results and revealed pervasive expression of ACE2
protein in dorsally-located olfactory epithelial sustentacular cells and olfactory bulb pericytes in the
mouse. These findings suggest that CoV-2 infection of non-neuronal cell types leads to anosmia and related
disturbances in odor perception in COVID-19 patients.

Introduction

SARS-CoV-2 (CoV-2) is a pandemic coronavirus that causes
the COVID-19 syndrome, which can include upper respiratory
infection (URI) symptoms, severe respiratory distress, acute
cardiac injury and death (7-4). CoV-2 is closely related to
other coronaviruses, including the causal agents in pandemic
SARS and MERS (SARS-CoV and MERS-CoV, respectively)
and endemic viruses typically associated with mild URI
syndromes (hCoV-OC43, hCoV-HKU1, hCoV-229E and hCoV-
NL63) (5-7). Clinical reports suggest that infection with CoV-
2 is associated with high rates of disturbances in smell and
taste perception, including anosmia (8-13). While many
viruses (including coronaviruses) induce transient changes in
odor perception due to inflammatory responses, in at least
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some cases COVID-related anosmia has been reported to
occur in the absence of significant nasal inflammation or
coryzal symptoms (11, 14-16). Furthermore, recovery from
COVID-related anosmia often occurs over weeks (11, 17, 18),
while recovery from typical post-viral anosmia — which is
often caused by direct damage to olfactory sensory neurons
(OSNs) — frequently takes months (19-21). These
observations suggest that CoV-2 might target odor processing
through mechanisms distinct from those used by other
viruses, although the specific means through which CoV-2
alters odor perception remains unknown.

CoV-2 — like SARS-CoV — infects cells through interac-
tions between its spike (S) protein and the ACE2 protein on
target cells. This interaction requires cleavage of the S
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protein, likely by the cell surface protease TMPRSS2, alt-
hough other proteases (such as Cathepsin B and L,
CTSB/CTSL) may also be involved (4-6, 22-25). Other corona-
viruses use different cell surface receptors and proteases to
facilitate cellular entry, including DPP4, FURIN and HSPA5
for MERS-CoV, ANPEP for HCoV-229E, TMPRSS11D for
SARS-CoV (in addition to ACE2 and TMPRSS2), and
ST6GALI1 and ST3GAL4 for HCoV-OC43 and HCoV-HKUI1 (6,
26-28).

We hypothesized that identifying the specific cell types
susceptible to direct CoV-2 infection (due to e.g., ACE2 and
TMPRSS2 expression) would provide insight into possible
mechanisms through which COVID-19 alters smell percep-
tion. The nasal epithelium is divided into a respiratory epi-
thelium (RE) and olfactory epithelium (OE), whose functions
and cell types differ. The nasal RE is continuous with the ep-
ithelium that lines much of the respiratory tract and is
thought to humidify air as it enters the nose; main cell types
include basal cells, ciliated cells, secretory cells (including
goblet cells), and brush/microvillar cells (29, 30) (Fig. 1). The
OE, in contrast, is responsible for odor detection, as it houses
mature OSNs that interact with odors via receptors localized
on their dendritic cilia. OSNs are supported by sustentacular
cells, which act to structurally support sensory neurons,
phagocytose and/or detoxify potentially damaging agents,
and maintain local salt and water balance (31-33); microvillar
cells and mucus-secreting Bowman’s gland cells also play im-
portant roles in maintaining OE homeostasis and function
(29, 34) (Fig. 1). In addition, the OE contains globose basal
cells (GBCs), which are primarily responsible for regenerat-
ing OSNs during normal epithelial turnover, and horizontal
basal cells (HBCs), which act as reserve stem cells activated
upon tissue damage (35-37). Although studies defining the
lineage relationships between GBCs, HBCs and their progeny
have necessarily been performed in rodents, basal progenitor
populations with similar transcriptional profiles are present
in adult human olfactory epithelium, suggesting closely re-
lated homeostatic and injury-response mechanisms (37, 38).
Odor information is conveyed from the OE to the brain by
OSN axons, which puncture the cribriform plate at the base
of the skull and terminate in the olfactory bulb (OB). Within
the OB local circuits process olfactory information before
sending it to higher brain centers (Fig. 1).

It has recently been demonstrated through single cell
RNA sequencing analysis (referred to herein as scSeq) that
cells from the human upper airway — including nasal RE
goblet and ciliated cells —express high levels of ACE2 and
TMPRSS2, suggesting that these RE cell types may serve as a
viral reservoir during CoV-2 infection (39, 40). However, an-
alyzed samples in these datasets did not include any OSNs or
sustentacular cells, indicating that tissue sampling in these
experiments did not include the OE (41, 42). Here we query
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both new and previously published bulk RNA-Seq and scSeq
datasets from the olfactory system for expression of ACE2,
TMRPSS2 and other genes implicated in coronavirus entry.
We find that non-neuronal cells in the OE and olfactory bulb,
including support, stem and perivascular cells, express CoV-
2 entry-associated transcripts and their associated proteins,
suggesting that infection of these non-neuronal cell types
contributes to anosmia in COVID-19 patients.

Results

Expression of CoV-2 entry genes in different cell types
of the human olfactory epithelium

To determine whether genes relevant to CoV-2 entry are ex-
pressed in OSNs or other cell types in the human OE, we que-
ried previously published bulk RNA-Seq data derived from
the whole olfactory mucosa (WOM) of macaque, marmoset
and human (43), and found expression of almost all CoV-en-
try-related genes in all WOM samples (Figure S1A). To iden-
tify the specific cell types in human OE that express ACE2, we
quantified gene expression in scSeq derived from four human
nasal biopsy samples recently reported by Durante et al. (38).
Neither ACE2 nor TMPRSS2 were detected in mature OSNs,
whereas these genes were detected in both sustentacular cells
and HBCs (Fig. 2A-D and S1B-E). In contrast, genes relevant
to cell entry of other CoVs were expressed in OSNs, as well as
in other OE cell types. We confirmed the expression of ACE2
proteins via immunostaining of human olfactory epithelium
biopsy tissue, which revealed expression in sustentacular and
basal cells, and an absence of ACE2 protein in OSNs (Figs. 2E
and S2). Together, these results demonstrate that sustentac-
ular and olfactory stem cells, but not mature OSNs, are po-
tentially direct targets of CoV-2 in the human OE.

Given that the nasopharynx is a major site of infection for
CoV-2 (10), we compared the frequency of ACE2 and
TMPRSS2 expression among the cell types in the human RE
and OE (38). Sustentacular cells exhibited the highest fre-
quency of ACE2 expression in the OE (2.9% of cells) although
this frequency was slightly lower than that observed in res-
piratory ciliated and secretory cells (3.6% and 3.9%, respec-
tively). While all HBC subtypes expressed ACE2, the
frequency of expression of ACE2 was lower in olfactory HBCs
(0.8% of cells) compared to respiratory HBCs (1.7% of cells)
(Fig. 2D). In addition, all other RE cell subtypes showed
higher frequencies of ACE2 and TMPRSS2 expression than
was apparent in OE cells.

These results demonstrate the presence of key CoV-2 en-
try-related genes in specific cell types in the OE, but at lower
levels of expression than in RE isolated from the human nasal
mucosa. We wondered whether these lower levels of expres-
sion might nonetheless be sufficient for infection by CoV-2. It
was recently reported that the nasal RE has higher expression
of CoV-2 entry genes than the RE that lines the trachea or
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lungs (44), and we therefore asked where the OE fell within
this previously established spectrum of expression. To ad-
dress this question, we developed a two step alignment pro-
cedure in which we first sought to identify cell types that
were common across the OE and RE, and then leveraged gene
expression patterns in these common cell types to normalize
gene expression levels across all cell types in the OE and RE
(Figs. 3 and S3). This approach revealed a correspondences
between submucosal gland goblet cells in the RE and Bow-
man’s gland cells in the OE (96% mapping probability, see
Methods), and between pulmonary ionocytes in the RE and a
subset of microvillar cells in the OE (99% mapping probabil-
ity, see Methods and Figure S3); after alignment, human OE
sustentacular cells were found to express ACE2 and
TMPRSS2 at levels similar to those observed in the remainder
of the non-nasal respiratory tract (44) (Fig. 3C). As CoV-2 can
infect cells in the lower respiratory tract (40, 45), these results
are consistent with the possibility that specific cell types in
the human olfactory epithelium express ACE2 at a level that
is permissive for direct infection.

Expression of CoV-2 entry genes in different cell types
of mouse olfactory epithelium

To further explore the distribution of CoV-2 cell entry genes
in the olfactory system we turned to the mouse, which ena-
bles interrogative experiments not possible in humans. To
evaluate whether mouse expression patterns correspond to
those observed in the human OE, we examined published da-
tasets in which RNA-Seq was independently performed on
mouse WOM and on purified populations of mature OSNs
(46-48). The CoV-2 receptor Ace2 and the protease Tmprss2
were expressed in WOM, as were the cathepsins Ctsb and Ctsl
(Figs. 4A and S4A) (46). However, expression of these genes
(with the exception of Ctsb) was much lower and Ace2 ex-
pression was nearly absent in purified OSN samples (Figs. 4A
and S4A, see Legend for counts). Genes used for cell entry by
other CoVs (except St3gal4) were also expressed in WOM, and
de-enriched in purified OSNs. The de-enrichment of Ace2 and
Tmprss2 in OSNs relative to WOM was also observed in two
other mouse RNA-Seq datasets (47, 48) (Figure S4B). These
data demonstrate that, as in humans, Ace2 and other CoV-2
entry-related genes are expressed in the mouse olfactory epi-
thelium.

