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Abstract

The olfactory neuroepithelium serves as a sensory organ for odors and forms part of the nasal
mucosal barrier. Olfactory sensory neurons are surrounded and supported by epithelial cells.
Among them, microvillous cells (MVCs) are strategically positioned at the apical surface, but
their specific functions are enigmatic and their relationship to the other specialized epithelial

cells, particularly the solitary chemosensory cell family, is unclear. Here, we establish that

the family of MVVCs comprises tuft cells and ionocytes in both mice and humans. Integrating
analysis of the respiratory and olfactory epithelia, we define the distinct receptor expression

of TRPM5* tuft-MVCs compared to Ga-gustducinM9n respiratory tuft cells and characterize a
previously undescribed population of glandular DCLK1* tuft cells. To establish how allergen
sensing by tuft-MVCs might direct olfactory mucosal responses, we employed an integrated
single-cell transcriptional and protein analysis. Inhalation of A/ternariainduced mucosal epithelial
effector molecules including Chil4, and a distinct pathway leading to proliferation of the quiescent
olfactory horizontal basal stem cell (HBC) pool, both triggered in the absence of olfactory
apoptosis. While the Chil4 pathway was dependent on STAT6 signaling and innate lymphocytes,
neither were required for HBC proliferation. Alternaria- and ATP-elicited HBC proliferation was
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dependent on TRPM5*tuft-MVCs, identifying these specialized epithelial cells as regulators of
olfactory stem cell responses. Together our data provide high resolution characterization of nasal
tuft cell heterogeneity and uncover the functional capacity of TRPM5* tuft-MVCs to direct the
olfactory mucosal response to allergens.

One Sentence Summary

TRPM5* microvillous cells in the olfactory neuroepithelium are tuft cells that regulate olfactory
stem cell proliferation.

INTRODUCTION:

The nose contains two functionally distinct but anatomically overlapping mucosal
compartments: the respiratory and olfactory epithelia. The olfactory neuroepithelium is a
unique organ comprised of olfactory sensory neurons (OSNs) surrounded by specialized
epithelial cells. OSNs have a limited lifespan and continuously regenerate from a population
of proliferating progenitor cells called globose basal cells, specific to the olfactory mucosa
(1). A second type of stem cells specific to the olfactory mucosa, the horizontal basal

stem cell (HBCs) are quiescent and serve as a reserve population, but can be activated by
profound damage with loss of neuroepithelial structure to repopulate both the OSNs and the
olfactory epithelial cells (1-4). The nasal olfactory and respiratory epithelia overlay a dense
network of submucosal glands and interspersed immune cells. Thus, the nose represents a
site of closely interacting epithelial cells, OSNs, stem cells, and secretory glands at the first
entry of inhaled air.

Sustentacular cells and two distinct subsets of microvillous cells (MVCs) are specialized
olfactory epithelial cell types with emerging functions in mucosal immune responses (5, 6).
The smaller, pear-shaped MV Cs lining the apical surface of the olfactory neuroepithelium
are distinguished by the expression of the Transient Receptor Potential Cation Channel
Subfamily M Member 5 (TRPM5), a taste receptor-linked calcium-activated monovalent
cation channel (5, 7). Another subset of MV Cs, with a broad cell body and a slender
cytoplasmic process extending to the basement membrane, are distinguished by expression
of both the type 3 IP3 receptor (IP3R3) and the 5’ exonucleotidase CD73, and a lack

of expression of TRPM5 (5, 8-11). Both TRPM5* and TRPM5~ MVCs derive from a
common c-kit* progenitor but differ in their differentiation trajectory (10, 12). TRPM5"~
MVCs are implicated as a source of the neuropeptide Y, capable of directing the activation
and proliferation of globose basal cells (11, 13), while deletion of TRPM5* MVC leads to
impaired olfactory-guided behaviors after extended exposure to strong odorants (14).

