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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 under light scattering settings to exclude doublets: high
Chemosensory cells found in the airway (SCCs/brushmCherry-expressing cells with low and high eGFP fluor-
cells) and intestinal epithelium (tuft cells) express the escence (presumably mature OSNs, these cells are
transient receptor potential cation channel subfamily M termed OSN_eGFP- and OSN_eGFP+ cells respectively)
member 5 (TRPM5) and other elements of the tasteand cells with low mCherry and high eGFP expression
transduction pathway and have been implicated in im- (MVC_eGFP, presumably MVCs). Reverse transcription
mune and inflammatory responses to bacterial, viral andquantitative PCR (RT-gPCR) showed that, as expected
parasitic infection b3, 54, 62, 68, 73, 75, 85]. In the ol- the OSN_eGFP- and OSN_eGFP+ cells have higher
factory epithelium TRPM5 and other proteins involved levels of OMP transcript than MVC_eGFP cells (Fite,
in taste transduction are also expressed in SCC-like mi4), and OSN_eGFP+ cells and MVC_eGFP cells have
crovillous cells (MVCs) 28, 48], which have been pro- higher levels of eGFP transcript compared to OSN_
posed to be involved in a protective response to higheGFP- cells (Figle,ii). Furthermore, compared to OSN_
concentrations of odorants 45, 42. However, whether eGFP- cells both the MVC_eGFP cells and OSN_eGFP+
MVCs play a role in viral infection or viral infection cells expressed higher levels of TRPM5 transcript (Fig.
defense of the olfactory epithelium is unknown. le,iii) and choline acetyl transferase (ChAT)(Fitg,iv), a
Herein, we performed transcriptional profiling of protein involved in acetylcholine neurotransmission that
MVCs and a subset of olfactory sensory neurons (OSNs)s expressed in MVCs{3]. The asterisks in Figle de-
expressing eGFP under control of a fragment of thenote significant differences tested with either t-test or
TRPM5 promoter (OSN_eGFP+ cells¥9, 50]. In order  ranksum with p-values below thep-value of significance
to profile these low abundance cells we performed tran-corrected for multiple comparisons using the false dis-
scriptional profiling of specific cell types sorted by covery rate (pFDR) 15 (pFDR is 0.033 for OMP, 0.05
fluorescence-activated cell sorting (FACS). We crossed &r TRPM5, 0.05 for EGFP and 0.03 for ChAh,=8 for
mouse expressing mCherry in the nuclei of OSNs underOMP OSN_eGFP-, 4 for OMP OSN_eGFP+ and 4 for
control of the OMP promoter (OMP-H2B::mCherry MVC_eGFP cells).
mice) with TRPM5-eGFP transgenic micelf] (OMP-
H2B::mCherry/TRPM5-eGFP mice). We isolated cellsRNAseq indicates that MVC_eGFP and OSN_eGFP- are
from the olfactory epithelium and used FACS to sort distinct groups of chemosensory cells in the mouse
MVC_eGFP cells (mCherry negative and eGFP positiveplfactory epithelium
and cells labeled by OMP-driven mCherry that did or Differential gene expression analysis of the RNAseq data
did not express eGFP (OSN_eGFP+ and OSN_eGFPwas used to compare MVC_eGFP and OSN_eGFP-
cells) followed by transcriptional profiling by RNA se- sorted by FACS. Expression of 4386 genes was signifi-

qguencing (RNAseq). cantly higher in MVC_eGFP cells compared to OSN_
eGFP- cells, and expression of 5630 genes was lower in

Results MVC_eGFP cells (Fig2a shows the most significantly

Fluorescence-activated cell sorting of cells isolated from upregulated or downregulated genes and Figure-Zig-

the main olfactory epithelium ure supplementl shows the entire list). A total of 1073