The presence of Ace2 and Tmprss2 transcripts in mouse
WOM and their (near total) absence in purified OSNs suggest
that the molecular components that enable CoV-2 entry into
cells are expressed in non-neuronal cell types in the mouse
nasal epithelium. To identify the specific cell types that ex-
press Ace2 and Tmprss2, we performed scSeq (via Drop-seq,
see Methods) on mouse WOM (Fig. 4B). These results were
consistent with observations made in the human epithelium:
Ace2 and Tmprss2 were expressed in a fraction of
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sustentacular and Bowman’s gland cells, and a very small
fraction of stem cells, but not in OSNs (zero of 17,666 identi-
fied mature OSNSs, Figs. 4C and S4C-D). Of note, only dorsally-
located sustentacular cells, which express the markers Sultlcl
and Acsm4, were positive for Ace2 (Figs. 4D and S4D-E). In-
deed, reanalysis of the ACE2-positive subset of human sus-
tentacular cells revealed that all positive cells expressed
genetic markers associated with the dorsal epithelium (Fig-
ure S1D). An independent mouse scSeq data set (obtained us-
ing the 10x Chromium platform, see Methods) confirmed that
olfactory sensory neurons did not express Ace2 (2 of 28,769
mature OSNs were positive for Ace2), while expression was
observed in a fraction of Bowman’s gland cells and HBCs
(Figure S5, see Methods). Expression in sustentacular cells
was not observed in this dataset, which included relatively
few dorsal sustentacular cells (a possible consequence of the
specific cell isolation procedure associated with the 10x plat-
form; compare Figures S5C and 4D).

Staining of the mouse WOM with anti-ACE2 antibodies
confirmed that ACE2 protein is expressed in sustentacular
cells and is specifically localized to the sustentacular cell mi-
crovilli (Fig. 5). ACE2-positive sustentacular cells were iden-
tified exclusively within the dorsal subregion of the OE;
critically, within that region many (and possibly all) susten-
tacular cells expressed ACE2 (Fig. 5B-E). Staining was also
observed in Bowman’s gland cells but not in OSNs, and in
subsets of RE cells (Fig. 5F-G). Taken together, these data
demonstrate that ACE2 is expressed by sustentacular cells
that specifically reside in the dorsal epithelium in both mouse
and human.

Expression of CoV-2 entry genes in injured mouse olfac-
tory epithelium

Viral injury can lead to broad changes in OE physiology that
are accompanied by recruitment of stem cell populations
tasked with regenerating the epithelium (35, 37, 49). To char-
acterize the distribution of Ace2 expression under similar cir-
cumstances, we injured the OE by treating mice with
methimazole (which ablates both support cells and OSNs),
and then employed a previously established lineage tracing
protocol to perform scSeq on HBCs and their descendants
during subsequent regeneration (see Methods) (36). This
analysis revealed that after injury Ace2 and Tmprss2 are ex-
pressed in subsets of sustentacular cells and HBCs, as well as
in the activated HBCs that serve to regenerate the epithelium
(Figs. 6A-C and S6A; note that activated HBCs express Ace2
at higher levels than resting HBCs). Analysis of the Ace2-pos-
itive sustentacular cell population revealed expression of dor-
sal epithelial markers (Fig. 6D). To validate these results, we
re-analyzed a similar lineage tracing dataset in which identi-
fied HBCs and their progeny were subject to Smart-seq2-
based deep sequencing, which is more sensitive than droplet-
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based scSeq methods (36). In this dataset, Ace2 was detected
in more than 0.7% of GBCs, nearly 2% of activated HBCs and
nearly 3% of sustentacular cells but was not detected in OSNs
(Figures S6B). Immunostaining with anti-ACE2 antibodies
confirmed that ACE2 protein was present in activated stem
cells under these regeneration conditions (Fig. 6E). These re-
sults demonstrate that activated stem cells recruited during
injury express ACE2 and do so at higher levels than those in
resting stem cells.

Expression of CoV-2 entry genes in mouse olfactory
buldb

Given the potential for the RE and OE in the nasal cavity to
be directly infected with CoV-2, we assessed the expression of
Ace2 and other CoV entry genes in the mouse olfactory bulb
(OB), which is directly connected to OSNs via cranial nerve I
(CN D); in principle, alterations in OB function could cause
anosmia independently of functional changes in the OE. To
do so, we performed scSeq (using Drop-seq, see Methods) on
the mouse OB, and merged these data with a previously pub-
lished OB scSeq analysis, yielding a dataset with nearly
50,000 single cells (50) (see Methods). This analysis revealed
that Ace2 expression was absent from OB neurons and in-
stead was observed only in vascular cells, predominantly in
pericytes, which are involved in blood pressure regulation,
maintenance of the blood-brain barrier, and inflammatory re-
sponses (57) (Figs. 7A-D and S7-8). Although other potential
CoV proteases were expressed in the OB, Tmprss2 was not
expressed.

We also performed Smart-seq2-based deep sequencing of
single OB dopaminergic juxtaglomerular neurons, a popula-
tion of local interneurons in the OB glomerular layer that
(like tufted cells) can receive direct monosynaptic input from
nasal OSNs (Figs. 7E and S9, see Methods); these experiments
confirmed the virtual absence of Ace2 and Tmprss2 expres-
sion in this cell type. Immunostaining in the OB revealed that
blood vessels expressed high levels of ACE2 protein, particu-
larly in pericytes; indeed nearly all pericytes exhibited some
degree of staining with ACE2 antibodies. Consistent with the
scSeq results, staining was not observed in any neuronal cell
type (Fig. 7F-G). These observations may also hold true for at
least some other brain regions, as re-analysis of 10 deeply se-
quenced SMART-Seq2-based scSeq datasets from different re-
gions of the nervous system demonstrated that Ace2 and
Tmprss2 expression is almost completely absent from neu-
rons, consistent with prior immunostaining results (52, 53)
(Figure S10). Given the extensive similarities detailed above
in expression patterns for ACE2 and TMPRSS2 in the mouse
and human, these findings (from mouse experiments) sug-
gest that OB neurons are likely not a primary site of infection,
but that vascular pericytes may be sensitive to CoV-2
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Discussion

Here we show that subsets of OE sustentacular cells, HBCs,
and Bowman’s gland cells in both mouse and human samples
express the CoV-2 receptor ACE2 and the spike protein pro-
tease TMPRSS2. Human OE sustentacular cells express these
genes at levels comparable to those observed in lung cells. In
contrast, we failed to detect ACE2 expression in mature OSNs
at either the transcript or protein levels. Similarly, mouse vas-
cular pericytes in the OB express ACE2, while we did not de-
tect ACE2 in OB neurons. Thus primary infection of non-
neuronal cell types — rather than sensory or bulb neurons —
may be responsible for anosmia and related disturbances in
odor perception in COVID-19 patients.

The identification of non-neuronal cell types in the OE
and OB susceptible to CoV-2 infection suggests four possible,
non-mutually-exclusive mechanisms for the acute loss of
smell reported in COVID-19 patients. First, local infection of
support and vascular cells in the nose and bulb could cause
significant inflammatory responses (including cytokine re-
lease) whose downstream effects could block effective odor
conduction, or alter the function of OSNs or OB neurons (14,
54). Second, damage to support cells (which are responsible
for local water and ion balance) could indirectly influence
signaling from OSNs to the brain (55). Third, damage to sus-
tentacular cells and Bowman’s gland cells in mouse models
can lead to OSN death, which in turn could abrogate smell
perception (56). Finally, vascular damage could lead to hy-
poperfusion and inflammation leading to changes in OB
function.

Although scSeq revealed ACE2 transcripts in only a subset
of OE cells, this low level of observed expression matches or
exceeds that observed in respiratory cells types that are in-
fected by CoV-2 in COVID-19 patients (39) (Fig. 3). Critically,
immunostaining in the mouse suggests that ACE2 protein is
(nearly) ubiquitously expressed in sustentacular cells in the
dorsal OE, despite sparse detection of Ace2 transcripts using
scSeq. Similarly, nearly all vascular pericytes also expressed
ACE2 protein, although only a fraction of OB pericytes were
positive for Ace2 transcripts when assessed using scSeq. Alt-
hough Ace2 transcripts were more rarely detected than pro-
tein, there was a clear concordance at the cell type level:
expression of Ace2 mRNA in a particular cell type accurately
predicted the presence of ACE2 protein, while Ace2 tran-
script-negative cell types (including OSNs) did not express
ACE2 protein. These observations are consistent with recent
findings in the respiratory epithelium suggesting that scSeq
substantially underestimates the fraction of a given cell type
that expresses the Ace2 transcript, but that “new” Ace2-ex-
pressing cell types are not discovered with more sensitive
forms of analysis (40). If our findings in the mouse OE trans-
late to the human (a reasonable possibility given the precise
match in olfactory cell types that express CoV-2 cell entry
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genes between the two species), then ACE2 protein is likely
to be expressed in a significant subset of human sustentacu-
lar cells. Thus, there may be many olfactory support cells
available for CoV-2 infection in the human epithelium, which
in turn could recruit a diffuse inflammatory process. How-
ever, it remains possible that damage to the OE could be
caused by more limited cell infection. For example, infection
of subsets of sustentacular cells by the SDAV coronavirus in
rats ultimately leads to disruption of the global architecture
of the OE, suggesting that focal coronavirus infection may be
sufficient to cause diffuse epithelial damage (56).

We observe that activated HBCs, which are recruited after
injury, express Ace2 at higher levels than those apparent in
resting stem cells. The natural history of CoV2-induced anos-
mia is only now being defined; while recovery of smell on
timescales of weeks in many patients has been reported, it
remains unclear whether in a subset of patients smell dis-
turbances will be long-lasting or permanent (8-12, 57). While
on its own it is unlikely that infection of stem cells would
cause acute smell deficits, the capacity of CoV-2 to infect stem
cells may play an important role in those cases in which
COVID-19-associated anosmia is persistent, a context in
which infection of stem cells could inhibit OE regeneration
and repair over time.

