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Abstract

Background: Understanding viral infection of the olfactory epithelium is essential because the olfactory nerve is an
important route of entry for viruses to the central nervous system. Specialized chemosensory epithelial cells that
express the transient receptor potential cation channel subfamily M member 5 (TRPM5) are found throughout the
airways and intestinal epithelium and are involved in responses to viral infection.

Results: Herein we performed deep transcriptional profiling of olfactory epithelial cells sorted by flow cytometry
based on the expression of mCherry as a marker for olfactory sensory neurons and for eGFP in OMP-H2B:mCherry/
TRPM5-eGFP transgenic mice (Mus musculus). We find profuse expression of transcripts involved in inflammation,
immunity and viral infection in TRPM5-expressing microvillous cells compared to olfactory sensory neurons.

Conclusion: Our study provides new insights into a potential role for TRPM5-expressing microvillous cells in viral
infection of the olfactory epithelium. We find that, as found for solitary chemosensory cells (SCCs) and brush cells in
the airway epithelium, and for tuft cells in the intestine, the transcriptome of TRPM5-expressing microvillous cells
indicates that they are likely involved in the inflammatory response elicited by viral infection of the olfactory
epithelium.
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Background

Chemosensory cells found in the airway (SCCs/brush
cells) and intestinal epithelium (tuft cells) express the
transient receptor potential cation channel subfamily M
member 5 (TRPMS5) and other elements of the taste
transduction pathway and have been implicated in im-
mune and inflammatory responses to bacterial, viral and
parasitic infection [53, 54, 62, 68, 73, 75, 85]. In the ol-
factory epithelium TRPMS5 and other proteins involved
in taste transduction are also expressed in SCC-like mi-
crovillous cells (MVCs) [28, 48], which have been pro-
posed to be involved in a protective response to high
concentrations of odorants [25, 42]. However, whether
MVCs play a role in viral infection or viral infection
defense of the olfactory epithelium is unknown.

Herein, we performed transcriptional profiling of
MVCs and a subset of olfactory sensory neurons (OSNs)
expressing eGFP under control of a fragment of the
TRPM5 promoter (OSN_eGFP+ cells) [49, 50]. In order
to profile these low abundance cells we performed tran-
scriptional profiling of specific cell types sorted by
fluorescence-activated cell sorting (FACS). We crossed a
mouse expressing mCherry in the nuclei of OSNs under
control of the OMP promoter (OMP-H2B:mCherry
mice) with TRPM5-eGFP transgenic mice [14] (OMP-
H2B:mCherry/TRPM5-eGFP mice). We isolated cells
from the olfactory epithelium and used FACS to sort
MVC_eGFP cells (mCherry negative and eGFP positive)
and cells labeled by OMP-driven mCherry that did or
did not express eGFP (OSN_eGFP+ and OSN_eGFP-
cells) followed by transcriptional profiling by RNA se-
quencing (RNAseq).

Results

Fluorescence-activated cell sorting of cells isolated from
the main olfactory epithelium

The olfactory epithelium of OMP-H2B: mCherry/
TRPM5-eGFP mice expressed nuclear mCherry driven
by the OMP promoter in the intermediate layer of the
olfactory epithelium (Fig. 1a), as expected for the loca-
tion of nuclei of mature OSNs [22]. eGFP expression
driven by the TRPM5 promoter was found in MVCs,
with cell bodies located mostly in the apical layer of the
epithelium (asterisks), and at lower expression levels in a
subset of OSNs double-labeled with mCherry (Fig. 1a),
consistent with earlier publications [48, 49].

We proceeded to isolate cells from the main olfactory
epithelium of OMP-H2B:mCherry/TRPM5-eGFP mice
(see Fig. 1b, Methods, Table 1 and Figure 1 - figure sup-
plement 1). Figure 1c shows two isolated OSNs with dif-
ferential expression of eGFP. Using flow cytometry we
found that fluorescence intensity of individual cells for
mCherry and eGFP spanned several orders of magnitude
(Fig. 1d). We proceeded to sort three groups of cells
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under light scattering settings to exclude doublets: high
mCherry-expressing cells with low and high eGFP fluor-
escence (presumably mature OSNs, these cells are
termed OSN_eGFP- and OSN_eGFP+ cells respectively)
and cells with low mCherry and high eGFP expression
(MVC_eGFP, presumably MVCs). Reverse transcription
quantitative PCR (RT-qPCR) showed that, as expected
the OSN_eGFP- and OSN_eGFP+ cells have higher
levels of OMP transcript than MVC_eGEFP cells (Fig. le,
i), and OSN_eGFP+ cells and MVC_eGFP cells have
higher levels of eGFP transcript compared to OSN_
eGFP- cells (Fig. 1e,ii). Furthermore, compared to OSN_
eGFP- cells both the MVC_eGFP cells and OSN_eGFP+
cells expressed higher levels of TRPM5 transcript (Fig.
le,iii) and choline acetyl transferase (ChAT)(Fig. le,iv), a
protein involved in acetylcholine neurotransmission that
is expressed in MVCs [63]. The asterisks in Fig. le de-
note significant differences tested with either t-test or
ranksum with p-values below the p-value of significance
corrected for multiple comparisons using the false dis-
covery rate (pFDR) [15] (pFDR is 0.033 for OMP, 0.05
for TRPM5, 0.05 for EGFP and 0.03 for ChAT, n =8 for
OMP OSN_eGFP-, 4 for OMP OSN_eGFP+ and 4 for
MVC_eGFP cells).

RNAseq indicates that MVC_eGFP and OSN_eGFP- are
distinct groups of chemosensory cells in the mouse
olfactory epithelium

Differential gene expression analysis of the RNAseq data
was used to compare MVC_eGFP and OSN_eGFP-
sorted by FACS. Expression of 4386 genes was signifi-
cantly higher in MVC_eGEFP cells compared to OSN_
eGFP- cells, and expression of 5630 genes was lower in
MVC_eGFP cells (Fig. 2a shows the most significantly
upregulated or downregulated genes and Figure 2 — fig-
ure supplement 1 shows the entire list). A total of 1073
Olfr genes were included in the analysis (including pseu-
dogenes). While 9 were expressed at higher levels in the
MVC_eGFP population their expression levels was very
low (<100 counts) and the difference was not statisti-
cally significant. On the contrary, transcripts for 550 ol-
factory receptors were significantly higher in OSN_
eGFP- cells (Fig. 2b and c). TrpmS and eGFP were
among the top 10 genes whose transcription was higher
in MVC_eGFP cells compared to OSN_eGFP- cells with
1471-fold and 75-fold differences respectively (Fig. 2a).
Interestingly, Pou2f3, a transcription factor important in
differentiation of MVCs [92, 93], is found within the top
10 upregulated genes found in MVC_eGFP cells com-
pared to OSN_eGFP- (Fig. 2a). In addition, transcripts
for chemosensory cell specific cytokine IL-25 and its re-
ceptor IL-17RB [86] were more highly expressed in
MVC_eGFP (Figure 2 — figure supplement 1). Finally,
OMP and s100a5, genes for two proteins expressed in
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Fig. 1 Fluorescence activated sorting (FACS) of cells isolated from the olfactory epithelium. a TRPM5 promoter driven expression of eGFP and
OMP promoter driven expression of mCherry in the olfactory epithelium. Expression of eGFP is found both in MVCs that do not express mCherry
(asterisk) and in OSNs double labeled with eGFP and mCherry (arrow). i. Composite, ii. eGFP, iii. mCherry, iv. Composite magnification. Magenta:
mCherry, green: eGFP. Scale bar: i-iii, 50 pm, iv, 10 um. b Schematic of RNA-seq process from tissue to RNA extraction. Mouse OE was dissociated
into single cells and sorted via FACS. RNA was extracted from each of the resulting cell populations. ¢ Two isolated OSNs differing in eGFP
expression. Magenta: mCherry, green: eGFP. Scale bar: 10 um. d Distribution of mCherry and eGFP fluorescence intensity for FACS-sorted cells.
Three cell populations were isolated for RNAseq: Cells with low OMP promoter-driven mCherry expression and high TRPM5 promoter-driven
eGFP expression (MVC_eGFP cells), cells with high OMP promoter-driven mCherry and low eGFP expression (OSN_eGFP- cells) and cells with
eGFP expression of the same magnitude as MVC_eGFP cells and high OMP promoter-driven mCherry expression (OSN_eGFP+ cells). The number
of cells collected for this FACS run were: OSN_eGFP-s 1,500,000, OSN_eGFP+s 5336 and MVC_eGFP cells 37,178. e gPCR levels (normalized to
levels 18 s RNA) for expression of transcripts encoding for OMP (i), TRPMS5 (i), eGFP (iii) and ChAT (iv). The asterisks denote significant differences
tested with either t-test or ranksum with p-values below the significance p-value corrected for multiple comparisons using the false discovery rate
(pFDR) [15]. pFDR is 0.033 for OMP, 0.05 for TRPMS5, 0.05 for eGFP and 0.03 for ChAT, n =8 for OMP OSN_eGFP-s, 4 for OMP OSN_eGFP+s and 4
for MVC_eGFP cells
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Table 1 List of key resources and reagents used in this study
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REAGENT TYPE