The olfactory epithelium of OMP-H2B::mCherry/ Olfr genes were included in the analysis (including pseu-
TRPM5-eGFP mice expressed nuclear mCherry drivendogenes). While 9 were expressed at higher levels in the
by the OMP promoter in the intermediate layer of the MVC_eGFP population their expression levels was very
olfactory epithelium (Fig.1a), as expected for the loca- low (<100 counts) and the difference was not statisti-
tion of nuclei of mature OSNs 22]. eGFP expression cally significant. On the contrary, transcripts for 550 ol-
driven by the TRPM5 promoter was found in MVCs, factory receptors were significantly higher in OSN_
with cell bodies located mostly in the apical layer of the eGFP- cells (Fig.2b and c). Trpm5 and eGFP were
epithelium (asterisks), and at lower expression levels in among the top 10 genes whose transcription was higher
subset of OSNs double-labeled with mCherry (Fitg), in MVC_eGFP cells compared to OSN_eGFP- cells with
consistent with earlier publications48, 49]. 1471-fold and 75-fold differences respectively (FRp).
We proceeded to isolate cells from the main olfactory Interestingly, Pou2f3 a transcription factor important in
epithelium of OMP-H2B::mCherry/TRPM5-eGFP mice differentiation of MVCs P2, 93], is found within the top
(see Figlb, Methods, Tablel and Figure 1 - figure sup- 10 upregulated genes found in MVC_eGFP cells com-
plement 1). Figurelc shows two isolated OSNs with dif- pared to OSN_eGFP- (Figza). In addition, transcripts
ferential expression of eGFP. Using flow cytometry wefor chemosensory cell specific cytokine IL-25 and its re-
found that fluorescence intensity of individual cells for ceptor IL-17RB B6] were more highly expressed in
mCherry and eGFP spanned several orders of magnitudVC_eGFP (Figure 2- figure supplementl). Finally,
(Fig. 1d). We proceeded to sort three groups of cells 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 m, iv, 10 m. b Schematic of RNA-seq process from tissue to RNA extraction. Mouse OF 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 m. 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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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 P2, 23], were among the top 10 downreg- transcripts involved in events required for an organism
ulated transcripts in MVC_eGFP cells compared to to receive an olfactory stimulus, convert it to a molecu-
OSN_eGFP- cells (Figa). lar signal, and recognize and characterize the signal
We compared expression of transcripts involved in (GO:0007608). Finally, enrichment of gene ontology lists
taste transduction, canonical olfactory transduction, andfor synaptic vesicle function were decreased for MVC_
non-canonical OSNs (Fig. 2d). MVC_eGFP cells eGFP cells compared with OSN_eGFP- cells (F2g).
expressed genes involved in the taste transduction pathResults of this gene ontology analysis of chemosensation
way as expected for chemosensory epithelial cells of theand synaptic vesicle function reinforces the finding that
olfactory epithelium PB6]. In contrast, OSN_eGFP- the two cell groups in this study are distinct chemosen-
expressed transcripts for markers of canonical OSNssory cell types of the olfactory epithelium. OSN_eGFP-
such as OMP, BBS1 and 2 and proteins involved in thecells differ from MVC_eGFP cells in expression of olfac-
canonical olfactory transduction pathway. The non- tory receptors, chemosensation and transcripts related to
canonical OSNs considered here included guanilyl-synaptic function as expected for an OSN.
cyclase D (GC-D) OSNs 37, Trpc2 OSNs p4] and Finally, a question that arises is how the transcrip-
Cav2.1 OSNs 2. OSN_eGFP- expressed low levels oftional profile of the MVC_eGFP cells of this study com-
Cancnalaencoding for Cav2.1 andrpc2. OSN_eGFP- pares to transcriptional profiing of chemosensory
expressed higher levels of Trace amine-associated recepithelial cells isolated from the respiratory and olfactory
tors [46] than MVC_eGFP cells. epithelia in mice expressing eGFP under control of the
Perusal of these top differences suggested that thes€hAT promoter [86]. Figure 2 - figure supplemen#
are distinct chemosensory cell types found in the olfac-shows comparisons of gene expression between MVC_
tory epithelium. In order to perform a thorough analysis eGFP and OSN_eGFP- cells of this study and ChAT-
of the differences between these chemosensory cekGFP MVCs and ChAT-eGFP SCCs profiled in the re-
groups we performed an analysis of gene ontology (GO)piratory epithelium in the study of Ualiyeva and co-
enrichment for lists of genes related to chemosensoryworkers B6]. This comparison is of limited value due to
perception and neuronal identity. When compared with the fact that gene profiling was performed in two separ-
OSN_eGFP- we found that MVC_eGFP cells expressate studies. However, in this preliminary analysis we find
higher levels of transcripts belonging to gene ontologiesthat MVCs from this study have similar transcription
of sensory perception of sweet/umami taste (GO:profiles to ChAT-eGFP MVCs and differ from ChAT-
0050916 and GO:0050917) (Fi@e, Figure 2 - figure eGFP SCCs. For example, MVC_eGFP and ChAT-eGFP
supplement2, Figure 2 - figure supplemen8) which in-  MVCs showed enhanced expression of transcripts such
cludes taste detection/transduction proteins that haveas 1125 and Fos (Figure 2 - figure supplement). The
been reported to be expressed in MVC2§, 34]: Gnat3, similarity of transcriptional profiling argues that in this
encoding for gustducin, the G protein mediating sweet study MVC_eGFPs were not contaminated with SCCs
and umami taste transductionq6], Itpr3, encoding for consistent with the fact that in our study we isolated
the inositol-1,4,5-triphosphate receptor type 3 and MVC_eGFP from olfactory epithelium dissected apart
Tas1r3 encoding for a gustducin-coupled receptor in- from the respiratory epithelium and that the density of
volved in umami and sweet tastely, 99. In contrast, MVCs in the OE is higher than the density of SCCs in
OSN_eGFP- express at higher levels than MVCsthe 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, Gene ontology analysis finds enrichment of lists of viral-
Ugt2al and Ugt2a2 transcripts for proteins involved related, inflammation and immune transcripts in