TRPM5* MVCs also express the acetylcholine-producing enzyme choline acetyltransferase
(ChAT) (15). TRPM5 and ChAT notably also mark tracheal tuft (also known as brush)

cells (16-18), intestinal tuft cells (19, 20), and the related nasal solitary chemosensory cells
(SCCs) (21-23), which suggests shared activation pathways between tuft cells and TRPM5*
MVCs. TRPM5* MVC development depends on Pou2f3 (24), a transcription factor also
required for tuft cell development in all mucosal compartments (25-27). However, other
defining features of tuft cells such as the expression of taste receptor type I and Il families
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and the taste signaling G protein Ga gustducin (28, 29) are low or absent in TRPM5* MVCs
(5, 7, 24, 30). Our previous studies demonstrated that ChAT-eGFP* nasal epithelial cells
with morphological and transcriptional features of TRPM5* MVCs are directly activated

by allergens and respond by generating cysteinyl leukotrienes CysLTs (31). Intestinal and
airway tuft cells are also the dominant epithelial source of 1L-25 (31-33). Tuft cell activation
— by parasites, or metabolites derived from microbiota — directs the activation of type

2 innate lymphoid cells (ILC2) leading to IL-13-driven type 2 inflammation and stem

cell activation (34). Whether TRPM5* MVCs, like tuft cells, engage with ILC2s to drive
inflammation or stem cell proliferation in the olfactory mucosa after allergen inhalation is
not known.

Here, we applied single-cell sequencing and histological approaches to demonstrate that
TRPM5* MVC, SCCs and a third “intermediate” population of ChAT-eGFP* nasal epithelial
cells all belong to the tuft cell family. The three tuft cell subsets share a core transcriptional
profile including 7rom5, Pou2f3, Chat, Avil, 1125and Ltc4s. The distinct population

of TRPM5~ MVCs corresponds transcriptionally to pulmonary ionocytes (expressing

Cftr, Foxil, Ascl3, Coch). By generating a single-cell atlas of the mouse nasal mucosa
(containing 63,125 cells), we found that A/ternariainhalation caused a marked proliferation
of HBCs in the olfactory mucosa, even in the absence of profound damage to the OSNs or
accessory epithelial cells. Strikingly, both allergen- and ATP-induced stem cell proliferation
were substantially reduced after genetic deletion of tuft cells using Pou2f3”~ mice. Genetic
ablation of lymphocytes (in //7r”~mice) and IL-4/1L-13 receptor signaling (in Stat67~
mice) did not affect allergen-induced stem cell proliferation, indicating that tuft cells are part
of a neuroepithelial-intrinsic circuit that drives activation of typically quiescent HBC stem
cells. Together, our data define extensive heterogeneity of sensory neuroepithelial cell-types
in the nasal mucosa and delineate a previously undescribed role for tuft-MVCs in the control
of stem cell proliferation.

RESULTS:
Mouse olfactory TRPM5* MVCs are tuft cells and TRPM5~ MVCs are ionocytes.

To define the transcriptional profile of mouse olfactory and nasal respiratory chemosensory
ChAT-eGFP™* cells, we separated olfactory from respiratory mucosa along the anterior
portion of the olfactory turbinates and obtained single-cell suspensions from each
compartment (Fig. S1A). The olfactory mucosa contained the majority of ChAT-eGFP* cells
assessed by flow cytometry (FACS) (69%) compared to 31% derived from the respiratory
preparation (Fig. SIB—F). ChAT-eGFP™* cells were abundant in the olfactory mucosa (22%
of EpCAMMNIIN cells) but were also surprisingly prevalent in the respiratory mucosa (10% of
EpCAMNIGN cells and 1% of live cells) (Fig. SIB—F). We confirmed that most ChAT-eGFP
FSCIoW cells were derived from the olfactory mucosa while rare FSCM3h were mostly
respiratory (Fig. S1G-H) consistent with our previous findings that FSC!W ChAT-eGFP*
cells correspond to olfactory MV/Cs and FSCi9" ChAT-eGFP* correspond to respiratory
nasal SCCs (31).

We then compared the ChAT-eGFP* cells to EpCAMDNI9N cells from each of olfactory
and respiratory epithelia by scRNAseq (Fig. 1A). To ensure sufficient SCC numbers, we
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enriched for the scarce elongated FSCN9" ChAT-eGFP* cells (Fig. S11). Unsupervised
clustering identified a subset of TRPM5™* epithelial cells which expressed known tuft cell
markers and clustered distinctly from all other EpCAMNAN cells from the respiratory and
olfactory mucosa (Fig. 1A). Confirming their identity, transcriptome-wide analysis using

a random forest classifier mapped 94% of the cells in the TRPM5* epithelial cell cluster
(itself 44.1% of all cells) to tracheal tuft cells (35) (Fig. 1B). Besides tuft cells, we
identified a second population of abundant differentiated epithelial cells NEGATIVE for
Chatand Trom5but POSITIVE for Asc/3and Nit5e (CD73), consistent with descriptions of
TRPM5™ MVCs (10, 11, 36). We mapped 96% of them to pulmonary ionocytes (Fig. 1B),
unambiguously identifying them as nasal ionocytes.