REAGENT or RESOURCE

SOURCE

IDENTIFIER ADDITIONAL INFORMATION

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Chemical
compound, drug

Strain, strain
background

Strain, strain
background

Strain, strain
background

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,
algorithm

Software,

BrainPhys Neuronal Medium
Dispase Il

AcGFP1/eGFP calibration
beads

mCherry calibration beads
RQ1 RNase-free DNase
Papain

Paraformaldehyde (32%)
RNAprotect Tissue Reagent
RNeasy Plus Micro Kit

High Capacity c-DNA Reverse
Transcription kit

18 s RNA

TRPM5-eGFP

TRPM5 knockout
OMP-H2B:Cherry
MATLAB_R2018a

lllustrator

Photoshop

InDesign

MofFlo Astrios Summit
Software (6.3.1.16945).
BBMap (BBDuk)

Salmon v1.2.1

DeSEQ2 v1.280

TopGO, v2.40.0

pHeatmap, 1.0.12

Ensembl GRCm38, v99

R, v4.0

Tximport, v1.16.0

Stemcell Technologies

Sigma

Takara

Takara

Promega

Sigma

Electron Microscopy Sciences

Qiagen

Qiagen

ABI

PE ABI

Dr. Robert Margolskee [14]

Dr. Robert Margolskee [16]

Generated for this publication

Mathworks

Adobe

Adobe

Adobe

Beckman Coulter

https://combine-lab.github.io/salmon/

bioconductor.org
https://bioconductor.org/packages/release/
bioc/html/DESeq2.html

Product # 05791
Product # D4693

Flow cytometry calibration beads
Product # 632594

Flow cytometry calibration beads
Product # 632595

Product # M6101
Product # P3125
Product # 157145
Product # 76526

Product # 74034

This mouse will be deposited in
Jackson Laboratories

RRID: SCR_
001622

RRID: SCR_
010279

RRID: SCR_
014199

RRID:SCR_
016968

RRID:SCR_ [67]
017036

RRID:SSCR_  [51]
015687

RRID:SCR_
014798

RRID:SCR_
016418

RRID:SCR_
001905

RRID:SCR_
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Table 1 List of key resources and reagents used in this study (Continued)

REAGENT TYPE  REAGENT or RESOURCE SOURCE IDENTIFIER ADDITIONAL INFORMATION
algorithm 016752

Software, SAMtools SAMtools RRID:SCR_  [44]
algorithm http://samtools.sourceforge.net/ 002105

Software, Bedtools RRID:SCR_
algorithm 006646

Software, STAR v2.5.3a https://github.com/alexdobin/STAR RRID:SCR_
algorithm 015899

Software, Sigmaplot, v12.5 Systat Software RRID:SCR_
algorithm 003210

Software, Custom code for https://github.com/eric-d-larson/OE_TRPM5

algorithm bioinformatics analysis

Software, OPM https://github.com/qi2lab/opm

algorithm

mature OSNs [22, 23], were among the top 10 downreg-
ulated transcripts in MVC_eGFP cells compared to
OSN_eGFP- cells (Fig. 2a).

We compared expression of transcripts involved in
taste transduction, canonical olfactory transduction, and
non-canonical OSNs (Fig. 2d). MVC_eGFP cells
expressed genes involved in the taste transduction path-
way as expected for chemosensory epithelial cells of the
olfactory epithelium [86]. In contrast, OSN_eGFP-
expressed transcripts for markers of canonical OSNs
such as OMP, BBS1 and 2 and proteins involved in the
canonical olfactory transduction pathway. The non-
canonical OSNs considered here included guanilyl-
cyclase D (GC-D) OSNs [37], Trpc2 OSNs [64] and
Cav2.1 OSNs [72]. OSN_eGFP- expressed low levels of
Cancnala encoding for Cav2.1 and Trpc2. OSN_eGFP-
expressed higher levels of Trace amine-associated recep-
tors [46] than MVC_eGFP cells.

Perusal of these top differences suggested that these
are distinct chemosensory cell types found in the olfac-
tory epithelium. In order to perform a thorough analysis
of the differences between these chemosensory cell
groups we performed an analysis of gene ontology (GO)
enrichment for lists of genes related to chemosensory
perception and neuronal identity. When compared with
OSN_eGFP- we found that MVC_eGFP cells express
higher levels of transcripts belonging to gene ontologies
of sensory perception of sweet/umami taste (GO:
0050916 and GO:0050917) (Fig. 2e, Figure 2 - figure
supplement 2, Figure 2 - figure supplement 3) which in-
cludes taste detection/transduction proteins that have
been reported to be expressed in MVCs [28, 34]: Gnat3,
encoding for gustducin, the G protein mediating sweet
and umami taste transduction [56], Itpr3, encoding for
the inositol-1,4,5-triphosphate receptor type 3 and
Taslr3, encoding for a gustducin-coupled receptor in-
volved in umami and sweet taste [17, 99]. In contrast,
OSN_eGFP- express at higher levels than MVCs

transcripts involved in events required for an organism
to receive an olfactory stimulus, convert it to a molecu-
lar signal, and recognize and characterize the signal
(GO:0007608). Finally, enrichment of gene ontology lists
for synaptic vesicle function were decreased for MVC_
eGFP cells compared with OSN_eGFP- cells (Fig. 2e).
Results of this gene ontology analysis of chemosensation
and synaptic vesicle function reinforces the finding that
the two cell groups in this study are distinct chemosen-
sory cell types of the olfactory epithelium. OSN_eGFP-
cells differ from MVC_eGFP cells in expression of olfac-
tory receptors, chemosensation and transcripts related to
synaptic function as expected for an OSN.