in UDP synthesis were higher in MVC_eGFP than MVC_eGFP cells

ChAT-eGFP MVCs suggesting differences betweenSCCs, tuft and brush cells have been implicated in re-
these cells (Figure 2 - figure supplemei®). In order sponses to bacterial and viral infection, immunity and
to determine whether these similarities and differ- inflammation [53, 54, 62, 68, 73, 75, 85, 86]. The fact
ences between MVCs in our study and the study ofthat MVCs are closely related to these cell5 28, 63,
Ualiyeva and co-workers are real it will be necessaryg6] lead us to search for gene ontology enrichment re-
to perform simultaneous RNAseq profiling of these lated to bacterial and viral infection, immunity and in-
two populations. flammation for MVC_eGFP cells. We found robust
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enrichment of these gene ontologies in MVC_eGFP cellsat higher levels in MVC_eGFP cells. In SCCs, brush cells
(Fig. 3a). Transcripts related to viral infection that were and tuft cell generation of IL25 leads to a type 2 inflam-
higher in MVC_eGFP cells compared to OSN_eGFP-mation and stimulates chemosensory cell expansion in a
cells (Fig.3b) included those involved in viral entry into sequence of events that also involves cysteinyl leukotri-
host cells, viral transcription and regulation of viral tran- enes #, 53, 90]. The presence of bothI25 and 1117rb
scription, negative regulation of viral genome replication suggests an autocrine effect. Furthermore, both cell types
and negative regulation of viral process (Figure-2fig- displayed increased expression of transcripts encoding
ure supplement2). The majority of these genes were de- for enzymes involved in eicosanoid biosynthesis such as
tected by Ualiyeva and colleague8g] in their ChAT-  Alox5, Ptgsland Ptgs2that are found in brush cells in
GFP MVC population. We also found gene ontology en- the airways 4] and tuft cells in the intestine $5] where
richment in MVC_eGFP cells compared to OSN_eGFP-they drive type 2 immune responses.
cells for defense response to bacterium (Figure-Zig-
ure supplement?). Transcription profiling suggest that OSN_eGFP+ cells are
Importantly, we also find enrichment for transcript ex- distinct from both OSN_eGFP- and MVC_eGFP cells
pression for immunity and inflammation. Genes related Differential gene expression analysis of the RNAseq data
to inflammation and immunity that were higher in was used to compare OSN_eGFP+ individually with the
MVC_eGFP cells compared to OSN_eGFP- cells arether two groups of cells. We found that expression of
shown in Figure 3— figure supplementsl-2. Among 2000 genes was significantly higher in OSN_eGFP+
these transcriptsiL25 and its receptorll17rb are found compared to OSN_eGFP-, and expression of 1821 genes
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Fig. 3 Significant differences in virally-related, immune and inflammation gene ontology lists between MVC_eGFP and OSN_eGFP-. a Gene
ontology (GO) term enrichment was calculated from differentially expressed genes using TopGO in R for OSN_eGFP- vs. MVC_eGFP cells. 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). Heatmap show hierarchical clustering of significantly differentially
expressed genes identified by DESeq2. b Significantly differences in virally-related genes within the MVC_eGFP cells compared to OSN_eGFP-
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was lower in OSN_eGFP+ cells (Figure 4 -figure suppleimmunohistochemistry and single cell RNA sequencing
ment 1 shows the results of RNAseq and Figure 4 -figureare necessary to fully characterize this population. Our
supplement2 summarizes the data). Figure 4 figure sup-data do not provide conclusive evidence for the exist-
plement 2a shows expression levels for the transcriptsence of a distinct population of OSN_eGFP+ cells.
that showed the largest differences between OSN_
eGFP+ and OSN_eGFP- cells. The transcripts forGender differences for expression of olfactory receptors
TRPM5 and eGFP were among the top 10 genes whos&/e did not find major differences in transcriptome
transcription was higher in OSN_eGFP+ compared toprofiling between males and females for genes that
OSN_eGFP- with 105-fold and 42-fold increases respectwere differentially expressed between the three cell
ively. However all of these 10 top genes, and many othegroups (Figure 4- figure supplement?, 8). We found
genes that were found at significantly higher levels of ex-a substantial number of olfactory receptor genes that
pression in OSN_eGFP+ cells compared to OSN_eGFPwere differentially expressed between males and fe-
happen to be genes expressed at significantly higher levelmales (Figure 4— figure supplement8). Interestingly,
in MVC_eGFP cells (Figure 4 -figure supplemeBtshows Trpc2, that is one of the genes with higher expression
the results of RNAseq for MVC_eGFP vs OSN_eGFP+)in OSN_eGFP+ cells is expressed in higher amounts
For exampleTrpmb5 is expressed at levels of 87.5, 9200in females. Surprisingly, the differentially expressed
and 127,000 in OSN_eGFP-, OSN_eGFP+ and MVC olfactory receptors differed from receptors identified
eGFP cells respectively (Figure 4 -figure suppleméht by van der Linden et al.§8].
While the light scatter settings in the FACS were set to ex-
clude doublets, this raised the question whether expresdn situ hybridization chain reaction finds strong TRPM5
sion of these genes in the OSN_eGFP+ pool was due tmRNA expression in MVC_eGFP cells, but not in the
contamination of the OSN_eGFP+ cell fraction (mCherry nuclear OSN layer
and eGFP positive) by doublets made up of one OSN Studies with regular in situhybridization find expres-
eGFP- cell (mCherry positive and eGFP negative) and ongsion of TRPM5 mRNA in MVCs, but not in the OSN
MVC_eGFP cell (mCherry negative and GFP positive). nuclear layer 71, 92]. Here we asked whether third
In order to determine whether transcription profiling generation in situ hybridization chain reaction version
for the OSN_eGFP+ cell fraction is consistent with this 3.0 (HCR v3.0) designed to provide high signal to
being a separate population we searched for genes whoswise ratio in situ signal 13] revealed TRPM5 mRNA
expression levels were significantly higher in OSN_expression in the nuclear OSN layer. These experi-
eGFP+ compared tdoth OSN_eGFP- and MVC_eGFP. ments were performed in TRPM5-GFP mice and in
Figure4a and b show the top genes that were expressed RPM5-GFP mice crossed with TRPM5 knockouts
at significantly higher levels in OSN_eGFP+ (and Figure[14, 16]. Consistent with published results7[1, 92] we
4 — figure supplement5 shows data for all 80 genes). find strong in situ signal for TRPM5 in MVC_eGFP
Among these genes there were 22 olfactory receptorcells located in the apical layer of the olfactory epi-
genes (Table2) and one olfactory receptor pseudogenethelium (Fig. 5a, asterisks, also see Figure-5figure
(Fig.4b, c shows a volcano plot for Olfrs). Many of these supplement 1 for a 3D rendering) and this signal is
olfactory receptors were linked within the same Olfr absent in MVC_eGFP cells in the TRPM5 knockout
cluster (e.g. olfr727 and olfr728; olfr390 and olfr391; Olfr (Fig. 5b, asterisks). In addition, we find sparse TRPM5
292-0Ifr307). In particular, OIfr727 and OIfr728 are in situ labeling in the nuclear OSN layer (Ficha, ar-
amongst the top 6 expressed Olfrs in the entire olfactoryrows), but similar sparse labeling was found in the
epithelium and their greater representation within OSN_ OSN nuclear layer in the TRPM5 knockout (Figb,
GFP+ cells, suggests a functional contribution. A GOnetarrows). Therefore, we find evidence for strong ex-
GO term enrichment analysis 70] of the 80 genes pression of TRPM5 mRNA in MVC_eGFP cells, but
expressed at higher levels in OSN_eGFP+ compared teannot find conclusive evidence by in situ for expres-
the other two groups (Figure 4- figure supplement6) sion of TRPM5 mRNA in OSNs.
indicated that these cells express genes involved in sen-
sory perception of smell (GO:0007608), signal transduc-Discussion
tion (GO:0007165) and cellular response to stimulusWe performed transcriptional profiling of three chemo-
(GO:0051716). Interestingly, two of these gen&spc2 sensory cells in the mouse olfactory epithelium: micro-
[64] and Calb2 [5] are expressed in small subsets ofvillous cells (MVC_eGFP) and two types of olfactory
OSNSs. Thus, this analysis suggests that OSN_eGFPsensory neurons: OSN_eGFP+ and OSN_eGFP-. We
cells are distinct from the other two cell populations, al- found that while the transcriptome of each of these cell
though more detailed follow-up experiments with or- types is distinct they share common features across
thogonal methods such as in situ, 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 a®pen question. On the other hand, MVC_eGFP cells