Two anosmic COVID-19 patients have presented with
fMRI-identified hyperintensity in both OBs that reverted to
normal after resolution of the anosmia (58, 59), consistent
with central involvement in at least some cases. Many vi-
ruses, including coronaviruses, have been shown to propa-
gate from the nasal epithelium past the cribriform plate to
infect the OB; this form of central infection has been sug-
gested to mediate olfactory deficits, even in the absence of
lasting OE damage (60-65). The rodent coronavirus MHV
passes from the nose to the bulb, even though rodent OSNs
do not express Ceacam]l, the main MHV receptor (61, 66) (Fig-
ures S4C, S5E, S6A), suggesting that CoVs in the nasal mucosa
can reach the brain through mechanisms independent of ax-
onal transport by sensory nerves; interestingly, OB dopamin-
ergic juxtaglomerular cells express Ceacaml (Fig. 7E), which
likely supports the ability of MHV to target the bulb and
change odor perception. Although SARS-CoV has been shown
to infect the OB in a transgenic mouse model that ectopically
expresses human ACE2 (65), it is unclear to what extent sim-
ilar results will be observed for CoV-2 in these and in re-
cently-developed mouse models expressing human ACE2 that
better recapitulate native expression patterns (67-69). One
speculative possibility is that local seeding of the OE with
CoV-2-infected cells can result in OSN-independent transfer
of virions from the nose to the bulb, perhaps via the vascular
supply shared between the OB and the OSN axons that com-
prise CN I. Although CN I was not directly queried in our da-
tasets, it is reasonable to infer that vascular pericytes in CN I
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also express ACE2, which suggests a possible route of entry
for CoV-2 from the nose into the brain. Given the absence of
ACE2 in mouse OB neurons — and the near-ubiquity of ACE2
expression in OB pericytes — we speculate that any central
olfactory dysfunction in COVID-19 is the secondary conse-
quence of inflammation arising locally from pericytes, or in
response to diffusable factors arising from more distant
sources (51).

Multiple immunostaining studies reveal that ACE2 pro-
tein in the human brain is predominantly or exclusively ex-
pressed in vasculature (and specifically expressed within
pericytes) (52, 53, 70), and many neurological symptoms as-
sociated with CoV-2 infection like stroke or altered conscious-
ness are consistent with an underlying vasculopathy (71-76).
In addition, human CSF samples have failed thus far to reveal
CoV-2 RNA (73, 77), and autopsies from human patients have
found that the brain contains the lowest levels of CoV-2
across organs sampled (78). On the other hand, multiple
other studies have suggested that ACE2 may be expressed in
human neurons and glia (79-82). Additionally, two recent
studies in mouse models expressing human ACE2 have found
CoV-2 in the brain after intranasal inoculation (67, 68), alt-
hough neither specifically queried the OB; this work stands
in contrast to results in a non-human primate model of
COVID-19, in which nasal infection did not lead to the pres-
ence of identifiable CoV-2 antigens in the brain (83). Further
work will be required to resolve these inconsistencies, and to
definitively characterize the distribution of ACE2 protein and
ultimately CoV2-infected cells in the human OB and brain.

We note several caveats that temper our conclusions. Alt-
hough current data suggest that ACE2 is the most likely re-
ceptor for CoV-2 in vivo, it is possible (although it has not yet
been demonstrated) that other molecules such as BSG may
enable CoV-2 entry independently of ACE2 (84, 85) (Figures
S1E, S4C, S5E, S6A). In addition, it has recently been reported
that low level expression of ACE2 can support CoV-2 cell en-
try (86); it is possible, therefore, that ACE2 expression be-
neath the level of detection in our assays may yet enable CoV-
2 infection of apparently ACE2 negative cell types. We also
propose that damage to the olfactory system is either due to
primary infection or secondary inflammation; it is possible
(although has not yet been demonstrated) that cells infected
with CoV-2 can form syncytia with cells that do not express
ACE2. Such a mechanism could damage neurons adjacent to
infected cells. Finally, it has recently been reported that in-
flammation can induce expression of ACE2 in human cells
(87, 88). It is therefore possible that our survey of ACE2 ex-
pression, and other recent reports demonstrating expression
of ACE2 in OE support and stem cells but not neurons (81,
89, 90), might under-represent the cell types that express
ACE2 under conditions of CoV-2 infection.

Any reasonable pathophysiological mechanism for
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COVID-19-associated anosmia must account for the high pen-
etrance of smell disorders relative to endemic viruses (12, 91,
92), the apparent suddenness of smell loss that can precede
the development of other symptoms (11, 13), and the transient
nature of dysfunction in many patients (11, 17, 18); definitive
identification of the disease mechanisms underlying COVID-
19-mediated anosmia will require additional research. None-
theless, our identification of cells in the OE and OB express-
ing molecules known to be involved in CoV-2 entry
illuminates a path forward for future studies.

Materials and Methods

Human nasal scSeq dataset

Human scSeq data from Durante et al. (38) was downloaded
from the GEO at accession GSE139522. 10x Genomics mtx
files were filtered to remove any cells with fewer than 500
total counts. Additional preprocessing was performed as de-
scribed above, including total counts normalization and fil-
tering for highly variable genes using the SPRING gene
filtering function “filter_genes” with parameters (90, 3, 10).
The resulting data were visualized in SPRING and parti-
tioned using Louvain clustering on the SPRING k-nearest-
neighbor graph. Four clusters were removed for quality con-
trol, including two with low total counts (likely background)
and two with high mitochondrial counts (likely stressed or
dying cells). Putative doublets were also identified using
Scrublet and removed (7% of cells). The remaining cells were
projected to 40 dimensions using PCA. PCA-batch-correction
was performed using Patient 4 as a reference, as previously
described (93). The filtered data were then re-partitioned us-
ing Louvain clustering on the SPRING graph and each cluster
was annotated using known marker genes, as described in
(38). For example, immature and mature OSNs were identi-
fied via their expression of GNG8 and GNGI3, respectively.
HBCs were identified via the expression of KRT5 and TP63
and olfactory HBCs were distinguished from respiratory
HBCs via the expression of CXCL14 and MEGS3. Identification
of SUS cells (CYP2A13, CYP2J2), Bowman’s gland (SOXO9,
GPX3), and MV ionocytes-like cells (ASCL3, CFTR, FOXI1)
was also performed using known marker genes. For visuali-
zation, the top 40 principal components were reduced to two
dimensions using UMAP with parameters (n_neighbors=15,
min_dist=0.4).

The filtered human scSeq dataset contained 33358 cells.
Each of the samples contained cells from both the olfactory
and respiratory epithelium, although the frequency of OSNs
and respiratory cells varied across patients, as previously de-
scribed (38). 295 cells expressed ACE2 and 4953 cells ex-
pressed TMPRSS2. Of the 865 identified OSNs, including
both immature and mature cells, none of the cells express
ACE2 and only 2 (0.23%) expressed TMPRSS2. In contrast,
ACE2 was reliably detected in at least 2% and TMPRSS2 was
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expressed in close to 50% of multiple respiratory epithelial
subtypes. The expression of both known cell type markers
and known CoV-related genes was also examined across res-
piratory and olfactory epithelial cell types. For these gene
sets, the mean expression in each cell type was calculated and
normalized by the maximum across cell types.

Mapping scSeq datasets to each other

Data from Deprez et al. (41) were downloaded from the Hu-
man Cell Atlas website
(https://www.genomique.eu/cellbrowser/HCA/; “Single-cell
atlas of the airway epithelium (Grch38 human genome)”). A
subset of these data was combined with a subset of the Du-
rante data for mapping between cell types. For the Deprez
data, the subset consisted of samples from the nasal RE that
belonged to a cell type with >20 cells, including Basal, Cycling
Basal, Suprabasal, Secretory, Mucous Multiciliated cells, Mul-
ticiliated, SMS Goblet and Ionocyte. We observed two distinct
subpopulations of Basal cells, with one of the two populations
distinguished by expression of Cxcl14. The cells in this popu-
lation were manually identified using SPRING and defined
for downstream analysis as a separate cell type annotation
called “Basal (Cxcl14+)”. For the Durante data, the subset con-
sisted of cells from cell types that had some putative similar-
ity to cells in the Deprez dataset, including Olfactory HBC,
Cycling respiratory HBC, Respiratory HBC, Early respiratory
secretory cells, Respiratory secretory cells, Sustentacular
cells, Bowman’s gland, Olfactory microvillar cells.

To establish a cell type mapping:

1) Durante et al. (38) and Deprez et al. (41) data were com-
bined and gene expression values were linearly scaled so that
all cells across datasets had the same total counts. PCA was
then performed using highly variable genes (n=1477 genes)
and PCA-batch-correction (93) with the Durante et al. data as
a reference set.

2) Mapping was then performed bidirectionally between
the two datasets. Each cell from “Dataset 1” ‘voted’ for the 5
most similar cells in the “Dataset 2”, using distance in PCA
space as the measure of similarity. A table T counting votes
across cell types was then computed, where for cell type 7 in
the Dataset 1 and cell type j in the Dataset 2,

T, = {number of votes cast from cells of typei to cells of type j}

Thus, if Dataset 1 has N cells, then T would count 5*N
votes (ZTij =5N)

3) The table of votes T was Z-scored against a null distri-
bution, generated by repeating the procedure above 1000
times with shuffled cell type labels.

The resulting Z-scores were similar between the two pos-
sible mapping directions (Durante -> Deprez vs. Deprez ->
Durante; R=0.87 Pearson correlation of mapping Z-scores).
The mapping Z-scores were also highly robust upon varying
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the number of votes-cast per cell (R>0.98 correlation of map-
ping Z-scores upon changing the vote numbers to 1 or 50 as
opposed to 5). Only cell-type correspondences with a high Z-
score in both mapping directions (Z-score > 25) were used for
downstream analysis.

To establish a common scale of gene expression between
datasets, we restricted to cell type correspondences that were
supported both by bioinformatic mapping and shared a nom-
inal cell type designation based on marker genes. These in-
cluded: Basal/suprabasal cells = “respiratory HBCs” from
Durante et al., and “basal” and “suprabasal” cells from Deprez
et al. Secretory cells = “rly respiratory secretory cells” and
“respiratory secretory cells” from Durante et al., and “secre-
tory” cells from Deprez et al. Multiciliated cells = “respiratory
ciliated cells” from Durante et al., and “multiciliated” cells
from Deprez et al.