Finally, a question that arises is how the transcrip-
tional profile of the MVC_eGFP cells of this study com-
pares to transcriptional profiling of chemosensory
epithelial cells isolated from the respiratory and olfactory
epithelia in mice expressing eGFP under control of the
ChAT promoter [86]. Figure 2 - figure supplement 4
shows comparisons of gene expression between MVC_
eGFP and OSN_eGFP- cells of this study and ChAT-
eGFP MVCs and ChAT-eGFP SCCs profiled in the re-
spiratory epithelium in the study of Ualiyeva and co-
workers [86]. This comparison is of limited value due to
the fact that gene profiling was performed in two separ-
ate studies. However, in this preliminary analysis we find
that MVCs from this study have similar transcription
profiles to ChAT-eGFP MVCs and differ from ChAT-
eGFP SCCs. For example, MVC_eGFP and ChAT-eGFP
MVCs showed enhanced expression of transcripts such
as 1125 and Fos (Figure 2 - figure supplement 3). The
similarity of transcriptional profiling argues that in this
study MVC_eGFPs were not contaminated with SCCs
consistent with the fact that in our study we isolated
MVC_eGFP from olfactory epithelium dissected apart
from the respiratory epithelium and that the density of
MVCs in the OE is higher than the density of SCCs in
the respiratory epithelium [86] decreasing the chance of
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Fig. 2 RNAseq comparison of MVC_eGFP vs. OSN_eGFP- cells. a Heatmaps showing hierarchical clustering of the top 10 upregulated and top 10
downregulated genes identified by DESeq2. b Heatmaps showing hierarchical clustering of the 550 olfactory receptor genes identified by DESeq2
as expressed in OSN_eGFP- cells. For both a and b, row and column order were determined automatically by the pHeatmap package in R. Row
values were centered and scaled using ‘scale = “row” within pHeatmap. ¢ Volcano plot of all olfactory receptors, demonstrating the large number
of enriched olfactory receptors in the OSN_eGFP- population. d Hierarchical clustering of transcripts for taste transduction and transcripts
expressed in canonical and non-canonical OSNs identified by RNAseq as significantly different in expression between MVC_eGFP and OSN_eGFP-
cells. The non-canonical OSNs considered here included guanilyl-cyclase D (GC-D) OSNs [37], Trpc2 OSNs [64], Cav2.1 OSNs [72], and OSNs
expressing trace amine-associated receptors (Taars) [46]. Transcripts identified by DESeq2. @ Gene ontology (GO) term enrichment for synaptic
vesicle or chemosensory-related GOs was calculated from differentially expressed genes using TopGO in R. An enrichment value for genes with
Fischer p value <0.05 was calculated by dividing the number of expressed genes within the GO term by the number expected genes (by
random sampling, determined by TopGO)

contamination of OE MVCs by SCCs. Interestingly,
Ugt2al and Ugt2a2, transcripts for proteins involved
in UDP synthesis were higher in MVC_eGFP than
ChAT-eGFP MVCs suggesting differences between
these cells (Figure 2 - figure supplement 3). In order
to determine whether these similarities and differ-
ences between MVCs in our study and the study of
Ualiyeva and co-workers are real it will be necessary
to perform simultaneous RNAseq profiling of these
two populations.

Gene ontology analysis finds enrichment of lists of viral-
related, inflammation and immune transcripts in
MVC_eGFP cells

SCCs, tuft and brush cells have been implicated in re-
sponses to bacterial and viral infection, immunity and
inflammation [53, 54, 62, 68, 73, 75, 85, 86]. The fact
that MVCs are closely related to these cells [25, 28, 63,
86] lead us to search for gene ontology enrichment re-
lated to bacterial and viral infection, immunity and in-
flammation for MVC_eGFP cells. We found robust
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enrichment of these gene ontologies in MVC_eGFP cells
(Fig. 3a). Transcripts related to viral infection that were
higher in MVC_eGFP cells compared to OSN_eGFP-
cells (Fig. 3b) included those involved in viral entry into
host cells, viral transcription and regulation of viral tran-
scription, negative regulation of viral genome replication
and negative regulation of viral process (Figure 2 — fig-
ure supplement 2). The majority of these genes were de-
tected by Ualiyeva and colleagues [86] in their ChAT-
GFP MVC population. We also found gene ontology en-
richment in MVC_eGFP cells compared to OSN_eGFP-
cells for defense response to bacterium (Figure 2 — fig-
ure supplement 2).

Importantly, we also find enrichment for transcript ex-
pression for immunity and inflammation. Genes related
to inflammation and immunity that were higher in
MVC_eGFP cells compared to OSN_eGFP- cells are
shown in Figure 3 — figure supplements 1-2. Among
these transcripts /L25 and its receptor I[17rb are found
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at higher levels in MVC_eGFP cells. In SCCs, brush cells
and tuft cell generation of IL25 leads to a type 2 inflam-
mation and stimulates chemosensory cell expansion in a
sequence of events that also involves cysteinyl leukotri-
enes [4, 53, 90]. The presence of both /25 and 1117rb
suggests an autocrine effect. Furthermore, both cell types
displayed increased expression of transcripts encoding
for enzymes involved in eicosanoid biosynthesis such as
Alox5, Ptgsl and Ptgs2 that are found in brush cells in
the airways [4] and tuft cells in the intestine [55] where
they drive type 2 immune responses.

Transcription profiling suggest that OSN_eGFP+ cells are
distinct from both OSN_eGFP- and MVC_eGFP cells
Differential gene expression analysis of the RNAseq data
was used to compare OSN_eGFP+ individually with the
other two groups of cells. We found that expression of
2000 genes was significantly higher in OSN_eGFP+
compared to OSN_eGFP-, and expression of 1821 genes
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was lower in OSN_eGFP+ cells (Figure 4 -figure supple-
ment 1 shows the results of RNAseq and Figure 4 -figure
supplement 2 summarizes the data). Figure 4 figure sup-
plement 2a shows expression levels for the transcripts
that showed the largest differences between OSN_
eGFP+ and OSN_eGFP- cells. The transcripts for
TRPMS5 and eGFP were among the top 10 genes whose
transcription was higher in OSN_eGFP+ compared to
OSN_eGFP- with 105-fold and 42-fold increases respect-
ively. However all of these 10 top genes, and many other
genes that were found at significantly higher levels of ex-
pression in OSN_eGFP+ cells compared to OSN_eGFP-
happen to be genes expressed at significantly higher levels
in MVC_eGFP cells (Figure 4 -figure supplement 3 shows
the results of RNAseq for MVC_eGFP vs OSN_eGFP+).
For example TrpmS5 is expressed at levels of 87.5, 9200
and 127,000 in OSN_eGFP-, OSN_eGFP+ and MVC_
eGFP cells respectively (Figure 4 -figure supplement 4).
While the light scatter settings in the FACS were set to ex-
clude doublets, this raised the question whether expres-
sion of these genes in the OSN_eGFP+ pool was due to
contamination of the OSN_eGFP+ cell fraction (mCherry
and eGFP positive) by doublets made up of one OSN_
eGFP- cell (mCherry positive and eGFP negative) and one
MVC_eGFP cell (mCherry negative and GFP positive).

In order to determine whether transcription profiling
for the OSN_eGFP+ cell fraction is consistent with this
being a separate population we searched for genes whose
expression levels were significantly higher in OSN_
eGFP+ compared to both OSN_eGFP- and MVC_eGFP.
Figure 4a and b show the top genes that were expressed
at significantly higher levels in OSN_eGFP+ (and Figure
4 — figure supplement 5 shows data for all 80 genes).
Among these genes there were 22 olfactory receptor
genes (Table 2) and one olfactory receptor pseudogene
(Fig. 4b, ¢ shows a volcano plot for Olfrs). Many of these
olfactory receptors were linked within the same Olfr
cluster (e.g. olfr727 and olfr728; olfr390 and olfr391; Olfr
292-0Olfr307). In particular, Olfr727 and OIlfr728 are
amongst the top 6 expressed Olfrs in the entire olfactory
epithelium and their greater representation within OSN_
GFP+ cells, suggests a functional contribution. A GOnet
GO term enrichment analysis [70] of the 80 genes
expressed at higher levels in OSN_eGFP+ compared to
the other two groups (Figure 4 — figure supplement 6)
indicated that these cells express genes involved in sen-
sory perception of smell (GO:0007608), signal transduc-
tion (GO:0007165) and cellular response to stimulus
(GO:0051716). Interestingly, two of these genes Trpc2
[64] and Calb2 [5] are expressed in small subsets of
OSNs. Thus, this analysis suggests that OSN_eGFP+
cells are distinct from the other two cell populations, al-
though more detailed follow-up experiments with or-
thogonal methods such as in situ,
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immunohistochemistry and single cell RNA sequencing
are necessary to fully characterize this population. Our
data do not provide conclusive evidence for the exist-
ence of a distinct population of OSN_eGFP+ cells.