OMP, olfactory transduction proteins, and proteins express transcripts encodg for taste transduction

involved in synaptic function. Yet, they differ in olfac- proteins and other transcripts found in SCCs such as

tory receptor expressionand OSN_eGFP+ express Pou2f3 and 1125 but they do not express transcripts
transcripts encoding for proteins involved in chemo- for proteins involved in olfactory transduction and

sensory signal transduction and cellular response tosynaptic function, and they do not express olfactory
stimulus. However, we did not validate the OSN_ receptors. Finally, we found that MVC_eGFP cells ex-
eGFP+ population using orthogonal methods andpress a substantial number of transcripts involved in

whether they are a distinct OSN population is an viral infection, inflammation and immunity.
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Table 2 Levels of expression and adjusted p-value for the thus key elements promoting or preventing viral infec-
olfactory receptor genes whose levels are significantly higher in  tion. Here we find that transcripts for several membrane
OSN_eGFP+ compared to OSN_eGFP-. These olfactory receptors  proteins and cell adhesion molecules involved in viral
had an adjusted p-value for expression level difference between entry are expressed at higher levels in MVC_eGFP cells
OSN_eGFP+ compared to OSN_eGFP- and had a fold change > compared to OSN_eGFP- cellsPlscrl encodes a

4 and average expression > 100 counts phospholipid scramblase which has been shown to pro-

Name OSN_eGFP-  OSN_eGFP+  MVC_eGFP gd‘;z's‘:: 4 Mmote herpes simplex virus (HSV) entry in human cer-

vical or vaginal epithelial cells and keratinocyted?,
Olfr292 361 959 4.29 6.35E-09 " . .

and hepatitis C virus entry into hepatocyte82]. In con-
Olfr282 205 486 0 801805 trast with its role in viral entry, PLSCR1 impairs the rep-
Olfr1434 533 7730 0 971816 lication of other types of viruses in infected cells
Olfr390 101 10800 431 1566-16  (influenza A virus b2], hepatitis B virus 96]). IFITM2 is
0Ifr305 614 612 0 63E-12 another transmembrane protein that mediates viral
01293 6.9 664 169 1apoy  entry. In contrast_wnh PLS(_:F_%l, IFIT_M2 inhibits viral

entry of human immunodeficiency virus (HIV 97],),
Olfr378 341 322 0 1.1E-06 ” . ) _

hepatitis C virus p0], influenza A H1IN1 virus, West
Olfr128 396 3660 127 /3E14 Nile virus, and dengue virusg]. IFITM2 also inhibits
Olfr344 162 1050 0 14E-11 viral replication [8] and protein synthesis 41]. Nectins
Olfr307 759 393 0 376E-06  are transmembrane glycoproteins and constitute cell
0lfr391 156 3000 979 101E-15 surface receptors for numerous viruses. There is wide
0IF 299 131 651 0 4ssrog  €vidence that HSV can enter host cells through Nectin-1

dependent mechanisms, particularly for neuronal entry
Olfr142 364 1720 377 1.62E-08 ) .