Tuft cells and ionocytes appeared markedly more abundant in the nose than their reported
frequency in the trachea (35). To characterize their actual distribution, we evaluated the
numbers of tuft cells and ionocytes in a non-enriched scRNAseq dataset from the nose
(introduced in Fig. 3) and compared to published tracheal scRNAseq data (35). We found
that tuft cells comprise 4.7% of EpCAM™ cells from the olfactory epithelium, 3.7-fold more
common than in the trachea (Fig. 1C). lonocytes comprised 5.4% of EpCAM?* cells from the
olfactory epithelium, 12.3-fold more common than in the trachea (Fig. 1C).

The large population of nasal tuft cells identified here expressed the canonical markers

of tracheal and intestinal tuft cells: the actin-binding protein advillin Avi/, Trom5, and
eicosanoid biosynthetic enzymes Alox5ap and Ltc4s (Fig. 1D and Data File S2, S3).

Nasal ionocytes (TRPM5™ MV Cs) expressed high levels of Cftr, Cochand Foxi1 (Fig.

1D, Data File S3). Immunofluorescence of cross sections confirmed that both cochlin*

and CFTR* ionocyte-like epithelial cells and ChAT-eGFP*/TRPM5* MVCs were abundant
in the olfactory epithelium (Fig. 1E) and ionocytes are found in lower numbers in the
respiratory epithelium (Fig. S2A). The remainder of the EpCAMNIN cells were comprised of
differentiated epithelial cells, basal cells, and a minority of olfactory marker protein (OMP*)
OSNs, Fig. 1A, D). To validate the separation of olfactory and respiratory mucosa, we used
aquaporin 4 (Agp4) as a distinguishing marker between OSNs and vomeronasal sensory
neurons (VSNs) (37) (Fig. S2B-D). Although the vomeronasal organ (VNO) is an olfactory
organ, it is located in the anterior part of the nose surrounded by respiratory epithelium

(Fig. S1A). We found nearly all Agp4* neurons in our single cell preparations were derived
from the respiratory portion (Fig. S2B), where the Agp4* VSN are located (Fig. S2C-D),
validating our separation of tissue origin.

TRPM5*/ChAT™ cells in the olfactory and respiratory mucosa of the nose are historically
defined as distinct epithelial subsets — olfactory MVCs and respiratory SCCs, largely based
on the absence of taste receptors and transduction machinery in MVCs (7, 38). However, we
found that olfactory and respiratory 7rpm57/ Chat™ cells shared a core transcriptional profile
defined by transcripts involved in taste transduction ( 7rom5, Gngl3), calcium signaling
molecules (Lrmp, Pik3cg, Hck, Vavi, Matk, Pik3r5), the transcription factors Spib, Pou2f3
and PouZaf2 and the CysLT biosynthetic enzymes Alox5, Alox5ap and Lic4s (Fig. 1F).
This core effector profile was shared by tuft cells in the trachea (35) and intestine (39),

as defined by our previous single-cell analyses (Fig. 1G). Thus, tuft cells in all mucosal
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compartments are distinguished by the expression of the necessary machinery to rapidly
generate Ca%*-signaling dependent mediators — eicosanoids and acetylcholine.

Human olfactory TRPM5* MVCs are tuft cells and TRPM5~ MVCs are ionocytes.

To determine whether human MVCs subdivide into tuft cells and ionocytes, we reanalyzed
two published human scRNA-seq data sets. The Durante et a/ (40) dataset includes samples
from the olfactory cleft while the Ordovas-Montanes et al. (41) contains samples derived
exclusively from the respiratory mucosa of patients with chronic rhinosinusitis (CRS) with
or without polyposis. Focused analysis of the cluster of 116 cells annotated by Durante et
al. as MV Cs identified two subsets (Fig. 1H). One subset (of 30 cells) was highly similar
to mouse tuft cells, with distinct expression of the pan-tuft cell markers AV/L and LRMP,
eicosanoid pathway components ALOX5APand PTGSI, the IL-25 receptor /L17RB, and
the tuft cell transcription factor POUZF3. In the Ordovas-Montanes dataset (41), 13 of

the 19,196 cells profiled were nasal tuft cells. They were identifiable by their specific
expression of pan-tuft cell markers AVIL, LRMPF, RGS13, taste transduction protein PLCBZ,
and eicosanoid transcripts ALOX5and PTGSI (Fig. S2E, F). Finally, we confirmed that
human olfactory TRPM5*MVCs express ALOX5, ALOX5AP, and LTC4S, required for
CysLT generation (Fig. S2G) providing a functional connection to mouse tuft cells.