Gender differences for expression of olfactory receptors
We did not find major differences in transcriptome
profiling between males and females for genes that
were differentially expressed between the three cell
groups (Figure 4 — figure supplement 7, 8). We found
a substantial number of olfactory receptor genes that
were differentially expressed between males and fe-
males (Figure 4 — figure supplement 8). Interestingly,
Trpc2, that is one of the genes with higher expression
in OSN_eGFP+ cells is expressed in higher amounts
in females. Surprisingly, the differentially expressed
olfactory receptors differed from receptors identified
by van der Linden et al. [88].

In situ hybridization chain reaction finds strong TRPM5
mRNA expression in MVC_eGFP cells, but not in the
nuclear OSN layer

Studies with regular in situ hybridization find expres-
sion of TRPM5 mRNA in MVCs, but not in the OSN
nuclear layer [71, 92]. Here we asked whether third
generation in situ hybridization chain reaction version
3.0 (HCR v3.0) designed to provide high signal to
noise ratio in situ signal [13] revealed TRPM5 mRNA
expression in the nuclear OSN layer. These experi-
ments were performed in TRPM5-GFP mice and in
TRPM5-GFP mice crossed with TRPM5 knockouts
[14, 16]. Consistent with published results [71, 92] we
find strong in situ signal for TRPM5 in MVC_eGFP
cells located in the apical layer of the olfactory epi-
thelium (Fig. 5a, asterisks, also see Figure 5 — figure
supplement 1 for a 3D rendering) and this signal is
absent in MVC_eGFP cells in the TRPM5 knockout
(Fig. 5b, asterisks). In addition, we find sparse TRPM5
in situ labeling in the nuclear OSN layer (Fig. 5a, ar-
rows), but similar sparse labeling was found in the
OSN nuclear layer in the TRPM5 knockout (Fig. 5b,
arrows). Therefore, we find evidence for strong ex-
pression of TRPM5 mRNA in MVC_eGFP cells, but
cannot find conclusive evidence by in situ for expres-
sion of TRPM5 mRNA in OSNs.

Discussion

We performed transcriptional profiling of three chemo-
sensory cells in the mouse olfactory epithelium: micro-
villous cells (MVC_eGFP) and two types of olfactory
sensory neurons: OSN_eGFP+ and OSN_eGFP-. We
found that while the transcriptome of each of these cell
types is distinct they share common features across
groups. The two groups of OSNs share transcript
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Fig. 4 RNAseq comparison of OSN_eGFP+ to both MVC_eGFP and OSN_eGFP- cells. a Heatmap showing the top upregulated genes (excluding
Olfrs) that are expressed in OSN_eGFP+ cells 4 fold higher than OSN_eGFP- AND MVC_eGFP cells. Additional criteria for inclusion was mean of
expression > standard deviation of expression and mean of expression greater than 100. b Heatmap showing all Olfr genes differentially
expressed between OSN_eGFP+ and OSN_eGFP- cells identified by DESeq2. MVC_eGFP cells did not express Olfrs. For both a and b, row and
column order were determined automatically by the pHeatmap package in R. For each data point relative expression was calculated by
subtracting the average row value from each individual value. ¢ Volcano plot of all Olfactory receptors, demonstrating the small number of
enriched olfactory receptors in the OSN_eGFP+ population. d Hierarchical clustering of transcripts for taste transduction and transcripts expressed
in canonical and non-canonical OSNs identified by RNAseq as significantly different in expression between the cell groups. We compared
expression of transcripts involved in taste transduction, canonical olfactory transduction, and non-canonical OSNs. The non-canonical OSNs
considered here included guanilyl-cyclase D (GC-D) OSNs [37], Trpc2 OSNs [64], Cav2.1 OSNs [72], and OSNs expressing trace amine-associated
receptors (Taars) [46]. Transcripts identified by DESeq?2

expression for proteins expressed in OSNs such as
OMP, olfactory transduction proteins, and proteins
involved in synaptic function. Yet, they differ in olfac-
tory receptor expression and OSN_eGFP+ express
transcripts encoding for proteins involved in chemo-
sensory signal transduction and cellular response to
stimulus. However, we did not validate the OSN_
eGFP+ population using orthogonal methods and
whether they are a distinct OSN population is an

open question. On the other hand, MVC_eGFP cells
express transcripts encoding for taste transduction
proteins and other transcripts found in SCCs such as
Pou2f3 and I1I25 but they do not express transcripts
for proteins involved in olfactory transduction and
synaptic function, and they do not express olfactory
receptors. Finally, we found that MVC_eGFP cells ex-
press a substantial number of transcripts involved in
viral infection, inflammation and immunity.
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Table 2 Levels of expression and adjusted p-value for the
olfactory receptor genes whose levels are significantly higher in
OSN_eGFP+ compared to OSN_eGFP-. These olfactory receptors
had an adjusted p-value for expression level difference between
OSN_eGFP+ compared to OSN_eGFP- and had a fold change >
4 and average expression > 100 counts

Name OSN_eGFP- OSN_eGFP+ MVC_eGFP  p-value
adjusted
Olfr292 361 959 4.29 6.35E-09
Olfr282 2.05 486 0 8.01E-05
Olfr1434 533 7730 0 9.71E-16
Olfr390 101 10800 43.1 1.56E-16
Olfr305 6.14 612 0 6.3E-12
Olfr293 6.96 664 169 1.42E-07
Olfr378 341 322 0 1.1E-06
Olfr128 396 3660 12.7 7.33E-14
Olfr344 16.2 1050 0 14E-11
Olfr307 759 393 0 3.76E-06
Olfr391 156 8000 9.79 1.01E-15
Olfr299 13.1 651 0 4.58E-09
Olfr142 364 1720 377 1.62E-08
Olfr1 147 5720 52.7 3.08E-10
Olfr1279 164 552 109 3.52E-07
Olfr39 138 388 21 281E-06
Olfr1447 64.1 1610 0 1.23E-07
Olfr728 2150 45,700 320 6.13E-22
Olfr727 560 11,000 179 1.64E-07
Olfr1555-ps1 10.1 175 0 0.0397
Olfr346 276 465 0 3.85E-05
Olfr1228 533 5320 354 3.09E-08
Olfr1181 874 766 461 0.000766
Olfr943 97.1 844 2.89 0.000886
Olfr298 60.1 509 0 0.00132

Transcriptional profiling reveals a role of microvillous
cells in viral infection and innate immunity