[40, 69, 76, 79], and Nectin-4 appears essential for mea-
o1 147 5720 527 308510 gles virus epithelial entry€1, 80, 81]. In addition to cell
Olfr1279 164 552 109 352807 surface molecules, the mucus contains secreted proteins
Olfr39 138 388 21 281606  that confer protection against viruses to the underlying
Olfr 1447 64.1 1610 0 123607 cells. Glycoproteins are major constituents of mucus and
Ol 728 5150 45,700 320 6130 exhibit mu!tlplg pathogens bmdmg—sneg We found the

Ltf transcript in MVC_eGFP cells, which encodes for
Olfr727 560 11,000 179 1.64E-07 . - S

lactotransferrin. Lactotransferrin is a globular glycopro-
Olfr1555-ps7 101 175 0 00397 tein widely represented in the nasal mucus with anti-
Olfr346 276 465 0 385605 viral activity against Epstein-Barr viruslp0 101}, HSV
Olfr1228 533 5320 354 309808 [78, 87] and Hepatitis C virus B]. Finally, MVC_eGFP
OIfr 1181 874 766 461 0000766 Cells express the murine norovirus (MNoV) receptor
01943 071 844 289 0.000886 CDSOOITF. In the gut TRPMS-expre_ssmg tuft ce_lls ex-
Olf298 0. 09 0 000132 press high levels of CD300LF and mice were resistant to

T A A . . .

infection with MNoV “R® when tuft cells were absent or

decreased, whereas viral titers were enhanced in any
Transcriptional profiling reveals a role of microvillous context where tuft cell numbers were increased, such as
cells in viral infection and innate immunity helminth infection or treatment with rIL-25 1].

Gene ontology analysis revealed that MVC_eGFP cells Viruses have developed numerous strategies to over-
express viral-related transcripts at significantly highercome barrier mechanisms to enter the cells. After viral
levels than OSN_eGFP- cells (Fig.and Figure 2— fig- entry infected cells have other resources to fight against
ure supplement2). GOnet GO term enrichment analysis viral infection by disrupting the production of new viral
[70] of all 133 immune genes expressed at higher levelgarticles, limiting inflammation processes and activating
in MVC_eGFP cells compared to OSN_eGFP- (Figure 3nnate immune responses. For example, TRIM25, whose
— figure supplement2) revealed that MVCs express a transcript is increased in MVC_eGFP cells, is an ubiqui-
substantial number of genes involved in the innate im-tin ligase that activates retinoic acid-inducible gene |
mune response (GO:0045087, 72 genes matched thiRIG-I) to promote the antiviral interferon response
list). Figure 6 depicts several mechanisms that could [27]. Furthermore, influenza A virus targets TRIM25 to
occur in MVC_eGFP in response to viral infection. To evade recognition by the host cell2f]. In addition,
infect cells, viruses must interact with host cell mem- TRIM25 displays a nuclear role in restricting influenza
branes to trigger membrane fusion and viral entry. A virus replication [B7]. Zc3hl2a, also known as
Membrane proteins at the surface of the host cell areMCPIP-1, inhibits hepatitis B and C virus replication,
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Fig. 5 In situ hybridization chain reaction finds strong TRPM5 mRNA expression in MVC_eGFP cells, but not in the nuclear OSN layer. a In situ for
TRPMS5 (yellow) and OMP (magenta) transcripts in the olfactory epithelium of TRPM5-GFP mice (GFP is green) shows strong label for TRPM5 in
MVCs (asterisks) and sparse labeling in the OSN nuclear layer (arrows). The scale bar is 20 m. b In situ for TRPM5 (yellow) and OMP (magenta)
transcripts in the olfactory epithelium of TRPM5-GFP x TRPM5-knockout mice (GFP is green) shows no label for TRPM5 in GFP-positive MVCs
(asterisks) and does show sparse labeling in the OSN nuclear layer (arrows). The scale bar is 20 m

reduces virus-induced inflammation4, 47], and exerts recruitment and Schwann cells regeneration after per-
antiviral effects against influenza A virud g]. ipheral nerve injury p8. This raises the question
We show that MVC_eGFP expres&nat3, Plcg2and whether MVC_eGFP could play a protective role, pro-
Itpr3. This intracellular pathway would lead to calcium moting OSN survival and increasing neurogenesis,
increase and opening of TRPM5, leading to a sodium in-through macrophage recruitment. In addition, activation
flux and potential vesicle release. Among the list of in- of MVCs by irritants, bacteria and viruses could result in
flammation genes found at significantly higher levels inactivation of cytokine-induced inflammation and macro-
MVC_eGFP compared to OSN_eGFP- cells we fiid5, phage recruitment by long-term horizontal basal cells,
an interleukin that is involved in the type 2 inflamma- that activate type 1 immune responses within the olfac-
tory response of TRPMb5-expressing epithelial cells intory epithelium [11]. All cytokines and interferons pro-
the airway epithelium and the gutg2, 84]. Also, [125 ex- duced in the microenvironment of a MVC_eGFP can
pression in the skin leads to disruption of the epithelium then contribute to the activation of immune responses
and enhances HSV-1 and vaccinia virus replicatic38].  in neighboring MVC_eGFP, since we found the expres-
MVC_eGFP cells are known to produce acetylcholine,sion of various cytokine receptorsil(6éra, Illrap, IL4ra,
which can activate sustentacular cells through M3 mus-IL17re, IL17 rb, TNFRSF13Band interferons responsive
carinic acetylcholine receptors6p]. Sustentacular cells elements [fitms) .
may in particular play a role in maintaining extracellular Our findings of expression of virally relevant tran-
ionic gradients, extracellular glucose, secreting mucusscripts in MVC_eGFP cells complement published stud-
metabolizing noxious chemicals, and regulating cellies on the role of MVC-related SCCs in viral infection.
turnover [25, 89]. In addition to II-25, the expression of In the trachea, viral-associated formyl peptides activate
enzymes for eicosanoid biosynthesial¢x5, Ptgsland SCCs to release acetylcholine and activate mucocilliary
Ptgs2 suggests that MVC_eGFP are likely to recruit clearance by ciliated cells6g]. This activation is medi-
group 2 innate lymphoid cells, similar to tuft cells in the ated by the TRPM5 transduction pathway in the SCC
small intestine p5]. Finally, the innate immune response and muscarinic acetylcholine receptors in the ciliated
involves recruitment of macrophages that are known tocell. In a similar manner in the olfactory epithelium
play a protective role in the olfactory epithelium6]. MVCs respond to ATP, which is involved in activating
MVC_eGFP express the G-protein coupled receptormucociliary movement by releasing acetylcholine and ac-
GPR126/ADGRG6, which is required for macrophagetivating adjacent sustentacular cells through a