We next sought a transformation of the Durante et al. data
so that it would agree with the Deprez et al. data within the
corresponding cell types identified above To account for dif-
fering normalization strategies applied to each dataset prior
to download (log normalization and rescaling with cell-spe-
cific factors for Deprez et al. but not for Durante et al.), we
used the following ansatz for the transformation, where the
pseudocount p is a global latent parameter and the rescaling
factors f, are fit to each gene separately. In the equation be-

low, T denotes the transformation and e; represents a gene
expression value for cell 7 and gene j in the Durante data:

T(eij):(log(eij + p)—log(p))/ f,

The parameter p was fit by maximizing the correlation of
average gene expression across all genes between each of the
cell type correspondences listed above. The rescaling factors

f,. were then fitted separately for each gene by taking the

quotient of average gene expression between the Deprez et al.
data and the log-transformed Durante et al. data, again across
the cell type correspondences above.

Mouse bulk RNA-Seq datasets

Normalized gene expression tables were obtained from pre-
vious published datasets (43, 46-48) (Table 1). For the mouse
data sets, the means of the replicates from WOM or OSN were
used to calculate Log, fold changes. For the mouse data from
Saraiva et al. and the primate data sets (43, 46), the normal-
ized counts of the genes of interest from individual replicates
were plotted.

Mouse WOM Drop-seq experiments

Tissue dissection and single-cell dissociation for nasal epithe-
lium

A new dataset of whole olfactory mucosa scSeq was generated
from adult male mice (8-12 weeks-old). All mouse husbandry
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and experiments were performed following institutional and
federal guidelines and approved by Harvard Medical School’s
Institutional Animal Care and Use Committee (IACUC).
Briefly, dissected main olfactory epithelium were cleaned up
in 750 ul of EBSS (Worthington) and epithelium tissues were
isolated in 750 uL of Papain (20 U/mL in EBSS) and 50 uL of
DNase I (2000 U/mL). Tissue pieces were transferred to a 5
mL round-bottom tube (BD) and 1.75 mL of Papain and 450
uL of DNase I were added. After 1-1.5 hour incubation with
rocking at 37°C, the suspension was triturated with a 5 mL
pipette 15 times and passed through 40 um cell strainer (BD)
and strainer was washed with 1 mL of DMEM + 10% FBS
(Invitrogen). The cell suspension was centrifuged at 300 g for
5 min. Cells were resuspended with 4 mL of DMEM + 10%
FBS and centrifuged at 300 g for 5 min. Cells were suspended
with PBS + 0.01% BSA and concentration was measured by
hemocytometer.

Drop-seq experiments

Drop-seq experiments were performed as previously de-
scribed (94). Microfluidics devices were obtained from Flow-
JEM and barcode beads were obtained from chemgenes. 8 of
15 min Drop-seq runs were collected in total, which were ob-
tained from 5 mice.

Sequencing of Drop-seq samples

8 replicates of Drop-seq samples were sequenced across 5
runs on an Illumina NextSeq 500 platform. Paired end reads
from the fastq files were trimmed, aligned, and tagged via the
Drop-seq tools (v1.13) pipeline, using STAR (v2.5.4a) with ge-
nomic indices from Ensembl Release 93. The digital gene ex-
pression matrix was generated for 4,000 cells for 0126_2,
5,000 cells for 0105, 0126_1, 051916_DS11, 051916_DS12,
051916_DS22, 5,500 cells for 051916_DS21, and 9,500 cells for
0106.

Preprocessing of Drop-seq samples

Processing of the WOM Drop-seq samples was performed in
Seurat (v2.3.1). Cells with less than 500 UMIs or more than
15,000 UMIs, or higher than 5% mitochondrial genes were
removed. Potential doublets were removed using Scrublet.
Cells were initially preprocessed using the Seurat pipeline.
Variable genes “FindVariableGenes” (y.cutoff = 0.6) were
scaled (regressing out effects due to nUMI, the percent of mi-
tochondrial genes, and replicate ids) and the data was clus-
tered using 50 PCs with the Louvain algorithm
(resolution=0.8). In a fraction of sustentacular cells, we ob-
served co-expression of markers for sustentacular cells and
other cell types (e.g., OSNs). Re-clustering of sustentacular
cells alone separately out these presumed doublets from the
rest of the sustentacular cells, and the presumed doublets
were removed for the analyses described below.

Processing of Drop-seq samples

The filtered cells from the preprocessing steps were reana-
lyzed in python using Scanpy and SPRING. In brief, the raw
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gene counts in each cell were total counts normalized and
variable genes were identified using the SPRING gene filter-
ing function “filter_genes” with parameters (85, 3, 3); mito-
chondrial and olfactory receptor genes were excluded from
the variable gene lists. The resulting 2083 variable genes were
z-scored and the dimensionality of the data was reduced to
35 via principal component analysis. The k-nearest neighbor
graph (n_neighbors=15) of these 35 PCs was clustered using
the leiden algorithm (resolution=1.2) and was reduced to two
dimensions for visualization via the UMAP method
(min_dist=0.42). Clusters were manually annotated on the
basis of known marker genes and those sharing markers (e.g.,
olfactory sensory neurons) were merged.

The mouse WOM Drop-seq dataset contained 29585 cells
that passed the above filtering. Each of the 16 clusters identi-
fied contained cells from all 8 replicates in roughly equal pro-
portions. Of the 17666 mature OSNs and the 4674 immature
OSNs, none of the cells express Ace2. In contrast, in the ol-
factory epithelial cells, Ace2 expression was observed in the
Bowman’s gland, olfactory HBCs, dorsal sustentacular cells.

Immunohistochemistry and in situ hybridization of
mouse and human tissue
Mouse olfactory epithelium tissue processing
Mice were sacrificed with a lethal dose of xylazine and nasal
epithelium with attached olfactory bulbs were dissected and
fixed in 4% paraformaldehyde (Electron Microscope Sci-
ences, 19202) in phosphate-buffered saline (PBS) for over-
night at 4°C or for 2 hours at room temperature. Tissues were
washed in PBS for 3 times (5 min each) and incubated in
0.45M EDTA in PBS overnight at 4°C. The following day, tis-
sues were rinsed by PBS and incubated in 30% Sucrose in PBS
for at least 30 min, transferred to Tissue Freezing Medium
(VWR, 15146-025) for at least 45 min and frozen on crushed
dry ice and stored at -80°C until sectioning. Tissue sections
(20 um thick for the olfactory bulb and 12 um thick for nasal
epithelium) were collected on Superfrost Plus glass slides
(VWR, 48311703) and stored at -80°C until immunostaining.
For methimazole treated samples, Adult C57BL/6J mice
(6-12 weeks old, JAX stock No. 000664) were given intraper-
itoneal injections with Methimazole (Sigma M8506) at 50
ug/g body weight and sacrificed at 24, 48, and 96-hour
timepoints.
Immunostaining for mouse tissue
Sections were permeabilized with 0.1% Triton X-100 in PBS
for 20 min then rinsed 3 times in PBS. Sections were then
incubated for 45-60 min in blocking solution that consisted
of PBS containing 3% Bovine Serum Albumin (Jackson Im-
munoresearch, 001-000-162) and 3% Donkey Serum (Jackson
ImmunoResearch, 017-000-121) at room temperature, fol-
lowed by overnight incubation at 4°C with primary antibod-
ies diluted in the same blocking solution. Primary antibodies
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used are as follows. Goat anti-ACE2 (Thermo Fisher, PA5-
47488, 1:40), mouse anti-TUBB4 (Sigma, T7941, 1:4000), rab-
bit anti-KRT5 (abcam, ab52635, 1:200), goat anti-NQO1
(abcam, ab2346, 1:200), mouse anti-acetylated Tubulin
(abcam, ab24610, 1:500), rabbit anti-CNGA2 (abcam, ab79261,
1:100), rat anti-CD140b/PDGFRB (Thermo Fisher, 14-1402-82,
1:100).

On the following day, sections were rinsed once and
washed three times for 5-10 min in PBS, then incubated for
45 min with secondary antibodies diluted in blocking solu-
tion at 1:300 ratios and/or Alexa 555-conjugated Phalloidin
(1:400). Secondary antibodies used were as follows: Donkey
anti-Goat IgG Alexa 488 (Jackson ImmunoResearch, 705-546-
147), donkey anti-Goat IgG Alexa 555, (Invitrogen, A21432),
donkey anti-Rabbit IgG Alexa 555 (Invitrogen, A31572), don-
key anti-Rabbit IgG Alexa 647 (Jackson ImmunoResearch,
711-605-152), donkey anti-Mouse IgG Alexa 555 (Invitrogen,
A31570), donkey anti-Mouse IgG Alexa 647 (Invitrogen,
A31571), and donkey anti-Rat IgG Alexa 488 (Invitrogen,
A21208).

After secondary antibody incubation, sections were
washed twice for 5-10 min in PBS, incubated with 300 nM
DAPI in PBS for 10 min and then rinsed with PBS. Slides were
mounted with glass coverslips using Vectashield Mounting
Medium (Vector Laboratories, H-1000) or ProLong Diamond
Antifade Mountant (Invitrogen, P36961).

For co-staining of ACE2 and NQOI1, slides were first
stained with ACE2 primary antibody and donkey anti-Goat
IgG Alexa 488 secondary. After 3 washes of secondary anti-
body, tissues were incubated with unconjugated donkey anti-
Goat IgG Fab fragments (Jackson ImmunoResearch, 705-007-
003) at 30 ug/mL diluted in blocking solution for 1 hour at
room temperature. Tissues were washed twice with PBS, once
in blocking solution, and incubated in blocking solution for
30-40 min at room temperature, followed by a second round
of staining with the NQOI1 primary antibody and donkey anti-
Goat IgG Alexa 555 secondary antibody.

Confocal images were acquired using a Leica SPE micro-
scope (Harvard Medical School Neurobiology Imaging Facil-
ity) with 405 nm, 488 nm, 561 nm, and 635 nm laser lines.
Multi-slice z-stack images were acquired, and their maximal
intensity projections are shown. For Fig. 5A, tiled images
were acquired and stitched by the Leica LAS X software. Im-
ages were processed using Fiji ImageJ software (95), and
noisy images were median-smoothed using the Remove Out-
liers function built into Fiji.