The second subset (of 86 cells) of MVCs in the Durante et a/. olfactory-enriched dataset was
highly similar to mouse TRPM5~ MVCs (Fig. 1H, Data File S4) (40).We also identified 79
ionocytes in the human respiratory epithelium dataset (41) (Fig. S2E, Data File S4). Human
nasal ionocytes from both datasets shared the transcriptional profile of human pulmonary
ionocytes and mouse pulmonary and nasal ionocytes with specific expression of the ion
channels CFTR, CLCNKB, the transcription factors FOX/1 and ASCL3, and the vacuolar
ATP-ase ATP6V1G3. To locate human tuft cells and ionocytes in olfactory biopsies, we used
neural cell adhesion molecule 1 (NCAML1) (42), which is expressed at high mRNA levels

in both mature and immature human OSNs (Fig. S2G). In the olfactory neuroepithelium,
marked by NCAM1 and OMP, advillin* cells were interspersed between OSNs (Fig. 11).
These olfactory tuft cells had globular shape like olfactory TRPM5* MVCs suggesting

a shared morphology (Fig. 11, inset). FOXI1* ionocytes were also found in the human
olfactory mucosa scattered between NCAM1* OSNs (Fig. 1J). In the respiratory human
epithelium, the adivillin- and DCLK1-positive tuft cells were spindle shaped (Fig. 1K-L).
We also identified FOXI1* ionocytes in the respiratory epithelium of human biopsies (Fig.
1M). In summary, we confirmed that the human tuft cells and ionocytes represent two
distinct subsets of the previously described human MVCs in the olfactory mucosa. As in
mice, olfactory and respiratory tuft cells share a common transcriptional profile, as is the
case for ionocytes.

Three subsets of mouse nasal tuft cells correspond to MVCs, SCCs, and a population of
glandular tuft cells.

Our single-cell analysis showed all 77om5*/Chat* nasal epithelial cells cluster together
and share the tuft cell transcriptional profile. To reconcile this with the literature that
defined olfactory MV Cs as distinct from respiratory SCCs and other chemosensory cells,
we examined their heterogeneity. Unsupervised clustering of the tuft cells identified three
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subgroups (Fig. 2A), all expressing the pan tuft cell signature defined by Nadjsombati et

al. (32) (Fig. S3A) but each defined by distinct markers (Fig. 2B left, Data File S5) and

G protein-coupled receptors (Fig. 2B right). We interpreted the dominant population of

tuft cells as TRPM5* MVCs (Fig. 2A) since they were largely derived from the olfactory
mucosa (Fig. S3B-C) and did not express the wide range of taste receptors that defines
SCCs (Fig. 2B). TRPM5* MV Cs were defined by the high and ubiquitous expression of tuft
cell markers 7rpmb, Pou2f3, and Chat (all original markers of TRPM5* MVCs (7, 15, 24,
28)) and the pan-tuft marker Avi/ (Fig. 2B-C, S3D-E). ChAT-eGFP* cells were abundant
with a globular body and a single very short process ending with short brushes at the apical
surface, identical to TRPM5* MVCs (38) (Fig. S3F-G). These TRPM5* MV Cs expressed
the taste receptor associated protein Ga-gustducin Gnat3 (Fig. 2C) at low levels in ~50% of
these cells (Fig. S3E), consistent with other reports (30). They also expressed high levels of
eicosanoid biosynthetic enzymes Pfgsi, Hpgds, Alox5, Alox5ap and Ltc4s (Fig. 2C, S3H)
and the tuft cell cytokine //25(Fig. 2B-C, S3H). Comparison of tuft-MVCs to the tracheal
tuft cell subsets using a machine learning classifier showed highest similarity to previously
described eicosanoid-enriched tuft-2 cells (35) (Fig. 2D). Since TRPM5*MVCs shared the
location and morphology of MV Cs and the core transcriptional profile of tuft cells, we refer
to them as tuft-MVCs.