Baxter et al. BMC Genomics (2021) 22:224 Page 15 of 20

Mg++ free Ringeis: 145 mM NaCl, 5mM KCL, 20mM purchased from Life Technologies. The mRNA for these
HEPES, 1 mM Ny-Pyruvate, 1 mM EDTA, L-cysteine: 1 targets was measured by RT-gPCR using ABI QuantStu-
mg L-cysteine /1.5 mL Ca/Mg++ free Rings;, Papain:1- dio 7 flex Sequence detector. One microgram total RNA
3ul/AmL Ca/Mg++ free Ringes), for ~43-45min at was used to synthesize cDNA using the High Capacity
37 °C. Following incubation, DNase | (Promega) at 0.05c-DNA Reverse Transcription kit (ABI-P/N 4368814).
U/pl and RNAse free 10x Reaction buffer (1:20) werecDNA was diluted 1: 2 before PCR amplification.

added to solution and the tissue was gently triturated The TagMan probes were ’'abeled with 6-
using a~1 mm opening pipette. Isolated OSNs were col-carboxyfluorescein (FAM). Real time PCR reactions were
lected from supernatants via centrifugation and resus-carried out in MicroAmp optical tubes (PE ABI) in a
pended in cell sorting medium of 1x PBS (diluted from 25ul mix containing 8% glycerol, 1X TagMan buffer A
commercial 10x PBS, pH7.4) and BrainPhys Neurona(500 mM KCI, 100 mM Tris-HCI, 0.1 M EDTA, 600 nM
Medium (Stemcell Technologies). Initially, isolated cells passive reference dye ROX, pH8.3 at room
were examined with a confocal microscope to confirm temperature), 30«M each of dATP, dGTP, dCTP and
efficacy of dissociation methods, and examine cell type$00uM dUTP, 5.5mM MgCI2, 1X primer-probe mix,
and fluorescence. For RNAseq, cells were strained.25U AmpliTag Gold DNA and 5ul template cDNA.
through a 40um cell strainer and kept on ice until Thermal cycling conditions were as follows: Initiation

sorted via flow cytometry. was performed at 50 °C for 2 min followed by activation
of TagGold at 95 °C for 10 min. Subsequently 40 cycles
Flow cytometry of amplification were performed at 95°C for 15s and

Fluorescence activated cell sorting was performed in thes0 °C for 1 min. Experiments were performed with dupli-
University of Colorado Cancer Center Flow Cytometry cates for each data point. Each PCR run included the
Core on a Beckman Coulter MoFlo Astrios EQ using standard curve (10 fold serially diluted pooled cDNA
MoFlo Astrios Summit Software (6.3.1.16945). eGFP sigfrom control and experimental samples), test samples,
nal was detected using a 488 nm laser and a bandpas®o-template and NORT controls. The standard curve
526/52 nm collection filter. mCherry signal was detected was then used to calculate the relative amounts of tar-
using a 561 nm laser and a bandpass 614/20 nm collecgets in test samples. Quantities of targets in test samples
tion filter. The 488 nm laser was also used to detect lightwere normalized to the corresponding 18s rRNA (PE
scatter. The threshold was set at 3%. Gating was set t&Bl, P/N 4308310).
exclude doublets and optimized as cell populations
emerged based on fluorescent markers. Flow cytometrnRNA sequencing and pre-processing
calibration beads for AcGFP1l/eGFP and mCherryRNA quality control, library preparation, and sequencing
(Takara, 632,594, 632,595) were used as fluorescence imere performed at the University of Colorado Genomics
tensity controls. Olfactory epithelium cell suspensions and Microarray core. Extracted RNA was used as the in-
from wild type and OMP-H2B::Cherry mice or TRPM5- put for the Nugen Universal Plus mRNA-seq kit (Red-
eGFP mice were sorted as controls for auto fluorescencevood City, CA) to build stranded sequencing libraries.
for eGFP and mCherry populations respectively. Cellsindexed libraries were sequenced using an lllumina
were sorted into RNAprotect Tissue Reagent (Qiagen). NovaSEQ6000. Library preparation and sequencing was
performed in two batches, separated by gender. Eleven
RNA-extraction female samples were sequenced with an average depth
Total RNA was extracted from sorted, pooled cells from of 37.3 million +/- SD of 6.5 million read pairs, and 25
each cell population using the RNeasy Plus Micro Kit male samples were sequenced with an average depth of
(Qiagen) according to the manufacturers recommended34.8 million +/- SD of 3.5 million read pairs. Metadata

protocol. for the samples submitted are shown in Figure 2 - figure
supplement 3. Raw BCL files were demultiplexed and
RT-qPCR converted to FASTQ format. Trimming, filtering, and

Quantitative reverse transcription polymerase chain re-adapter contamination removal was performed using
action (RT-qPCR) was used to assess and confirm idenBBDuk [9].