Fluorescent in situ hybridization for mouse tissue

Sultlcl RNA was detected by fluorescent RNAscope assay
(Advanced Cell Diagnostics, kit 320851) using probe 539921-
C2, following the manufacturer’s protocol (RNAscope Fluo-
rescent Multiplex Kit User Manual, 320293-UM Date
03142017) for paraformaldehyde-fixed tissue. Prior to
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initiating the hybridization protocol, the tissue was pre-
treated with two successive incubations (first 30 min, then 15
min long) in RNAscope Protease III (Advanced Cell Diagnos-
tics, 322337) at 40°C, then washed in distilled water. At the
end of protocol, the tissue was washed in PBS and subjected
to the 2-day immunostaining protocol described above.
Immunostaining of human nasal tissue

Human olfactory mucosa biopsies were obtained via IRB-
approved protocol at Duke University School of Medicine,
from nasal septum or superior turbinate during endoscopic
sinus surgery. Tissue was fixed with 4% paraformaldehyde
and cryosectioned at 10 pm and sections were processed for
immunostaining, as previously described (38).

Sections from a 28-year old female nasal septum biopsy
were stained for ACE2 (Fig. 2E) using the same Goat anti-
ACE2 (Thermo Fisher, PA5-47488, 1:40) and the protocol de-
scribed above for mouse tissue. The human sections were co-
stained with Rabbit anti-keratin 5 (Abcam, ab24647;
AB_448212, 1:1000) and were detected with AlexaFluor 488
Donkey anti-goat (Jackson ImmunoResearch, 705-545-147)
and AlexaFluor 594 Donkey anti-rabbit (Jackson Immu-
noResearch, 711-585-152) secondary antibodies (1:300).

As further validation of ACE2 expression and to confirm
the lack of ACE2 expression in human olfactory sensory neu-
rons (Figure S2), sections were stained with a rabbit anti-
ACE2 (Abcam, ab15348; RRID:AB_301861, used at 1:100) an-
tibody immunogenized against human ACE2 and a mouse
Tujl antibody against neuron-specific tubulin (BioLegend,
801201; RRID:AB_2313773). Anti-ACE2 was raised against a
C-terminal synthetic peptide for human ACE2 and was vali-
dated by the manufacturer to not cross-react with ACE1 for
immunohistochemical labeling of ACE2 in fruit bat nasal tis-
sue as well as in human lower airway. Recombinant human
ACE2 abolished labeling with this antibody in a previous
study in human tissue, further demonstrating its specificity
(53). The Tujl antibody was validated, as previously described
(38). Biotinylated secondary antibodies (Vector Labs), avidin-
biotinylated horseradish peroxidase kit (Vector) followed by
fluorescein tyramide signal amplification (Perkin Elmer)
were applied per manufacturer’s instructions. For dual stain-
ing, Tujl was visualized using AlexaFluor 594 Goat anti-
Mouse (Jackson ImmunoResearch, 115-585-146; RRID:
AB_2338881).

Human sections were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) and coverslips were mounted using
Prolong Gold (Invitrogen) for imaging, using a Leica DMi8
microscope system. Images were processed using Fiji ImageJ
software (NIH). Scale bars were applied directly from the
Leica acquisition software metadata in ImageJ Tools. Un-
sharp Mask was applied in ImageJ, and brightness/contrast
was adjusted globally.
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WOM and HBC lineage tracing mouse 10x scSeq exper-
iments

Mice

2 month-old and 18 month-old wild type C57BL/6J mice were
obtained from the National Institute on Aging Aged Rodent
Colony and used for the WOM experiments; each experi-
mental condition consisted of one male and one female
mouse to aid doublet detection. Mice containing the trans-
genic Krt5-CreER(T2) driver (96) and Rosa26-YFP reporter
allele (97) were used for the HBC lineage tracing dataset. All
mice were assumed to be of normal immune status. Animals
were maintained and treated according to federal guidelines
under IACUC oversight at the University of California, Berke-
ley.

Single-Cell RNA Sequencing

The olfactory epithelium was surgically removed, and the
dorsal, sensory portion was dissected and dissociated, as pre-
viously described (36). For WOM experiments, dissociated
cells were subjected to fluorescence-activated cell sorting
(FACS) using propidium iodide to identify and select against
dead or dying cells; 100,000 cells/sample were collected in
10% FBS. For the HBC lineage tracing experiments Krt5-
CreER; Rosa26YFP/YFP mice were injected once with tamox-
ifen (0.25 mg tamoxifen/g body weight) at P21-23 days of age
and sacrificed at 24 hours, 48 hours, 96 hours, 7 days and 14
days post-injury, as previously described (36, 98). For each
experimental time point, YFP+ cells were isolated by FACS
based on YFP expression and negative for propidium iodide,
a vital dye.

Cells isolated by FACS were subjected to single-cell RNA-
seq. Three replicates (defined here as a FACS collection run)
per age were analyzed for the WOM experiment; at least two
biological replicates were collected for each experimental
condition for the HBC lineage tracing experiment. Single cell
cDNA libraries from the isolated cells were prepared using
the Chromium Single Cell 3' System according to the manu-
facturer’s instructions. The WOM preparation employed v3
chemistry with the following modification: the cell suspen-
sion was directly added to the reverse transcription master
mix, along with the appropriate volume of water to achieve
the approximate cell capture target. The HBC lineage tracing
experiments were performed using v2 chemistry. The 0.04%
weight/volume BSA washing step was omitted to minimize
cell loss. Completed libraries were sequenced on Illumina
HiSeq4000 to produce paired-end 100nt reads.

Sequence data were processed with the 10x Genomics Cell
Ranger pipeline (2.0.0 for v2 chemistry), resulting in the ini-
tial starting number before filtering of 60,408 WOM cells and
25,469 HBC lineage traced cells. The scone R/Bioconductor
package (99) was used to filter out lowly-expressed genes
(fewer than 2 UMI’s in fewer than 5 cells) and low-quality
libraries (using the metric_sample_filter function with
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arguments hard_nreads = 2000, zcut = 4).

Preliminary Filtering

Cells with co-expression of male (Ddx3y, Eif2s3y, Kdm5d, and
Uty) and female marker genes (Xist) were removed as poten-
tial doublets from the WOM dataset. For both datasets, dou-
blet cell detection was performed per sample using
DoubletFinder (100) and Scrublet (101). Genes with at least 3
UMIs in at least 5 cells were used for downstream clustering
and cell type identification. For the HBC lineage tracing da-
taset, the Bioconductor package scone was used to pick the
top normalization (“none,fq,ruv_k=1,no_bio,batch”), corre-
sponding to full quantile normalization, batch correction and
removing one factor of unwanted variation using RUV (102).
A range of cluster labels were created by clustering using the
partitioning around medoids (PAM) algorithm and hierar-
chical clustering in the clusterExperiment Bioconductor
package (103), with parameters kOs= (10, 13, 16, 19, 22, 25)
and alpha=(NA,0.1,0.2,0.3). Clusters that did not show differ-
ential expression were merged (using the function merge-
Clusters with arguments mergeMethod = ‘adjP’, cutoff = 0.01,
and DEMethod = ‘limma’ for the lineage-traced dataset). Ini-
tial clustering identified one Macrophage (Msrl+) cluster
consisting of 252 cells; upon its removal and restarting from
the normalization step a subsequent set of 15 clusters was ob-
tained. These clusters were used to filter out 1515 cells for
which no stable clustering could be found (i.e., ‘unassigned’
cells), and four clusters respectively consisting of 31, 29 and
23 and 305 cells. Doublets were identified using Doublet-
Finder and 271 putative doublets were removed. Inspection
of the data in a three-dimensional UMAP embedding identi-
fied two groups of cells whose experimentally sampled
timepoint did not match their position along the HBC differ-
entiation trajectory, and these additional 219 cells were also
removed from subsequent analyses.

Analysis of CoV-related genes in WOM and HBC lineage 10x
datasets

Analysis of WOM scSeq data were performed in python using
the open-source Scanpy software starting from the raw UMI
count matrix of the 40179 cells passing the initial filtering and
QC criteria described above. UMIs were total-count normal-
ized and scaled by 10,000 (TPT, tag per ten-thousands) and
then log-normalized. For each gene, the residuals from linear
regression models using the total number of UMISs per cell as
predictors were then scaled via z-scoring. PCA was then per-
formed on a set of highly-variable genes (excluding OR genes)
calculated using the “highly_variable_genes” function with
parameters: min_mean=0.01, max_mean=10, min_disp=0.5.
A batch corrected neighborhood graph was constructed by
the “bbknn” function with 42 PCs with the parameters: lo-
cal_connectivity=1.5, and embedding two-dimensions using
the UMAP function with default parameters (min_dist = 0.5).
Cells were clustered using the neighborhood graph via the
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Leiden algorithm (resolution = 1.2). Identified clusters were
manually merged and annotated based on known marker
gene expression. We removed 281 cells containing mixtures
of marker genes with no clear gene expression signature. The
identified cell types and the number of each of the remaining
39898 cells detected were as follows. 28,769 mOSN: mature
OSN; 2,607 iOSN: immature OSN; 859 INP: Immediate Neu-
ral Precursor; 623 GBC: Globose Basal Cell; HBC: Horizontal
Basal Cell (1,083 Olfactory and 626 Respiratory); 480 SUS:
sustentacular cell; 331 BG: Bowman’s gland; MV: Microvillar
cell (563 Brush-like and 1,530 Ionocyte-like); 92 OEC: Olfac-
tory Ensheathing Cell; 76 Resp. Secretory cells; 227 Resp. un-
specified cells; 172 atypical OSN; 1,757 various immune cells,
103 RBC: Red Blood Cell. TPT gene expression levels were vis-
ualized in two-dimensional UMAP plots.

The filtered HBC lineage dataset containing 21722 cells
was analyzing in python and processed for visualization us-
ing pipelines in SPRING and Scanpy (104, 105). In brief, total
counts were normalized to the median total counts for each
cell and highly variable genes were selected using the
SPRING gene filtering function (“filter_genes”) using param-
eters (90, 3, 3). The dimensionality of the data was reduced
to 20 using principal components analysis (PCA) and visual-
ized in two-dimensions using the UMAP method with param-
eters (n_neighbors=20, min_dist=0.5). Clustering was
performed using the Leiden algorithm (resolution=1.45) and
clusters were merged manually using known marker genes.
The identified cell types and number of each type were: 929
mOSN: mature OSN; 2073 iOSN: immature OSN; 786 INP:
Immediate Neural Precursor; 755 GBC: Globose Basal Cell;
HBC: Horizontal Basal Cell (7782 Olfactory, 5418 Regenerat-
ing, and 964 Respiratory); 2666 SUS: sustentacular cell; and
176 Ionocyte-like Microvillar (MV) cell.