We identified a previously undescribed marker of tuft-MVCs: Nrgn, encoding neurogranin,
a postsynaptic neuronal protein in the calpacitin family (43) (Fig. 2B-C), and validated

its expression at the protein level (Fig. 2E—F) and absence in tuft cell-deficient Pou2f37~
mice (Fig. S4A-B). Nearly all ChAT-eGFP* olfactory epithelial cells were positive for
neurogranin (Fig. 2F) and advillin (Fig. 2G) but negative for Ga gustducin protein (Fig.
S4C-E). Scattered rare neurogranin™ cells were also detectable in the respiratory epithelium
(Fig. 2E, H, S4B, D-E). Surprisingly, tuft-MVCs had very low levels of both Dc/kZ and the
encoded DCLKZ1 protein, commonly used to identify tuft cells in the intestine and trachea
(27, 44) (Fig. 2C, 1). In the olfactory epithelium, DCLK1 marked epithelial cells with ductal
morphology (Fig. 21 inset), indicating that DCLKZ1 is not a tuft cell-specific marker in the
nose.

A second, rarer population of tuft cells was exclusively derived from the respiratory
epithelium (Fig. 2A, S3B-C), and strongly enriched for transcripts that define the elongated
nasal respiratory SCCs, including type 1 (7as1r1, Tas1r3) and type 2 (7as2r104, Tas2rl105,
Tas2r108, Tas2r118, and Tas2r138) taste receptors, the succinate receptor Sucnrl and
ubiquitous and high expression of gustducin components Gnat3and Gnb3 (21, 28, 45)

(Fig. 2B-C, S3E). These cells had a spindle-shaped morphology (Fig. S3F) and were

also enriched for the core tuft cell genes (Fig. 2C, S3A, D-E, H). Because of this
morphology and marker expression characteristic of nasal respiratory SCCs, combined with
the transcriptional profile of tuft cells, we refer to them as tuft-SCCs. The tuft-SCCs were
most similar to the taste receptor-enriched tracheal tuft-1 cells (Fig. 2D). Histologically,
tuft-SCCs were largely negative for neurogranin (Fig. S4AD-E), but were marked by ChAT-
eGFP, advillin and Ga-gustducin (Fig. 2K-L, Fig. S4E-F). Tuft-SCCs highly expressed
neuropeptide bone-derived neurotrophic factor (Bdnf) and //10 (Fig. 2B) suggesting a
possible immunomodulatory role.
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Finally, we identified a transcriptionally intermediate population of tuft cells (Fig. 2A-C)
that expressed high levels of Dc/k1 and was enriched for //13ral (Fig. 2B), responsible

for type 2 inflammation-induced tuft cell proliferation in the intestine (34). They were also
enriched for Ly6dand Lyé6e, transcripts associated with breast and prostate glandular cancers
(46) (Data File S5). We identified a distinct population of tuft cells in the lateral nasal

gland (LNG) — a large serous glandular structure unique to the murine nasal cavity (Fig.

21, Fig. S1A T3-T4). These ChAT*/advillin* tuft cells were also positive for neurogranin,
Ga-gustducin and DCLK1, and thus correspond to this intermediate tuft cell population
(Fig. 2C, 1-J, S3E, S4G-H). Based on their transcriptional profile and their anatomical
location in the LNG we refer to them as tuft-gland. Deconvolution (47) of bulk RNAseq of
sorted elongated (FSCM9") and globular (FSC'W) tuft cells from olfactory and respiratory
epithelia suggested that tuft-gland cells are likely of intermediate morphology, since they
were equally represented in elongated (FSC9M) and globular (FSC'W) gates (Fig. S41).

We also characterized the vomeronasal organ (VNO) ChAT-eGFP* cells as positive for
Ga-gustducin (48) but negative for neurogranin and DCLK1, making them most similar to
tuft-SCCs, despite their proximity to OMP* neurons (Fig. S4J-L). Finally, we confirmed the
ubiquitous expression of Lic4s mRNA in all subsets of nasal tuft cells: tuft-MVCs in the
olfactory mucosa, tuft-gland in the LNG and tuft-SCCs in the respiratory epithelium (Fig.
2M-0).

Together, these data define three nasal tuft cell subsets with common and distinct
transcriptional, morphological, and anatomical features. All three shared expression of
Tromb5, Chat, 1125 and the transcripts of the eicosanoid generating cascade A/ox5,

Alox5ap, Ltc4s, Ptgs1, and Hpgds, but could be distinguished based on their expression

of neurogranin (tuft-MVC and tuft-gland), protein expression of Ga-gustducin (tuft-SCC
and tuft-gland) and DCLK1 (only tuft-gland). Each group had distinct receptor expression of
taste and succinate receptors as well as expression of adrenergic receptors. Adrb2, AdraZa,
and Adrb1 were enriched in tuft-MVC, tuft-gland, and tuft-SCC subtypes respectively (Fig.
2B, right), raising the possibility of distinct interactions with norepinephrine secreting
sympathetic neurons.