tities of cell types from each of the sorted cell Sample size estimation was performed using R package
populations. Following total RNA extraction, RT-gPCR ‘RNASeqPower[83]. A priori estimates were not per-
was performed in the PCR core at University of Color- formed for this study. Not all samples obtained from
ado Anschutz Medical Campus for the following each mouse were of sufficient quality to proceed with
markers: OMP, TRPM5, eGFP and ChAT. Primers andRNA-sequencing and analysis. Samples for RNA-seq size
probes used for eGFP, TRPM5 and OMP were describedvere chosen based on the quality of cell sorting (sorts
in [65]. Predesigned primers and probes for ChAT werewith groups with fewer than 2000 cells were excluded),
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and overall RNA quality (the RIN score cutoff was 8). transferred for cryoprotection into PBS with 20% sucrose
No samples were excluded for downstream RNA-seqovernight. The olfactory epithelium was cryosectioned
processing. Randomization was not performed/applic-coronally into 16pum -thick sections mounted on Super-
able - each cell phenotype was collected from each anifrost Plus slides (VWR, West Chester, PA) coated with
mal. Blinding was not performed/applicable- data were poly-D-lysine.
processed with a standardized processing pipeline and
no parameters were changed between comparisons.

Post-hoc analysis reveals that based on the gene varln situ followed by immunohistochemistry (IHC)
ance coefficients of the data and the read coverage, wi situ hybridization was performed with the
are powered to detect a linear fold change of 2 with ahybridization chain reaction method 13 using HCR
power of 0.8 using a minimum of 5 samples (alpha= v3.0 Probe Sets, Amplifiers, and Buffers from Molecular

0.05). Instruments, Inc. Frozen slides were allowed to thaw
and dry, baked at 60 °C for 1h, then immersed in 70%
RNA sequencing analysis ethanol overnight at 4 °C, and allowed to dry again com-

Transcript abundance was quantified from trimmed and pletely. Slides were inverted and placed on a Plexiglas
filtered FASTQ files using Salmon v1.2.87] and a cus- platform inside a humidified chamber; subsequent steps
tomized Ensembl GRCm38 (release 99) transcriptomewere performed using this setup. Slides were incubated
[98]. A customized version of the transcriptome was pre-in 10pug/ul proteinase K for 15min at 37 °C, then pre-
pared by appending FASTA sequences of eGFP antlybridized with HCR hybridization buffer (30% formam-
mCherry to the GRCm38 FASTA file. The correspond- ide buffer from Molecular Instruments) for 30 min at
ing gene transfer format (GTF) file was modified accord- 37 °C.Trpm5-B3 probes andOMP-B2 probes (0.8 pmol
ingly to incorporate the new transcripts. Transcript of each probe in 10@ HCR hybridization buffer per
abundance was summarized at the gene level using thelide) were added, and slides were hybridized overnight
TxIlmport [82] package in R. Differential gene expressionat 37 °C. Slides were briefly incubated in undiluted HCR
was quantified using DESeq5]] with default parame- Wash Buffer (30% formamide buffer from Molecular
ters after removing genes with an average count of <83nstruments) for 20 min at 37 °C. Excess probes were
reads in each group. Significance was determined byemoved by incubating slides for 20 min each at 37 °C
FDR-adjustedp-value <0.05. TopGO was used for genein solutions of 75% HCR Wash Buffer / 25% SSCT
ontology analysis ). The input to TopGO was a list of (5X SSC, 0.1% Tween, diluted in RNAse free water),
significant DEGs and a list of all detected genes in the50% Buffer / 50% SSCT, 25% Buffer / 75% SSCT, and
dataset. Enrichment was calculated by dividing the num-100% SSCT. Slides were incubated in 100% SSCT at
ber of detected genes by the number of expected genesoom temperature for 20 min, then in Amplification
within each ontology of the TopGO output. To make Buffer (Molecular Instrunents) at room temperature
the bar graphs in Figs4 and 5, enrichment scores of for 1h. B3 hairpins labeled with Alexa Fluor 647 and
downregulated GO terms were multiplied by-1 for B2 hairpins labeled with Alexa Fluor 546 were pre-
visualization. Heatmap visualization was performedpared (12 pmol of each hairpin were heat shocked,

using pHeatmapin R [39]. then cooled for 30 min, and added to 2Q0 of Amp-
lification Buffer) added to slides, and incubated over-
RNA-sequence data comparison with Ualiyeva et al [86] night at room temperature. Excess hairpins were

Raw counts for this study and for Ualiyeva et al. (GEOremoved with four washes (20 min) in SSCT at room
GSE139014)d6] were converted to log1l0(reads per mil- temperature. Slides were then processed with IHC
lion (RPM) +1). These RPM values were used to generprotocol to stain for GFP. At room temperature, tis-

ate heatmaps to show the expression values of specifisue was permeabilized with Triton X-100 0.1% in PBS
transcripts. No quantitative assessment was performedor 30 min, washed three times with PBS, blocked

between the two studies. with Donkey serum 5% and Tween 20 0.3% in PBS
for 1h, incubated with Chicken anti-GFP primary

Tissue preparation for fluorescence microscopy and in antibody (1:500 in blocking solution, AB_2307313

situ Aves labs) overnight, washed three times with PBS

For euthanasia, mice were anesthetized with ketamineland incubated with Donkey anti-Chicken secondary
xylazine (26-100 _g/g of body weight), perfused trans- antibody conjugated with alexa fluor 488 (1:500 in
cardially with 0.1 M phosphate buffer (PBS) followed by blocking solution, 703-545-155 Jackson ImmunoRe-
a PBS-buffered fixative (EMS 32% Paraformaldehydsearch laboratories).After three final washes with PBS,
aqueous solution diluted to 4% with 1x PBS). The noseslides were mounted using Fluoromount-Gmounting
was harvested and postfixed for 12h before beingmedium with DAPI (Thermo Fisher Scientific).
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Confocal fluorescence microscopy Abbreviations
Microscopy was performed with confocal microscopes COVID-19: Coronavirus disease 2019; DPI: Days post infection;