Expression of candidate CoV-2-related genes was defined
if at least one transcript (UMI) was detected in that cell, and
the percent of cells expressing candidate genes was calcu-
lated for each cell type. In the WOM dataset Ace2 was only
detected in 2 out of 28,769 mature OSNs (0.007%), and in the
HBC lineage dataset, Ace2 was not detected in any OSNs. Fur-
thermore, Ace2 was not detected in immature sensory neu-
rons (GBCs, INPs, or iOSNs) in either dataset.

Mouse HBC lineage Smart-Seq2 dataset

Single-cell RNA-seq data from HBC-derived cells from
Fletcher et al. and Gadye et al. (36, 98), labeled via Krt5-CreER
driver mice, were downloaded from GEO at accession
GSE99251 using the file
“GSE95601_oeHBCdiff Cufflinks_eSet_counts_table.txt.gz”.
Processing was performed as described above, including total
counts normalization and filtering for highly variable genes
using the SPRING gene filtering function “filter_genes” with
parameters (75, 20, 10). The resulting data were visualized in
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SPRING and a subset of cells were removed for quality con-
trol, including a cluster of cells with low total counts and an-
other with predominantly reads from ERCC spike-in controls.
Putative doublets were also identified using Scrublet and re-
moved (6% of cells) (10I). The resulting data were visualized
in SPRING and partitioned using Louvain clustering on the
SPRING k-nearest-neighbor graph using the top 40 principal
components. Cell type annotation was performed manually
using the same set of markers genes listed above. Three clus-
ters were removed for quality control, including one with low
total counts and one with predominantly reads from ERCC
spike-in controls (likely background), and one with high mi-
tochondrial counts (likely stressed cells). For visualization,
and clustering the remaining cells were projected to 15 di-
mensions using PCA and visualized with UMAP with param-
eters (n_neighbors=15, min_dist=0.4, alpha=0.5,
maxiter=500). Clustering was performed using the Leiden al-
gorithm (resolution=0.4) and cell types were manually anno-
tated using known marker genes.

The filtered dataset of mouse HBC-derived cells contained
1450 cells. The percent of cells expressing each marker gene
was calculated as described above. Of the 51 OSNs identified,
none of them expressed Ace2, and only 1 out of 194 INPs and
iOSNs expressed Ace2. In contrast, Ace2 and Tmprss2 were
both detected in HBCs and SUS cells.

Juvenile and adult mouse whole olfactory bulb
scRNAseq dataset

Juvenile mouse data

Single-cell RNAseq data from whole mouse olfactory bulb
(50) were downloaded from mousebrain.org/loom-
files_level_Ll.html in loom format (I1 olfactory.loom) and
converted to a Seurat object. Samples were obtained from ju-
venile mice (age postnatal day 26-29). This dataset comprises
20514 cells passing cell quality filters, excluding 122 cells
identified as potential doublets.

Tissue dissection and single-cell dissociation

A new dataset of whole olfactory bulb scSeq was generated
from adult male mice (8-12 weeks-old). All mouse husbandry
and experiments were performed following institutional and
federal guidelines and approved by Harvard Medical School’s
Institutional Animal Care and Use Committee (IACUC).
Briefly, dissected olfactory bulbs (including the accessory ol-
factory bulb and fractions of the anterior olfactory nucleus)
were dissociated in 750 ul of dissociation media (DM: HBSS
containing 10mM HEPES, 1 mM MgCl,, 33 mM D-glucose)
with 28 U/mL Papain and 386 U/mL DNase I (Worthington).
Minced tissue pieces were transferred to a 5 mL round-bot-
tom tube (BD). DM was added to a final volume of 3.3 mL
and the tissue was mechanically triturated 5 times with a
P1000 pipette tip. After 1-hour incubation with rocking at
37°C, the suspension was triturated with a 10 mL pipette 10
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times and 2.3 mL was passed through 40 yum cell strainer
(BD). The suspension was then mechanically triturated with
a P1000 pipette tip 10 times and 800 uL were filtered on the
same strainer. The cell suspension was further triturated
with a P200 pipette tip 10 times and filtered. 1 mL of Quench
buffer (22 mL of DM, 2.5 mL of protease inhibitor prepared
by resuspending 1 vial of protease inhibitor with 32 mL of
DM, and 2000U of DNase I) was added to the suspension and
centrifuged at 300 g for 5 min. Cells were resuspended with
3 mL of Quench buffer and overlaid gently on top of 5 mL of
protease inhibitor, then spun down at 70 g for 10min. The
pellet was resuspended using DM supplemented with 0.04%
BSA and spun down at 300 g for 5 min. Cells were suspended
in 400 uL of DM with 0.04% BSA.

Olfactory bulb Drop-seq experiments

Drop-seq experiments were performed as previously de-
scribed (94). Microfluidics devices were obtained from Flow-
JEM and barcode beads were obtained from chemgenes. Two
15 min Drop-seq runs were collected from a single dissocia-
tion preparation obtained from 2 mice. Two such dissocia-
tions were performed, giving 4 total replicates.

Sequencing of Drop-seq samples

4 replicates of Drop-seq samples were pooled and sequenced
across 3 runs on an Illumina NextSeq 500 platform. Paired
end reads from the fastq files were trimmed, aligned, and
tagged via the Drop-seq tools (1-2.0) pipeline, using STAR
(2.4.2a) with genomic indices from Ensembl Release 82. The
digital gene expression matrix was generated for 8,000 cells
per replicate.

Preprocessing of Drop-seq samples

Cells with low numbers of genes (500), low numbers of UMIs
(700) or high numbers of UMIs (>10000) were removed (6%
of cells). Potential doublets were identified via Scrublet and
removed (3.5% of cells). Overall, this new dataset comprised
27004 cells.

Integration of whole olfactory bulb scRNAseq datasets

Raw UMI counts from juvenile and adult whole olfactory
bulb samples were integrated in Seurat (106). Integrating the
datasets ensured that clusters with rare cell types could be
identified and that corresponding cell types could be accu-
rately matched. As described below (see Figure S7), although
some cell types were observed with different frequencies, the
integration procedure yielded stable clusters with cells from
both datasets. Briefly, raw counts were log-normalised sepa-
rately and the 10000 most variable genes identified by vari-
ance stabilizing transformation for each dataset. The 4529
variable genes present in both datasets and the first 30 prin-
cipal components (PCs) were used as features for identifying
the integration anchors. The integrated expression matrix
was scaled and dimensionality reduced using PCA. Based on
their percentage of explained variance, the first 28 PCs were
chosen for UMAP visualization and clustering.
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Graph-based clustering was performed using the Louvain
algorithm following the standard Seurat workflow. Cluster
stability was analyzed with Clustree on a range of resolution
values (0.4 to 1.4), with 0.6 yielding the most stable set of
clusters (107). Overall, 26 clusters were identified, the small-
est of which contained only 43 cells with gene expression pat-
terns consistent with blood cells, which were excluded from
further visualization plots. Clustering the two datasets sepa-
rately yielded similar results. Moreover, the distribution of
cells from each dataset across clusters was homogenous (Fig-
ure S7) and the clusters corresponded previous cell class and
subtype annotations (50). As previously reported, a small
cluster of excitatory neurons (cluster 13) contained neurons
from the anterior olfactory nucleus. UMAP visualizations of
expression level for cell class and cell type markers, and for
genes coding for coronavirus entry proteins, depict log-nor-
malized UMI counts. The heatmap in Fig. 7C shows the mean
expression level for each cell class, normalised to the maxi-
mum mean value. The percentage of cells per cell class ex-
pressing Ace2 was defined as the percentage of cells with at
least one UMI. In cells from both datasets, Ace2 was enriched
in pericytes but was not detected in neurons.

Smart-Seq2 sequencing of manually sorted olfactory
bulb dopaminergic neurons

Tissue dissociation and manual cell sorting

Acute olfactory bulb 300 um slices were obtained from Dat-
Cre/Flox-tdTomato (B6.SJL-Slc6agtmilere) Bkmn/J = Jax  stock
006660 / B6.Cg- Gt(ROSA)26Sorm9(CAGWTomato)fize - Jax gtock
007909) P28 mice as previously described (108). As part of a
wider study, at P27 these mice had undergone brief 24 hours
unilateral naris occlusion via a plastic plug insert (N = 5 mice)
or were subjected to a sham control manipulation (N = 5
mice); all observed effects here were independent of these
treatment groups. Single cell suspensions were generated us-
ing the Neural Tissue Dissociation Kit - Postnatal Neurons
(Miltenyi Biotec. Cat no. 130-094-802), following manufac-
turer’s instructions for manual dissociation, using 3 fired-pol-
ished Pasteur pipettes of progressively smaller diameter.
After enzymatic and mechanical dissociations, cells were fil-
tered through a 30 um cell strainer, centrifuged for 10 min at
4°C, resuspended in 500 ul of ACSF (in mM: 140 NaCl, 1.25
KCl, 1.25 NaH,PO,, 10 HEPES, 25 Glucose, 3 MgCl,, 1 CaCl,)
with channel blockers (0.1 uM TTX, 20 uM CNQX, 50 uM D-
APV) and Kkept on ice to minimise excitotoxicity and cell
death.