Characterization of the mouse nasal mucosal immune system during homeostasis and in
response to inhaled allergen

We next sought to map the nasal mucosal immune and neuroepithelial system at homeostasis
and during response to inhaled allergens. We performed scRNA-seq at homeostasis (/=4
mice) and after nasal inhalation of the mold allergen Alternaria alternatain the innate

phase (36h after a single inhalation, /7=3) and adaptive phase (36h after 2 inhalations

given 6 days apart, 7=2) (Fig. S5A). We included equal numbers of CD45* immune cells
and EpCAM* cells (both EpCAMNI9N and EpCAMintermediate) ey nanding FACS gating to
capture OSNs, and again sampled cells from olfactory and respiratory mucosa (Fig. S5B).

In total, we profiled 50,448 high-quality epithelial and immune cells and OSNs (Fig. 3A).
Unsupervised cluster analysis detected 11 subtypes of myeloid (Fig. 3B, S5C) and 17
subtypes of lymphoid cells (Fig. 3C, S5D).
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In the myeloid compartment at homeostasis, macrophages were most abundant (13%)
followed by tissue-resident conventional neutrophils (11.7%), an additional group (4.3%)
of the recently described Siglec F* neutrophils (49) (Fig. 3B, D). Siglec F* neutrophils
and neutrophil precursors were highly abundant in the olfactory mucosa (Fig. 3D, S5E)
(49). Lymphocytes were concentrated in the nasal respiratory portion, likely due to the
nasal lymphoid tissue there (Fig. 3E). The ILC2 subset accounted for 5 and 6% of the
hematopoietic cell pool in the olfactory and respiratory epithelia, respectively (Fig. S5E-F,
Data File S6). We recovered all canonical T helper subsets (Th) except for Tyl cells and
observed a population of -y6 T cells which expressed high levels of //17aand Rorc (Fig.
S5D) as did TH17 cells. Both //17a-expressing subsets were respiratory-enriched, as were
ILC1, and NK cells (Fig. 3E, S5D-F).

Alternaria inhalation triggered rapid recruitment of eosinophils and ILC2 expansion in the
nose when assessed by flow cytometry (Fig. S6A), similar to the immune response in the
lung (44, 50, 51). Interestingly, we also found a moderate increase in Siglec F* neutrophils
(Fig. S6A) (49). Analyzing fewer cells, our sScRNA-seq data was not statistically powered
to detect all of these changes (Fig. 3F). One day after a single inhalation, the proportions
of immune cell subsets were relatively stable (Fig. 3F, S6A-B). During the adaptive phase
of inflammation (36h after the second dose of Alternaria), TH2 cells and regulatory T cells
doubled (Fig. 3F) while the relative fraction of almost all myeloid cells decreased (Fig. 3F,
Data File S6), likely a reflection of their stable absolute numbers.

Next, we defined cell-type specific (Data File S7) and Alternaria-induced genes (Fig. S6C—
E, Data File S8). As expected, Alternariadrove a type 2-polarized innate immune response
24h after inhalation with type 2 effector cytokines //5and //13 specifically upregulated

by ILC2s (Data File S8), while T2 cells showed the strongest transcriptional response to
a second Alternaria dose (Fig. S6E). Finally, we characterized the intercellular signaling
induced by the aeroallergen among the diverse cell types of the nasal mucosa (Fig. 3G). We
mapped all receptor-ligand gene pairs — annotated in either CellPhoneDB 2.0 (52) or the
FANTOMS (53) databases — that showed differential expression in response to Alternaria
(Data File S9). In addition to the classical cytokines //5and //13, additional effector signals
associated with type 2 inflammation was upregulated by ILC2s including Calca, (Fig. 3G)
and //17rb (Data File S8). Together, these data characterize the specific cell types and
pathways constituting the type 2 polarized response to Alternaria in the nasal mucosa.

Mapping the subtypes of epithelial cells in the mouse nasal mucosa.

We next defined the diversity of olfactory epithelial cells (Fig. 4A-J, S7, and Data File

S7). Sustentacular cells, tuft-MVCs, ionocytes, ductal cells and globose basal cells (Fig.
S7A) were predominantly derived from the olfactory mucosa (Fig. 4B, Fig. 1A, 1D, S7A).
(4, 54, 55). The epithelial stem cells of the respiratory mucosa and olfactory HBCs were
transcriptionally highly similar despite their distinct morphology (S7B-C), but we identified
distinct markers including the respiratory-enriched Krt15 (Fig. S7D).