Gene ontology analysis revealed that MVC_eGFP cells
express viral-related transcripts at significantly higher
levels than OSN_eGFP- cells (Fig. 3 and Figure 2 — fig-
ure supplement 2). GOnet GO term enrichment analysis
[70] of all 133 immune genes expressed at higher levels
in MVC_eGFP cells compared to OSN_eGFP- (Figure 3
— figure supplement 2) revealed that MVCs express a
substantial number of genes involved in the innate im-
mune response (GO:0045087, 72 genes matched this
list). Figure 6 depicts several mechanisms that could
occur in MVC_eGFP in response to viral infection. To
infect cells, viruses must interact with host cell mem-
branes to trigger membrane fusion and viral entry.
Membrane proteins at the surface of the host cell are
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thus key elements promoting or preventing viral infec-
tion. Here we find that transcripts for several membrane
proteins and cell adhesion molecules involved in viral
entry are expressed at higher levels in MVC_eGFP cells
compared to OSN_eGFP- cells. Plscrl encodes a
phospholipid scramblase which has been shown to pro-
mote herpes simplex virus (HSV) entry in human cer-
vical or vaginal epithelial cells and keratinocytes [12],
and hepatitis C virus entry into hepatocytes [32]. In con-
trast with its role in viral entry, PLSCR1 impairs the rep-
lication of other types of viruses in infected cells
(influenza A virus [52], hepatitis B virus [96]). [FITM2 is
another transmembrane protein that mediates viral
entry. In contrast with PLSCR1, IFITM2 inhibits viral
entry of human immunodeficiency virus (HIV [97],),
hepatitis C virus [60], influenza A HIN1 virus, West
Nile virus, and dengue virus [8]. IFITM2 also inhibits
viral replication [8] and protein synthesis [41]. Nectins
are transmembrane glycoproteins and constitute cell
surface receptors for numerous viruses. There is wide
evidence that HSV can enter host cells through Nectin-1
dependent mechanisms, particularly for neuronal entry
[40, 69, 76, 79], and Nectin-4 appears essential for mea-
sles virus epithelial entry [61, 80, 81]. In addition to cell
surface molecules, the mucus contains secreted proteins
that confer protection against viruses to the underlying
cells. Glycoproteins are major constituents of mucus and
exhibit multiple pathogens binding-sites. We found the
Ltf transcript in MVC_eGFP cells, which encodes for
lactotransferrin. Lactotransferrin is a globular glycopro-
tein widely represented in the nasal mucus with anti-
viral activity against Epstein-Barr virus [100, 101], HSV
[78, 87] and Hepatitis C virus [2]. Finally, MVC_eGFP
cells express the murine norovirus (MNoV) receptor
CD300LF. In the gut TRPMb5-expressing tuft cells ex-
press high levels of CD300LF and mice were resistant to
infection with MNoV<®® when tuft cells were absent or
decreased, whereas viral titers were enhanced in any
context where tuft cell numbers were increased, such as
helminth infection or treatment with rIL-25 [91].
Viruses have developed numerous strategies to over-
come barrier mechanisms to enter the cells. After viral
entry infected cells have other resources to fight against
viral infection by disrupting the production of new viral
particles, limiting inflammation processes and activating
innate immune responses. For example, TRIM25, whose
transcript is increased in MVC_eGFP cells, is an ubiqui-
tin ligase that activates retinoic acid-inducible gene I
(RIG-I) to promote the antiviral interferon response
[27]. Furthermore, influenza A virus targets TRIM25 to
evade recognition by the host cell [26]. In addition,
TRIM25 displays a nuclear role in restricting influenza
A virus replication [57]. Zc3hl12a, also known as
MCPIP-1, inhibits hepatitis B and C virus replication,
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reduces virus-induced inflammation [45, 47], and exerts
antiviral effects against influenza A virus [19].

We show that MVC_eGFP express Gnat3, Plcg2 and
Itpr3. This intracellular pathway would lead to calcium
increase and opening of TRPMS5, leading to a sodium in-
flux and potential vesicle release. Among the list of in-
flammation genes found at significantly higher levels in
MVC_eGFP compared to OSN_eGFP- cells we find 7125,
an interleukin that is involved in the type 2 inflamma-
tory response of TRPMb5-expressing epithelial cells in
the airway epithelium and the gut [62, 84]. Also, 1I25 ex-
pression in the skin leads to disruption of the epithelium
and enhances HSV-1 and vaccinia virus replication [38].
MVC_eGEFP cells are known to produce acetylcholine,
which can activate sustentacular cells through M3 mus-
carinic acetylcholine receptors [63]. Sustentacular cells
may in particular play a role in maintaining extracellular
ionic gradients, extracellular glucose, secreting mucus,
metabolizing noxious chemicals, and regulating cell
turnover [25, 89]. In addition to [I-25, the expression of
enzymes for eicosanoid biosynthesis (Alox5, Ptgsl and
Ptgs2) suggests that MVC_eGFP are likely to recruit
group 2 innate lymphoid cells, similar to tuft cells in the
small intestine [55]. Finally, the innate immune response
involves recruitment of macrophages that are known to
play a protective role in the olfactory epithelium [6].
MVC_eGFP express the G-protein coupled receptor
GPR126/ADGRG6, which is required for macrophage

recruitment and Schwann cells regeneration after per-
ipheral nerve injury [58]. This raises the question
whether MVC_eGFP could play a protective role, pro-
moting OSN survival and increasing neurogenesis,
through macrophage recruitment. In addition, activation
of MVCs by irritants, bacteria and viruses could result in
activation of cytokine-induced inflammation and macro-
phage recruitment by long-term horizontal basal cells,
that activate type 1 immune responses within the olfac-
tory epithelium [11]. All cytokines and interferons pro-
duced in the microenvironment of a MVC_eGFP can
then contribute to the activation of immune responses
in neighboring MVC_eGEFP, since we found the expres-
sion of various cytokine receptors (IL6ra, Ill1rap, IL4ra,
IL17re, IL17 rb, TNFRSF13B) and interferons responsive
elements (ffitms) .

Our findings of expression of virally relevant tran-
scripts in MVC_eGFP cells complement published stud-
ies on the role of MVC-related SCCs in viral infection.
In the trachea, viral-associated formyl peptides activate
SCCs to release acetylcholine and activate mucocilliary
clearance by ciliated cells [68]. This activation is medi-
ated by the TRPM5 transduction pathway in the SCC
and muscarinic acetylcholine receptors in the ciliated
cell. In a similar manner in the olfactory epithelium
MVCs respond to ATP, which is involved in activating
mucociliary movement by releasing acetylcholine and ac-
tivating adjacent sustentacular cells through a
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3) MVC_eGFP express numerous transcriptional factors

muscarinic receptor [25]. Therefore, viral infection could
result in activation of MVCs resulting in activation of
mucociliary clearance by adjacent sustentacular cells.
Pou2f3 also called Sknla, encodes for a key regulator
for the generation of TRPM5-expressing cells in various
epithelial tissues [93]. Pou2f3 transcript was increased in
MVC_eGFP cells compared to OSN_eGFP-. Sknla/
Pou2f3-deficient mice lack intestinal tuft cells and have
defective mucosal type 2 responses to helminth infection

in the intestine [29]. MVCs express markers of tuft cells
(Pou2f3, TrpmS5 and others) indicating that MVCs share
inflammatory and innate immune functions with tuft
cells in the gut and SCCs and brush cells in the airways
[84]. In addition, in the anterior olfactory epithelium,
where there is a higher density of MVCs, mice exposed
to mild odorous irritants exhibited a time-dependent in-
crease in apoptosis and a loss of mature OSNs without a
significant increase in proliferation or neurogenesis [43].



Baxter et al. BMC Genomics (2021) 22:224

Future experiments are necessary to determine whether
activation of MVCs by viruses could lead to loss of ma-
ture OSNs contributing to smell loss after viral infection.
Interestingly, in the mouse distal lung, where there is no
expression of SCCs, there was de novo generation of
SCCs after infection with A/HIN1/PR/8 influenza virus
[73] raising the question whether virus exposure could
alter MVC number in the olfactory epithelium. Finally,
in teleost fish rhabdoviruses induce apoptosis in a
unique type of crypt OSN via the interaction of the OSN
TrkA receptor with the viral glycoprotein and activates
proinflammatory responses in the olfactory organ [77].