For manual sorting of fluorescently labeled dopaminergic
neurons we adapted a previously described protocol (109). 50
ul of single cell suspension was dispersed on 3.5mm petri
dishes (with a Sylgard-covered base) containing 2 ml of ACSF
+ channel blockers. Dishes were left undisturbed for 15 min
to allow the cells to sink and settle. Throughout, dishes were
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kept on a metal plate on top of ice. tdTomato-positive cells
were identified by their red fluorescence under a stereoscope.
Using a pulled glass capillary pipette attached to a mouth-
piece, individual cells were aspirated and transferred to a
clean, empty dish containing 2 ml ACSF + channel blockers.
The same cell was then transferred to a third clean plate,
changing pipettes for every plate change. Finally, each indi-
vidual cell was transferred to a 0.2 ml PCR tube containing 2
ul of lysis buffer (RLT Plus - Qiagen). The tube was immedi-
ately placed on a metal plate sitting on top of dry ice for flash-
freezing. Collected cells were stored at -80C until further pro-
cessing. Positive (more than 10 cells) and negative (sample
collection procedure without picking a cell) controls were col-
lected for each sorting session. In total, we collected samples
from 10 mice, averaging 50 tdTomato-positive cells collected
per session. Overall, less than 2.5 hours elapsed between
mouse sacrifice and collection of the last cell in any session.
Preparation and amplification of full-length cDNA and se-
quencing libraries

Samples were processing using a modified version of the
Smart-Seq2 protocol(710). Briefly, 1 ul of a 1:2,000,000 dilu-
tion of ERCC spike-ins (Invitrogen. Cat. no. 4456740) was
added to each sample and mRNA was captured using modi-
fied oligo-dT biotinylated beads (Dynabeads, Invitrogen).
PCR amplification was performed for 22 cycles. Amplified
cDNA was cleaned with a 0.8:1 ratio of Ampure-XP beads
(Beckman Coulter). cDNAs were quantified on Qubit using
HS DNA reagents (Invitrogen) and selected samples were run
on a Bioanalyzer HS DNA chip (Agilent) to evaluate size dis-
tribution.

For generating the sequencing libraries, individual cDNA
samples were normalised to 0.2ng/ul and 1ul was used for
one-quarter standard-sized Nextera XT (Illumina) tagmenta-
tion reactions, with 12 amplification cycles. Sample indexing
was performed using index sets A and D (Illumina). At this
point, individual samples were pooled according to their in-
dex set. Pooled libraries were cleaned using a 0.6:1 ratio of
Ampure beads and quantified on Qubit using HS DNA rea-
gents and with the KAPA Library Quantification Kits for Illu-
mina (Roche). Samples were sequenced on two separate
rapid-runs on HiSeq2500 (Illumina), generating 100bp
paired-end reads. An additional 5 samples were sequenced on
MiSeq (Illumina).

Full-length cDNA sequencing data processing and analysis

Paired-end read fastq files were demultiplexed, quality con-
trolled using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastq
c/) and trimmed using Trim Galore
(https://www.bioinformatics.babraham.ac.uk/projects/trim_
galore/). Reads were pseudoaligned and quantified using kal-
listo (111) against a reference transcriptome from Ensembl
Release 89 (Gencode Release M17 GRCm38.p6) with
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sequences corresponding to the ERCC spike-ins and the Cre
recombinase and tdT genes added to the index. Transcripts
were collapsed into genes using the sumAcrossFeatures func-
tion in scater.

Cell level quality control and cell filtering was performed
in scater (712). Cells with <1000 genes, <100,000 reads, >75%
reads mapping to ERCC spike-ins, >10% reads mapping to
mitochondrial genes or low library complexity were dis-
carded (14% samples). The population of olfactory bulb cells
labeled in DAT-tdTomato mice is known to include a minor
non-dopaminergic calretinin-positive subgroup (113), so
calretinin-expressing cells were excluded from all analyses.
The scTransform function in Seurat was used to remove tech-
nical batch effects.

Expression of CoV-relevent genes in scSeq datasels from
various brain regions and sensory systems

An analysis of single-cell gene expression data from 10 stud-
ies was performed to investigate the expression of genes cod-
ing for coronavirus entry proteins in neurons from a range of
brain regions and sensory systems. Processed gene expres-
sion data tables were obtained from scSeq studies that evalu-
ated gene expression in retina (GSE81905) (I14) inner ear
sensory epithelium (GSE115934) (115, 116) and spiral ganglion
(GSE114997) (117), ventral midbrain (GSE76381) (118), hippo-
campus (GSE100449) (119), cortex (GSE107632) (120), hypo-
thalamus (GSE74672) (12I), visceral motor neurons
(GSE78845) (122), dorsal root ganglia (GSE59739) (123) and
spinal cord dorsal horn (GSE103840) (124). Smart-Seq2 se-
quencing data from Vsx2-GFP positive cells was used from
the retina dataset. A subset of the expression matrix that cor-
responds to day O (i.e., control, undisturbed neurons) was
used from the layer VI somatosensory cortex dataset. A subset
of the data containing neurons from untreated (control) mice
was used from the hypothalamic neuron dataset. From the
ventral midbrain dopaminergic neuron dataset, a subset
comprising DAT-Cre/tdTomato positive neurons from P28
mice was used. A subset comprising Type I neurons from wild
type mice was used from the spiral ganglion dataset. The “un-
classified” neurons were excluded from the visceral motor
neuron dataset. A subset containing neurons that were col-
lected at room temperature was used from the dorsal root
ganglia dataset. Expression data from dorsal horn neurons
obtained from C57/BL6 wild type mice, vGat-cre-tdTomato
and vGlut2-eGFP mouse lines was used from the spinal cord
dataset. Inspection of all datasets for batch effects was per-
formed using the scater package (version 1.10.1) (712). Pub-
licly available raw count expression matrices were used for
the retina, hippocampus, hypothalamus, midbrain, visceral
motor neurons and spinal cord datasets, whereas the normal-
ized expression data was used from the inner ear hair cell
datasets. For datasets containing raw counts, normalization

First release: 24 July 2020

was performed for each dataset separately by computing
pool-based size factors that are subsequently deconvolved to
obtain cell-based size factors using the scran package (version
1.10.2) (125). Violin plots were generated in scater.
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Olfactory bulb

Granule cell
Mitral/tufted cell
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Fig. 1. Schematic of the nasal respiratory epithelium, olfactory epithelium, and the
olfactory bulb. Sagittal view of the human nasal cavity, in which respiratory and olfactory
epithelia are colored (left). For each type of epithelium, a schematic of the anatomy and
known major cell types are shown (right). In the olfactory bulb in the brain (tan) the axons
from olfactory sensory neurons coalesce into glomeruli, and mitral/tufted cells innervate
these glomeruli and send olfactory projections to downstream olfactory areas. Glomeruli
are also innervated by juxtaglomerular cells, a subset of which are dopaminergic.
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Fig. 2. Coronavirus cell entry-related genes are expressed in human respiratory and olfactory epithelium but
are not detected in human OSNs. (A) UMAP representation of cell types in human nasal biopsy scSeq data from
Durante et al. 2020 (38). Each dot represents an individual cell, colored by cell type (HBC = horizontal basal cell,
OSN = olfactory sensory neuron, SUS = sustentacular cell, MV: microvillar cell, Resp.: respiratory, OEC = olfactory
ensheathing cell, SMC=smooth muscle cell). (B) UMAP representations of 865 detected immature (GNGS8) and
mature (GNG13) OSNs. Neither ACE2 nor TMPRSS2 are detected in either population of OSNs. The color
represents the normalized expression level for each gene (number of UMIs for a given gene divided by the total
number of UMIs for each cell). (C) UMAP representations of all cells, depicting the normalized expression of CoV-
2 related genes ACE2 and TMPRSS2, as well as several cell type markers. ACE2 and TMPRSS2 are expressed in
respiratory and olfactory cell types, but not in OSNs. ACE2 and TMPRSS2 are detected in HBC (KRT5) and
sustentacular (CYP2A13) cells, as well as other respiratory epithelial cell types, including respiratory ciliated
(FOXJ1) cells. (D) Percent of cells expressing ACE2 and TMPRSS2. ACE2 was not detected in any OSNs, but was
observedin sustentacular cells and HBCs, among other olfactory and respiratory epithelial cell types. Olfactory and
respiratory cell types are shown separately. ACE2 and TMPRSS2 were also significantly co-expressed (Odds ratio
7.088, p-value 3.74E-57, Fisher's exact test). (E) ACE2 immunostaining of human olfactory mucosal biopsy
samples (taken from a 28-year old female). ACE2 protein (green) is detected in sustentacular cells and KRT5-
positive HBCs (red; white arrowhead). Nuclei were stained with DAPI (blue). Bar = 25 uym. The ACE2 and KRT5
channels from the box on the left are shown individually on the right.
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Fig. 3. Coronavirus cell entry-related genes are expressed at comparable levels across respiratory
and olfactory epithelial datasets. (A) Schematic of the mapping strategy used to identify similar cell
types across datasets, applied to a toy example. Each cell type from “Dataset 1" dataset is mapped to
cell types from the “Dataset 2". From left to right: Each Dataset 1 cell voted on its 5 most similar cells in
Dataset 2; the total number of votes cast for each Dataset 2 cell type was quantified; and vote totals were
Z-scored against 1000 shuffles where cell type labels were permutated. (B) Mapping was performed bi-
directionally between the Deprez et al. (41) and Durante et al. (38) datasets, and the mapping Z-scores
in each direction are compared. The set of cell type correspondences with high Z-scores (>25) in both
directions are colored red (top). The set of cell type correspondences with high bi-directional mappings
shown in red in top panel are highlighted in yellow (bottom). (C) Gene expression across cell types and
tissues in Durante et al. (top) and Deprez et al. (bottom). Each gene is normalized to its maximum value
across all tissues. Gene expression from Durante et al. was normalized to that in Deprez et al. to enable
comparisons (see Methods and Figure S3). The tissues correspond to the indicated positions along the
airway from nasal to distal lung. ACE2 expression in olfactory HBC and sustentacular cells is comparable
to that observed in other cell types in the lower respiratory tract.
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Fig. 4. ACE2 is expressed in the mouse nasal epithelium but not in mature OSNs. (A) Log»-fold
change (FC) in mean across-replicate gene expression between olfactory sensory neurons (OSNs)
and whole olfactory mucosa (WOM) for coronavirus (CoV)-related genes and cell type markers
(HBC = horizontal basal cells, SUS = sustentacular cells), data from Saraiva et al. (46). (B) UMAP
representation of scSeq data from the WOM, colored by cell types (mOSN: mature OSN, iOSN:
immature OSN, INP: immediate neural precursor, GBC: globose basal cell, MV: microvillar cell,
Resp.: respiratory). (C) Percent of cells expressing Ace2 and Tmprss2 in olfactory and respiratory
cell types in the WOM (Drop-seq) dataset. Detection was considered positive if any transcripts
(UMIs) were expressed for a given gene. Sustentacular cells (SUS) from dorsal and ventral zones
are quantified separately. Ace2 is detected in dorsal sustentacular, Bowman's gland, HBCs, as well
as respiratory cell types. (D) UMAP representation of sustentacular cells, with expression of CoV-
2 related genes Ace? and Tmprss2, as well as marker genes for SUS (both pan-SUS marker Cbr2
and dorsal specific marker Sultlcl) indicated. The color represents the normalized expression level
for each gene (number of UMIs for a given gene divided by the total number of UMIs for each cell;
in this plot Ace2 expression is binarized for visualization purposes). AceZ2-positive sustentacular
cells are found within the dorsal Sultlcl-positive subset. UMAP plots for other cell types are shown
in Figure S4.
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B Cc
ACE2 DAP! ACE2 DAPI NQO1 (Dorsal OSN)
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Fig. 5. ACE2 protein is detected in the mouse olfactory and respiratory epithelium. (A)
ACEZ2 immunostaining of mouse main olfactory epithelium. As shown in this coronal section,
ACE?2 protein is detected in the dorsal zone and respiratory epithelium. The punctate Ace2
staining beneath the epithelial layer is likely associated with vasculature. Bar = 500 pm.
Arrowheads depict the edges of ACE2 expression, corresponding to the presumptive dorsal
zone (confirmed in G). Dashed boxes indicate the areas shown in B and G (left). (B) ACE2
protein is detected in the dorsal zone of the olfactory epithelium. Bar = 50 ym. (C) Dorsal
zone-specific expression of ACE2 in the olfactory epithelium was confirmed by co-staining
with NQO1, a protein expressed in dorsal-zone OSNs. Bar = 50 ym. (D) ACE2 signal in dorsal
olfactory epithelium does not overlap with the cilia of olfactory sensory neurons, as visualized
by CNGA2. Bar = 50 pm. (E) High magnification image of the apical end of the olfactory
epithelium reveals that ACE2 signal is localized at the tip of villi of sustentacular cells,
visualized by Phalloidin (F-Actin), but does not overlap with cilia of olfactory sensory neurons,
as visualized by Acetylated Tubulin (Ac. Tubulin). Bar = 10 pm. (F) Bowman's glands, which
span from the lamina propria to the apical surface (arrowheads), were positive for ACE2
staining. Bar = 50 pm. (G) ACE2 expression in the respiratory epithelium was confirmed by
co-staining with TUBB4. Bar = 50 pm.
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Fig. 6. ACE2 is expressed in the mouse nasal epithelium in an injury model. (A) UMAP representation of
data from an scSeq HBC lineage dataset, which includes several timepoints after epithelial injury induced by
methimazole (MOSN: mature OSN, iOSN: immature OSN, INP: immediate neural precursor, SUS:
sustentacular cell, GBC: globose basal cell, HBC: horizontal basal cell, HBC*: activated or cycling HBCs. MV:
microvillar cell, Resp.: respiratory). (B) UMAP representation of CoV-2 related genes Ace2 and Tmprss2, as
well as marker genes for the HBC-derived cell types. The color represents normalized expression (number of
UMIs for a given gene divided by the total number of UMIs for each cell). (C) Percent of cells expressing Ace?2
and Tmprss2. Ace2 is detected in sustentacular cells, HBC, activated/cycling HBC and respiratory cells. (D)
UMAP representation of all sustentacular cells, indicating the normalized expression of CoV-2 related genes
Ace? and Tmprss2, as well as sustentacular (Ermn) cell markers. Ace2-positive sustentacular cells are largely
asubset of dorsal SUS cells, as identified via the expression of Sultlcl. Sultlcl-positive sustentacular cells have
higher levels of Ace2 (p=1.87E-03, Mann-Whitney test) and AceZ2-positive sustentacular cells have higher
levels of Sultlcl (p=8.06E-07, Mann-Whitney test). (E) ACE2 immunostaining of mouse nasal epithelium after
methimazole treatment, together with cycling cell marker Ki67 and HBC marker KRT5. At 48 hours after
treatment, ACE2 signal is detected in Ki67+/KRT5+ activated HBCs (top). At 96 hours after treatment, ACE2
signal is observed at the apical surface of Ki67+ cells (bottom). Some ACE2-positive cells express low levels of
the HBC marker KRT5 and have immunostaining patterns similar to that of dorsal sustentacular cells,
suggesting that they are sustentacular cells in the process of differentiating from their HBC precursors. Bar =
25 pm.