. . . . eGFP: Enhanced green fluorescent protein; FACS: Fluorescence-activated cell
(Lelca SP8’ Nikon A1R or 3i Mananas)' sorting; FDR: False discovery rate; GLM: Generalized linear model; GO: Gene

ontology; MVCs: Microvillous cells; OMP: Olfactory marker protein;
Three-dimensional tissue imaging OSNs: Olfactory sensory neurons; PSF: Point spread function; SARS-CoV-

. . . . . . 2: Severe acute respiratory syndrome coronavirus clade 2; SSC: Saline-sodium
For thre(_a-dlmensmnal_ Imaging, a hlgh numerical a_perture citrate; SSCT: SSC with tween; TRPMS: Transient receptor potential cation
(NA) oblique plane microscope was use@1, 74). Briefly, channel subfamily M member 5
this variant on a light sheet microscope only uses one object-
ive to interface with the sample. The sample is illuminated Supplementary Information
from the epi-direction using an obliquely launched light The online version contains supplementary material available at https://doi.
sheet. Emitted fluorescence is detected through the same pri® ' 189/512664:021-07528-y.
mary objective used for illumination. A secondary and ter-
tiary objective optically resanip the emitted fluorescence to
image the fluorescence resing from the obliquely launched
light sheet onFo a det_ect(_)rE[J, 74]. For the primary, se_c_ond— Acknowledgements
ary, and tertiary Ob]eCtIVE we used a hlgh'NA silicone We would like to acknowledge the support of Nicole Arevalo for laboratory
immersion objective (Nikon x 100 NA 1.35, 0.28.31 mm  support, Jerome Artus and Anna-Katerina Hadjantonakis for the construction
: P i e ; ARt of the targeting vector and production of OMP-H2B:Cherry mice, Emily
\(Alilolr(lgzgx f(l)sﬁzcg)és aO 2'59(? ]_I\éAmrilr Cl)rl?(r?]gr(sjlcs)?anggj)e(;:‘\llg Liman for providing TRPM5 and TRPC2 antibody and Catherine Dulac for
| . . . Wi | I idi i
) ’ providing tissue from TRPC2 knockouts.

a bespoke glass-tipped objee (AMS-AGY v1.0, NA 1.0, 0
mm working distance), respectively. Images were acquireduthors’ contributions _ _

. L . DR, BD.B, MAN. and V.RR. conceptualized the project. B.D.B. performed
by_ a hlgh-spe.ed scientific CMOS camera (PhOtometnCSFACS, gPCR and RNAseq experiments. E.D.L. performed genomic analysis. P.F.
Prime BSI) using custom Python software 74, https://  generated the OMP-H2B:Cherry mice. MAN, AN.B. and CSN. designed ex-
github.com/inIab/opn). periments. AG.P,, CSN. and J.HJr. performed experiments. D.S. designed and

. . analyzed in situ experiments. L.M. performed in situ experiments and litera-
The Ob"quely la_unChed Ilght sheet was set tO- 30 degree‘?ure search and wrote the section on viral infection in the discussion. All au-
above the COVGI’S|Ip. The sample was translated in one laterahors contributed to writing and editing the manuscript. The author(s) read
dimension (x) at a constant speed by a scan optimized stag@?d approved the final manuscript.
The scan speed was set so that images with a 5-millisecong|,4ing
exposure time were acquired at 200 nm spacing over a diSthis work was supported by NIDCD DC014253 and NIA DC014253-0451 (DR),
tance of 5.5 mm. This constant Speed scan was performeé)/ the RNA Bioscience Initiative of the University of Colorado Anschutz Med-
for th | lina th h th itati ical Campus (DS and DR) and by NIDCD R21DC018864 (EDL). A Starr Stem
Or the same volume, cycling through three excitation Wave- | G nt (j, AKH and PF) supported the production and characterization
lengths (405, 488, 635 nm) and three sample height positionsf the OMP-H2B:mCherry mouse strain. The funding bodies had no role in
(Z) with 20% overlap. Once the cycle of wavelengths andhe experimental design or collection, analysis and interpretation of data or

! . ._in writing the manuscript.
height positions completed, the sample was then laterally dis-
placed (y), again with a 20% overlap, and the scan was r@uvailability of data and materials
peated over a 55mmx5.5mm x .035mm (x,y,z) imaging*” data sequencing data are available in NCBI SRA https://www.ncbi.nlm.nih.
: v/sra/PRINA632936. The code used for bioinformatics analysis is found in

volume. Raw data was orthogonally des_kevyed, stitched, an&fm J/qithub.com/eric-c-larson/OF. TRPMS
fused using custom Python code and BigStitch@6] After
export, each inset image was deconvolved using MicrovoluDeclarations

tion and measured point spread functions.

Additional file 1.
Additional file 2.

Ethics approval
Mouse experiments were carried out under guidelines of the National
Statistical analysis Institutes of Health in compliance with University of Colorado Anschutz
Statistical analysis was performed in Matlab (MathWOI‘kS,MEdlcal Campus Institutional Animal Care and Use Committee (IACUQ).
USA). Statistical significance was estimated using a genconsent for publication
eralized linear model (GLM), with post-hoc tests for all Not applicable.
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