Olfactory Cyp2g1* cells were comprised of two major subsets with distinct characteristics:
first, sustentacular cells were marked by CypZ2g1, Muc2and //33, and while a second
CypZg1™ population negative for Muc2 expressed Agp4 and Aqps, markers of Bowman’s
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gland ductal cells (56) (Fig. 4A, C-G, S7E, F). We confirmed that MUCZ2 was also highly
enriched in human sustentacular cells by reanalyzing data published by Durante et a/ (40)
(Data File S4). The Bowman’s gland ductal cells were also unexpectedly positive for
DCKL1 (Fig. 4F-G), previously considered a tuft cell marker. Since they were positioned
between OSNs and epithelial cells, we refer to them as transepithelial ductal cells. They
were enriched for the PGD, receptor DP1 (Pfgadr) (Fig. 4A), associated with mucus secretion
in humans (57). We identified a new population of submucosal ductal cells distinct in

their expression of several members of the bactericidal/permeability-increasing protein (BPI)
fold family members — Bpifb3, Bpifo4 and Bpifbé (Fig. 4A, G, Data File S7), and high
expression of the SARS-CoV2 entry molecule ACE2 (Fig. S7G-I). Notably, BPI proteins
have been linked to regulation of viral replication (58).

We identified two additional types of mucous cells: Gp2* goblet cells and Mucs6™/THZ*
glandular mucous cells (Fig. 4B). Gp2* goblet cells were abundant and scattered in the
respiratory epithelium (Fig. 4C, E) and LNG in the posterior portion of the nose (Fig.
S7J-K). The Muc5b* glandular mucous cells specifically expressed the trefoil factor 7772,
secreted in concert with mucins and involved in epithelial restitution (39), as well as Bpifal
(SPLUNC1), important for nasal epithelial defense (59)(Fig. 4A). We used Muc5b protein as
a marker of glandular mucous cells and were found in 1) the acinar cells in the Bowman’s
glands of the olfactory epithelium (Fig. 4H-I); 2) respiratory submucosal glands (Fig. 4H, J)
and 3) acinar cells in the LNG (Fig. 4H). We detected only low Muc5b expression in Gp2*
goblet cells on the luminal surface of the respiratory epithelium and LNG (Fig. STK-L).
Consistent with this wide distribution of mucin-expressing cells, we find multiple Periodic
Acid Schiff positive cells in the respiratory mucosa and Bowman’s glands (Fig. S7TM).

Finally, we identified a population of epithelial cells marked by odorant binding protein
(OBP)-encoding genes: Obpla, Obplb, ObpZa(Fig. 4A, STN-0). OBPs reversibly bind
odorants for delivery to the OSNs (60). These cells were detected in the submucosal area
of the LNG based on high Obplaexpression by in situhybridization (Fig. S7N), consistent
with scRNA-seq (Fig. S70), and similar to previous studies in rats (60). In addition, we
found high Obp1aexpression in the septal submucosal glands (Fig. 4K-L).

We then analyzed the responses of the olfactory and respiratory mucosa to aeroallergen
inhalation of Alternaria. We identified a 1.4- and 3.9-fold increase in Muc5b glandular
mucous cells in the epithelium after one and two A/fernaria doses respectively, and a
2.9-fold increase in Gp2goblet cells after two Alternariadoses (Fig. 4M, S8A-B, Data
File S6). Differential expression analysis distinguished between cell-type specific and cell
type-independent effects, identifying Muc5b* glandular mucous and Gp2* goblet cells as
the most strongly responsive cell-types, and chitinase-like protein 4 (Chil4) as the gene
most strongly up-regulated across multiple cell types (Fig. 4N-O, S8C, D). Chil4 increases
in lung type 2 inflammation (61), in the nasal mucosa in an //13 overexpressing system
(62), and was recently shown to form crystals thought to amplify type 2 inflammation

(63). Additionally, S100a6, Sprriaand Sprr2a3were induced by Alternariainhalation (Fig.
4N). This was notable as these transcripts are prominently upregulated when the olfactory
neuroepithelium is regenerated after full ablation (3), suggesting that the allergen Alternaria
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induces IL13-dependent remodeling (Chil4) but also a distinct olfactory injury-triggered
neuroregeneration program (S100a6, Sprriaand Sprr2a3).