Viral infection of the central nervous system through the
olfactory epithelium

The olfactory epithelium provides direct viral access to
the brain through the olfactory nerve. Whether this ol-
factory path constitutes route of entry for viruses to the
brain is a matter of intense discussion, especially because
some viruses are postulated to be involved in encephal-
opathy and neurodegenerative disorders [10, 18, 20, 33].
Our finding that MVC_eGFP cells express virally-related
genes at higher levels than OSN_eGFP- cells suggests
that these cells may be involved in or prevention of viral
entry into the brain (and these two alternatives are not
exclusive since they may be different for different vi-
ruses). On the one hand, we identified transcripts encod-
ing for viral receptors in MVC_eGFP, suggesting that
viruses can enter these cells. It is not known whether vi-
ruses can spread in neighboring cells, but if viral parti-
cles were to enter the OSNs they could reach the
olfactory bulb through anterograde transport along the
olfactory nerve and from the olfactory bulb, viruses can
spread throughout the brain along the olfactory bulb-
hippocampus route. On the other hand, we found en-
richment for transcripts encoding for proteins involved
in limiting viral infection and promoting immune and
anti-inflammatory responses in MVC_eGFP cells. In this
case, viral spread to the brain would be prevented. Fi-
nally, the olfactory epithelium is innervated by the tri-
geminal nerve, and substance P immunostaining is
closely associated with subsets of MVCs [48]. This raises
the question whether an interaction between MVCs and
trigeminal nerve fibers could participate in local inflam-
mation as found for SCCs [75], and could modulate the
entry of virus to the brain stem through the trigeminal
nerve. Future experiments are necessary to study the po-
tential role of MVC_eGFP cells in viral infection of the
olfactory epithelium and the brain.

Are GFP-expressing OSNs in the TRPM5-GFP mouse a
distinct set of OSNs?

Expression of TRPM5 in a subset of OSNs has been
controversial. The original proposal of expression of
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TRPMS5 in OSNs was motivated by expression of eGFP
in adult TRPM5-eGFP transgenic mice and immunola-
beling of the ciliary layer of the epithelium with an anti-
body (raised against the TRPM5 peptide RKEAQHKR
QHLERDLPDPLDQK) that was validated by lack of ex-
pression in TRPM5 knockout mice [49]. However, stain-
ing in the ciliary layer with this antibody has not been
replicated and our group and others subsequently
showed knockout-validated TRPM5 staining of microvil-
lous cells, and no labeling of the ciliary layer in the adult
with antibodies raised against different TRPM5 protein
peptides [28, 31, 48, 71]. Interestingly, Pyrski and co-
workers found TRPM5 immunolabeling in OSNs in the
embryo, but not in the adult [71]. Furthermore, in the
adult mouse in situ hybridization has reported mRNA
staining for TRPM5 in MVCs, and not in OSNs [71, 92],
and full length TRPM5 mRNA was not found in OSNs
in the adult [71].

Here we corroborate expression of eGFP in OSNs in
TRPM5-eGFP transgenic mice. In addition, using HCR
v3.0 we find strong expression of mRNA in MVCs, but
we do not find evidence for expression of TRPMS5
mRNA in OSNs (Fig. 5). However, transcriptional ana-
lysis indicates that the OSN_eGFP+ cell population dif-
fers in mRNA expression from the other two
populations (Fig. 4). However, we have not verified ex-
pression of these transcripts or protein products with or-
thogonal methods. Thus, we have not validated that
OSN_eGFP+ are a separate population of cells, and fu-
ture studies will be necessary to address this issue.

Would microvillous cells play a role in COVID-19?

Recently, due to the current COVID-19 pandemic, re-
searchers have focused their attention on investigating
SARS-CoV-2 mechanism of entry into cells. SARS-CoV-
2 targets mainly cells of the respiratory pathway where
viral entry is mediated by ACE2 and TMPRSS2 [35]. Be-
cause numerous patients reported loss of smell [30, 66,
94, 95], researchers wondered about the mechanism for
SARS-CoV-2 infection of the olfactory epithelium. In
our study, we found the Tmprss2 transcript was signifi-
cantly increased in MVC_eGFP cells compared to OSN_
eGFP- (Fig. 3). We did not find Ace2 enrichment in
these cells, but this may be due to inefficiency in finding
with RNAseq low abundance transcripts like Ace2 [102].
Transcriptional profiling of single cells in the olfactory
epithelium from other laboratories found expression of
transcripts for both Tmprss2 and Ace2 in in sustentacu-
lar cells and stem cells, and at lower levels in MVCs [7,
24]. Viral infection of sustentacular cells may explain
loss of smell because these cells play a key role in sup-
porting olfactory function by providing glucose for the
energy necessary for olfactory transduction in the OSN
cilia [89]. Importantly, type I interferons, and to a lesser
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extent type II interferons induced by response of the
host to SARS-CoV-2, and infection by other viruses in-
ducing the interferon pathway increases Ace2 expression
in the nasal epithelium [102]. MVCs may play a role in
SARS-CoV-2 infection of the olfactory epithelium be-
cause these cells may participate in activating inflamma-
tion of the epithelium that elicits type 1 immune
response [11].

Conclusion

Here we find that microvillous cells of the olfactory epi-
thelium express transcripts involved in immunity, in-
flammation and viral infection. These expression
patterns suggest that, like tuft cells in the gut and SCCs
and brush cells in the airways, the microvillous cells in
the olfactory epithelium are involved in the innate im-
mune response to viral infection. Our study provides
new insights into a potential role for TRPM5-expressing
cells in viral infection of the main olfactory epithelium.

Methods

Overview of the method for transcriptional profiling of
low abundance cell populations

For transcriptional profiling of TRPM5-bearing MVC_
eGFP cells and OSN_eGFP+ cells that constitute a small
fraction of the cells in the epithelium, we used FACS to
separate the cell populations targeted for RNAseq [3]. In
our experiments, we isolated the cells from mice that
expressed fluorescent marker proteins appropriate for
cell sorting. OSNs were expressing mCherry under the
control of OMP promoter. eGFP was expressed in
MVCs and a subset of OSNs (OSN_eGFP+ cells) under
control of the TRPM5 promoter.

Generation of OMP-H2B::cherry mice

A Pacl cassette containing PacI-H2B::mCherry-pA PGK-
puro-pA-Pacl was inserted into an OMP gene-targeting
vector (pPM9) [59], which replaces the OMP coding se-
quence with the Pacl cassette and expresses a H2B:
mCherry fusion protein. Animals are maintained in a
mixed 129/B6 background.

Animals

Mice with TRPM5-driven eGFP expression [14] were
crossed with OMP-H2B:Cherry mice. The TRPM5-
eGFP mice and TRPM5 knockout mice [16] were ob-
tained with written informed consent from Dr. Robert
Margolskee. Lines were maintained separately as homo-
zygous and backcrossed regularly. Experiments were
performed on mice from the F1 generation cross of
TRPM5-eGFP and OMP-H2B::Cherry mice (OMP-H2B::
mCherry/TRPM5-eGFP). PCR was used to verify geno-
type of experimental mice for eGFP and mCherry ex-
pression. Both male and female mice were used for
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experiments with ages ranging from 3 to 8 months. Es-
trous and cage mate information was collected for all fe-
male mice in conjunction with experimental use. Mice
were housed in passive air exchange caging under a 12:
12 light/dark cycle and were given food and water ad
libitum. Mice were housed in the National Institutes of
Health approved Center for Comparative Medicine at
the University of Colorado Anschutz Medical Campus.
All procedures were performed in compliance with Uni-
versity of Colorado Anschutz Medical Campus Institu-
tional Animal Care and Use Committee (IACUC) that
reviews the ethics of animal use. The total number of
mice used in this study was 28 females and 50 males.