www.advances.sciencemag.org (Page numbers not final at time of first release) 25

0202 ‘0€ AInr uo /610 Bewasualos sadueApe//:diy Wol) papeojumod


http://www.advances.sciencemag.org/
http://advances.sciencemag.org/

A Whole olfactory bulb B Ace2
Oligode - . 4
4 VIP 4 b
\ Calretinin T 2
Mitral/Tufted 3 2} 0
- ; A
e Neurons
o Tmprss2
ETCs Interneurons
0
Granule
Immature Kcnj8 (pericytes)
) PCs 7'
Pedeytes Dopamine Yy = I4
. g e v
Leptomeningeal ; & 0
C D
: “ . m. . i
; N os 5
o
2 o
. ﬁ g 251
06 g <
> [=)]
o &
n I
L -. —04 N o
2 g
N E 5 s
= 02 2 @
L o .
Q
oy i i g T —y -0.0 5 101
9982 FELTEB2FTITELESLSEEE T =®
a8 5 = T & ® = e = o
2E808 2858588 §8%88d&z3353
g T <2zag & - 5 7
i aQ @
E o
p— | . =
CoV-2 CoV MHV Cell type e o
p:g 2 8 2 (&} § oS 3 o
. FELELRA X3
E Olfactory bulb dopaminergic neurons (Smart-Seq2) SE 39892 58
5= Z
Cov-2 Cov MHV DA neurons 2 B Fag
= . 2 £
% i =}
©10 (]
o
é -
3 e ! ¥
N [ H : ¥
T 5 o 3 4 %
E W ¢ ” i i 1
g = i i ] H 1
T ) H ] §
2 I i i i A
So|l oL B _...ﬁ\___a.._..._{.’_.._‘s%; I o=
3 9 B 1 £ 282 % T E R F
e © O & 5 a - & © Q.
< 5 © o & £ g & 4 8
E s ® o § &
E o PDGFRB
E G mural (SMC/pericytes)
ACEZ2 DAPI Mitral cell layer ACEZ2 DAPI

Glomeruli

First release: 24 July 2020

ACE2 DAPI ACE2 DAPI

v

N Glomerular \ \
"MCL, GCL

layer

www.advances.sciencemag.org (Page numbers not final at time of first release) 26

0202 ‘0€ AInr uo /610 Bewasualos sadueApe//:diy Wol) papeojumod


http://www.advances.sciencemag.org/
http://advances.sciencemag.org/

First release: 24 July 2020

Fig. 7. Expression of coronavirus entry genes in mouse olfactory bulb. (A) UMAP visualization of OB scSeq
highlighting the main cell classes and subtypes from two integrated scSeq datasets (see Methods). VIP,
vasoactive intestinal peptide-expressing neurons; ETCs, external tufted cells; OPCs, oligodendrocyte precursor
cells; IPCs, intermediate precursor cells; OECs, olfactory ensheathing cells. Cluster information is summarized
in Figures S7-8. (B) UMAP representation of the vascular cell cluster showing expression of CoV-2 entry genes
(Ace2 and Tmprss2) and Kcnj8, a pericyte marker. Color scale depicts log-normalized UMI counts. (C)
Normalized gene expression of coronavirus entry genes and cell class markers in mouse olfactory bulb. Color
scale shows scaled mean expression level per cell type, normalized by their maximum expression across cell
types. Ace2 is specifically expressed in vascular cells. (D) Percent of cells expressing Ace2. “Other vascular”
denotes all vascular cells excluding pericytes. Ace2 expression was only detected in vascular cell types. (E)
Log>-normalized expression (Log2(TPM+1)) of coronavirus entry genes and dopaminergic neuron markers in
manually sorted and deeply-sequenced single olfactory bulb dopaminergic neurons. (F) ACE2 immunostaining
of the mouse main olfactory bulb. Left, section of olfactory bulb containing the glomerular layer (with example
glomeruli circled), mitral cell layer (MCL) and granule cell layer (GCL). ACE2 proteinis present in vascular mural
cells but not in OB neurons or OSN axons. Boxes i and ii indicate the locations of enlarged images. Bar = 100
um. (i) enlarged image of glomerular layer (middle). ACE2 protein staining was restricted to vascular cells. Bar
=50 um. (ii) enlarged image of MCL (dashed line) and GCL showing the lack of ACE2 (right). Bar = 50 pm. (G)
An olfactory bulb section showing ACE2 protein is detected in PDGFRB-positive mural cells, including smooth
muscle cells (SMC) and pericytes. Bar = 25 pym.
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Table 1. Sample information for the bulk RNA-seq data analyzed in this study. Three different mouse bulk RNA-seq
datasets were used, each with replicates from WOM or purified OSNs. An additional dataset contained bulk RNA-seq
data from humans and non-human primates.

rep

samples

Sex

source  species Der rep (M/F) age strain Geno
Saraiva et al. OMP-IRES-
(46) WOM mouse 3 1 2/1 P21 GFP GFP/+
OSN  mouse 3  14-16  mixed P25 e RS Grp/+
Kanageswaran WOM mouse 4 3 F 4 wks C57BL/6J  WT
etal. (47) ) ) OMP-IRES- GFP/+or
OSN mouse 2 6-8 mixed  adult GFP GFP/GFP
Colquitt et al. WOM mouse 2 n.s. n.s. 3 wks Dnmt3a WT
48) OSN mouse 2 n.s. n.s. 3 wks Dnmt3a WT
Saraivaet al. WOM Human 3 1 3/0 n.s. NA
43) WOM Macaque 3 1 n.s. ~4.5yr. NA
WOM Marmoset 3 1 n.s. ~1-10 yr. NA

n.s., not specified
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