In our vivarium we have ventilated cages (HV cages)
where air is mechanically exchanged with fresh air once
every minute and static cages (LV cages) where air is ex-
changed passively through a filter in the cover. When we
moved the OMP-H2B: mCherry/TRPM5-eGFP to HV
cages we noticed a decrease in the number of OSN_
eGFP+ cells sorted per mouse (Figure 1-figure supple-
ment 1la, b and c), suggesting that changes in ventilation
conditions affect TRPM5 promoter-driven expression of
eGFP. Following this observation, mice were moved back
to LV cages. We proceeded to study the dependence of
the number of OSN_eGFP+ cells sorted on the number
of days in LV vs. HV cages. The number of OSN_eGFP+
cells is positively correlated with the number of days the
animal spends in LV cages (Figure 1 — figure supplement
1d) and negatively correlated to the number of days the
animals spend in the HV cages (Figure 1 — figure sup-
plement 1le). Generalized linear model (GLM) analysis
found significant differences for the number of OSN_
eGFP+ cells sorted as a function of the number of days
in LV cages (p<0.05, 26 observations, 24 d.f, F-
statistic = 5.64, p-value for GLM < 0.05) and the number
of days in HV cages (p < 0.05, 26 observations, 24 d.f.,, F-
statistic = 5.99, p-value for GLM < 0.05). For RNAseq ex-
periments one FACS sort was done using cells from
mice born and maintained in HV housing, and the
OSN_eGFP+ yield was low. Subsequently, we performed
all FACS with cells isolated from the olfactory epithe-
lium of mice raised in LV cages.

Tissue dissociation of the olfactory epithelium

Following euthanasia via CO2 inhalation, the olfactory
epithelium was immediately removed from the nasal
cavity and epithelial tissue was separated from the bone
in the turbinates. Care was taken not to include respira-
tory epithelium. The epithelium was dissociated enzy-
matically with Dispase II (2 mg/ml) diluted in Ringer’s
solution (145 mM NaCl, 5 mM KCL, 20 mM HEPES, 1
mM MgCL,, 1mM CaCl,, 1mM Ny-Pyruvate, 5 mM
Glucose) (~ 25 min at 37 °C) followed by an incubation
in a papain plus Ca/Mg++ free Ringer’s solution (Ca/



Baxter et al. BMC Genomics (2021) 22:224

Mg++ free Ringer’s: 145 mM NaCl, 5 mM KCL, 20 mM
HEPES, 1 mM Ny-Pyruvate, 1 mM EDTA, L-cysteine: 1
mg L-cysteine /1.5 mL Ca/Mg++ free Ringer’s, Papain:1-
3ul/1 mL Ca/Mg++ free Ringer’s), for ~40-45min at
37 °C. Following incubation, DNase I (Promega) at 0.05
U/ul and RNAse free 10x Reaction buffer (1:20) were
added to solution and the tissue was gently triturated
using a ~ 1 mm opening pipette. Isolated OSNs were col-
lected from supernatants via centrifugation and resus-
pended in cell sorting medium of 1x PBS (diluted from
commercial 10x PBS, pH7.4) and BrainPhys Neuronal
Medium (Stemcell Technologies). Initially, isolated cells
were examined with a confocal microscope to confirm
efficacy of dissociation methods, and examine cell types
and fluorescence. For RNAseq, cells were strained
through a 40 um cell strainer and kept on ice until
sorted via flow cytometry.

Flow cytometry

Fluorescence activated cell sorting was performed in the
University of Colorado Cancer Center Flow Cytometry
Core on a Beckman Coulter MoFlo Astrios EQ using
MoFlo Astrios Summit Software (6.3.1.16945). eGFP sig-
nal was detected using a 488 nm laser and a bandpass
526/52 nm collection filter. mCherry signal was detected
using a 561 nm laser and a bandpass 614/20 nm collec-
tion filter. The 488 nm laser was also used to detect light
scatter. The threshold was set at 3%. Gating was set to
exclude doublets and optimized as cell populations
emerged based on fluorescent markers. Flow cytometry
calibration beads for AcGFP1/eGFP and mCherry
(Takara, 632,594, 632,595) were used as fluorescence in-
tensity controls. Olfactory epithelium cell suspensions
from wild type and OMP-H2B::Cherry mice or TRPM5-
eGFP mice were sorted as controls for auto fluorescence
for eGFP and mCherry populations respectively. Cells
were sorted into RNAprotect Tissue Reagent (Qiagen).

RNA-extraction

Total RNA was extracted from sorted, pooled cells from
each cell population using the RNeasy Plus Micro Kit
(Qiagen) according to the manufacturers recommended
protocol.

RT-qPCR

Quantitative reverse transcription polymerase chain re-
action (RT-qPCR) was used to assess and confirm iden-
tities of cell types from each of the sorted cell
populations. Following total RNA extraction, RT-qPCR
was performed in the PCR core at University of Color-
ado Anschutz Medical Campus for the following
markers: OMP, TRPM5, eGFP and ChAT. Primers and
probes used for eGFP, TRPM5 and OMP were described
in [65]. Predesigned primers and probes for ChAT were
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purchased from Life Technologies. The mRNA for these
targets was measured by RT-qPCR using ABI QuantStu-
dio 7 flex Sequence detector. One microgram total RNA
was used to synthesize cDNA using the High Capacity
c-DNA Reverse Transcription kit (ABI-P/N 4368814).
¢DNA was diluted 1: 2 before PCR amplification.

The TaqMan probes were 5labeled with 6-
carboxyfluorescein (FAM). Real time PCR reactions were
carried out in MicroAmp optical tubes (PE ABI) in a
25 pl mix containing 8% glycerol, 1X TaqgMan buffer A
(500 mM KCI, 100 mM Tris-HCI, 0.1 M EDTA, 600 nM
passive reference dye ROX, pH83 at room
temperature), 300 pM each of dATP, dGTP, dCTP and
600 uM dUTP, 55 mM MgCl2, 1X primer-probe mix,
1.25U AmpliTaq Gold DNA and 5 pl template cDNA.
Thermal cycling conditions were as follows: Initiation
was performed at 50 °C for 2 min followed by activation
of TaqGold at 95°C for 10 min. Subsequently 40 cycles
of amplification were performed at 95°C for 15s and
60 °C for 1 min. Experiments were performed with dupli-
cates for each data point. Each PCR run included the
standard curve (10 fold serially diluted pooled cDNA
from control and experimental samples), test samples,
no-template and NORT controls. The standard curve
was then used to calculate the relative amounts of tar-
gets in test samples. Quantities of targets in test samples
were normalized to the corresponding 18s rRNA (PE
ABI, P/N 4308310).

RNA sequencing and pre-processing

RNA quality control, library preparation, and sequencing
were performed at the University of Colorado Genomics
and Microarray core. Extracted RNA was used as the in-
put for the Nugen Universal Plus mRNA-seq kit (Red-
wood City, CA) to build stranded sequencing libraries.
Indexed libraries were sequenced using an Illumina
NovaSEQ6000. Library preparation and sequencing was
performed in two batches, separated by gender. Eleven
female samples were sequenced with an average depth
of 37.3 million +/- SD of 6.5 million read pairs, and 25
male samples were sequenced with an average depth of
34.8 million +/- SD of 3.5 million read pairs. Metadata
for the samples submitted are shown in Figure 2 - figure
supplement 3. Raw BCL files were demultiplexed and
converted to FASTQ format. Trimming, filtering, and
adapter contamination removal was performed using
BBDuk [9].

Sample size estimation was performed using R package
‘RNASeqPower’ [83]. A priori estimates were not per-
formed for this study. Not all samples obtained from
each mouse were of sufficient quality to proceed with
RNA-sequencing and analysis. Samples for RNA-seq size
were chosen based on the quality of cell sorting (sorts
with groups with fewer than 2000 cells were excluded),
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and overall RNA quality (the RIN score cutoff was 8).
No samples were excluded for downstream RNA-seq
processing. Randomization was not performed/applic-
able - each cell phenotype was collected from each ani-
mal. Blinding was not performed/applicable- data were
processed with a standardized processing pipeline and
no parameters were changed between comparisons.

Post-hoc analysis reveals that based on the gene vari-
ance coefficients of the data and the read coverage, we
are powered to detect a linear fold change of 2 with a
power of 0.8 using a minimum of 5 samples (alpha =
0.05).

RNA sequencing analysis

Transcript abundance was quantified from trimmed and
filtered FASTQ files using Salmon v1.2.1 [67] and a cus-
tomized Ensembl GRCm38 (release 99) transcriptome
[98]. A customized version of the transcriptome was pre-
pared by appending FASTA sequences of eGFP and
mCherry to the GRCm38 FASTA file. The correspond-
ing gene transfer format (GTF) file was modified accord-
ingly to incorporate the new transcripts. Transcript
abundance was summarized at the gene level using the
TxImport [82] package in R. Differential gene expression
was quantified using DESeq2 [51] with default parame-
ters after removing genes with an average count of <5
reads in each group. Significance was determined by
FDR-adjusted p-value <0.05. TopGO was used for gene
ontology analysis [1]. The input to TopGO was a list of
significant DEGs and a list of all detected genes in the
dataset. Enrichment was calculated by dividing the num-
ber of detected genes by the number of expected genes
within each ontology of the TopGO output. To make
the bar graphs in Figs. 4 and 5, enrichment scores of
downregulated GO terms were multiplied by -1 for
visualization. Heatmap visualization was performed
using pHeatmap in R [39].

RNA-sequence data comparison with Ualiyeva et al [86]
Raw counts for this study and for Ualiyeva et al. (GEO
GSE139014) [86] were converted to loglO(reads per mil-
lion (RPM) + 1). These RPM values were used to gener-
ate heatmaps to show the expression values of specific
transcripts. No quantitative assessment was performed
between the two studies.

Tissue preparation for fluorescence microscopy and in
situ

For euthanasia, mice were anesthetized with ketamine/
xylazine (20-100 _g/g of body weight), perfused trans-
cardially with 0.1 M phosphate buffer (PBS) followed by
a PBS-buffered fixative (EMS 32% Paraformaldehyde
aqueous solution diluted to 4% with 1x PBS). The nose
was harvested and postfixed for 12h before being
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transferred for cryoprotection into PBS with 20% sucrose
overnight. The olfactory epithelium was cryosectioned
coronally into 16 pm -thick sections mounted on Super-
frost Plus slides (VWR, West Chester, PA) coated with
poly-D-lysine.

In situ followed by immunohistochemistry (IHC)

In situ hybridization was performed with the
hybridization chain reaction method [13] using HCR
v3.0 Probe Sets, Amplifiers, and Buffers from Molecular
Instruments, Inc. Frozen slides were allowed to thaw
and dry, baked at 60°C for 1h, then immersed in 70%
ethanol overnight at 4 °C, and allowed to dry again com-
pletely. Slides were inverted and placed on a Plexiglas
platform inside a humidified chamber; subsequent steps
were performed using this setup. Slides were incubated
in 10 pg/pl proteinase K for 15min at 37 °C, then pre-
hybridized with HCR hybridization buffer (30% formam-
ide buffer from Molecular Instruments) for 30 min at
37 °C. Trpm5-B3 probes and OMP-B2 probes (0.8 pmol
of each probe in 100 pul HCR hybridization buffer per
slide) were added, and slides were hybridized overnight
at 37 °C. Slides were briefly incubated in undiluted HCR
Wash Buffer (30% formamide buffer from Molecular
Instruments) for 20 min at 37 °C. Excess probes were
removed by incubating slides for 20 min each at 37 °C
in solutions of 75% HCR Wash Buffer / 25% SSCT
(5X SSC, 0.1% Tween, diluted in RNAse free water),
50% Buffer / 50% SSCT, 25% Buffer / 75% SSCT, and
100% SSCT. Slides were incubated in 100% SSCT at
room temperature for 20 min, then in Amplification
Buffer (Molecular Instruments) at room temperature
for 1h. B3 hairpins labeled with Alexa Fluor 647 and
B2 hairpins labeled with Alexa Fluor 546 were pre-
pared (12 pmol of each hairpin were heat shocked,
then cooled for 30 min, and added to 200 pl of Amp-
lification Buffer) added to slides, and incubated over-
night at room temperature. Excess hairpins were
removed with four washes (20 min) in SSCT at room
temperature. Slides were then processed with IHC
protocol to stain for GFP. At room temperature, tis-
sue was permeabilized with Triton X-100 0.1% in PBS
for 30 min, washed three times with PBS, blocked
with Donkey serum 5% and Tween 20 0.3% in PBS
for 1h, incubated with Chicken anti-GFP primary
antibody (1:500 in blocking solution, AB_2307313
Aves labs) overnight, washed three times with PBS
and incubated with Donkey anti-Chicken secondary
antibody conjugated with alexa fluor 488 (1:500 in
blocking solution, 703-545-155 Jackson ImmunoRe-
search laboratories).After three final washes with PBS,
slides were mounted using Fluoromount-G™ mounting
medium with DAPI (Thermo Fisher Scientific).
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Confocal fluorescence microscopy
Microscopy was performed with confocal microscopes
(Leica SP8, Nikon A1R or 3i Marianas).

Three-dimensional tissue imaging

For three-dimensional imaging, a high numerical aperture
(NA) oblique plane microscope was used [21, 74]. Briefly,
this variant on a light sheet microscope only uses one object-
ive to interface with the sample. The sample is illuminated
from the epi-direction using an obliquely launched light
sheet. Emitted fluorescence is detected through the same pri-
mary objective used for illumination. A secondary and ter-
tiary objective optically resample the emitted fluorescence to
image the fluorescence resulting from the obliquely launched
light sheet onto a detector [21, 74]. For the primary, second-
ary, and tertiary objectives we used a high-NA silicone
immersion objective (Nikon x 100 NA 1.35, 0.28-0.31 mm
working distance), a high-NA air immersion objective
(Nikon x 40 NA 0.95, 0.25-0.16 mm working distance), and
a bespoke glass-tipped objective (AMS-AGY v1.0, NA 1.0, 0
mm working distance), respectively. Images were acquired
by a high-speed scientific CMOS camera (Photometrics
Prime BSI) using custom Python software ( [74], https://
github.com/qi2lab/opm).

The obliquely launched light sheet was set to 30 degrees
above the coverslip. The sample was translated in one lateral
dimension (x) at a constant speed by a scan optimized stage.
The scan speed was set so that images with a 5-millisecond
exposure time were acquired at 200 nm spacing over a dis-
tance of 55 mm. This constant speed scan was performed
for the same volume, cycling through three excitation wave-
lengths (405, 488, 635 nm) and three sample height positions
(z), with 20% overlap. Once the cycle of wavelengths and
height positions completed, the sample was then laterally dis-
placed (y), again with a 20% overlap, and the scan was re-
peated over a 55mm x 55 mm x .035mm (x,y,z) imaging
volume. Raw data was orthogonally deskewed, stitched, and
fused using custom Python code and BigStitcher [36]. After
export, each inset image was deconvolved using Microvolu-
tion and measured point spread functions.

Statistical analysis

Statistical analysis was performed in Matlab (Mathworks,
USA). Statistical significance was estimated using a gen-
eralized linear model (GLM), with post-hoc tests for all
data pairs corrected for multiple comparisons using false
discovery rate [15]. The post hoc comparisons between
pairs of data were performed either with a t-test, or a
ranksum test, depending on the result of an Anderson-
Darling test of normality. 95% Cls shown in the figures
as vertical black lines or shading bounding the lines were
estimated by bootstrap analysis of the mean by sampling
with replacement 1000 times using the bootci function
in MATLAB.
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