Allergen inhalation induces horizontal basal stem cell proliferation.

Inhalation of the mold allergen Aspergillus leads to rapid OSN and epithelial cell death
assessed histologically (64). To determine whether Alternaria causes similar disruption of
neuroepithelial structure, we assessed the integrity of olfactory and respiratory mucosa

by histology. Notably, the multilayered organization of the olfactory neuroepithelium —

with OMP* OSNs overlying 1-2 layers of B-tubulin* (TUJ1*) immature olfactory sensory
neurons (ISNs) and a single layer of proliferating Ki67* globose basal cells — was preserved
after Alternaria (Fig. 5A, S9A). In addition, neither the thickness of the OMP layer (Fig.
5A, S9B), nor the proportion of OMP* OSNs and sustentacular cells detected in SCRNAseq
showed any significant change (Data File S6), together implying there was no profound
OSN loss. Assessment using TUNEL showed clear evidence of apoptotic cells in respiratory
but not in olfactory epithelia after a single Alternaria inhalation (Fig. S9C-D). We did not
detect induction of necrosis or apoptosis-associated transcriptional programs in OSNs, while
a minor signal was induced in HBCs after a single challenge and in sustentacular cells only
after two challenges (Fig. S9E). Together, these data show that A/ternaria inhalation does not
cause substantial olfactory cell death.

The most notable change was along the basal layer of the olfactory neuroepithelium

where the number of Ki67* cells visibly increased after A/ternariainhalation (Fig. 5A,

B). Conversely, in the respiratory epithelium, the number of Ki67* cells, which was much
lower at baseline (reflecting the lack of globose basal cells), did not significantly increase
after 1 or 2 Alternaria challenges (Fig. SOF-G). By immunofluorescence, we found that
the olfactory Ki67* cells are aligned at the basement membrane and partially co-localize
with Keratin 5 (Krt5), suggesting they are HBCs and not globose basal cells, the cycling
stem cell population in the nose (Fig. S10A). We confirmed using FACS that Krt5* HBCs
proliferate after Alternariainhalation, while there was no significant change in the numbers
of proliferating immune or non-immune cells including Ki67*Kit* globose basal cells

(Fig. 5C-F, S10B-D). Finally, we also found proliferation gene expression programs were
strongly and specifically induced in HBCs in the olfactory epithelium. There was a 6.1-fold
increase in the fraction of proliferating Krt5* cells in the olfactory epithelium and only a
1.8-fold increase in the respiratory epithelium (Fig. 5G-H, S10E-F).

The transcription factor p63 ( 7rp63) promotes olfactory stem cell self-renewal by inhibiting
HBC differentiation (65, 66) and its loss precedes HBC proliferation (67). Consistent

with aeroallergen-induced HBC activation, we found that 77063 expression in HBCs was
markedly reduced after Alternaria (Fig. 51). Alternaria inhalation also down-regulated

the Notch signaling pathway, particularly Jag2 (FDR<0.0001) and Notch2 (FDR=0.09,
Data File S8), consistent with known mechanisms of olfactory HBC activation (55, 68).
Unsupervised analysis consistently showed genes upregulated in HBCs were dominated

by cell-cycle programs (Fig. 5J), and pathway analysis demonstrated that proliferation
programs were the most significantly enriched (Fig. 5K). Together, these data demonstrate

Sci Immunol. Author manuscript; available in PMC 2024 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ualiyeva et al.

Page 11

that inhalation of A/ternariainduced proliferation of normally quiescent HBCs within
36-72h but without apoptosis of OSNs or sustentacular cells.

Allergen-induced olfactory stem cell plasticity.

To define the plasticity of the olfactory stem cell niche in the setting of allergen exposure,
we performed ‘pseudotime’ analysis (69) of epithelial and neuronal cells from the olfactory
epithelium (Fig. 6A, S11A-C). The inferred trajectory of cellular states (Fig. 6A) suggested
that HBCs give rise to globose basal cells, which in turn differentiate along a major pathway
to OSNs, and a minor pathway to MVCs (identified here as tuft cells and ionocytes,

Fig. 1), consistent with the results of Fletcher et al. (70). Early genes whose expression
significantly varied (FDR<0.001) with progression through neurogenesis included canonical
HBCs markers such as Krt5and 7Trp63 (65), while genes at the latest stages included
markers of mature OSNs such as Omp, Chga encoding chromogranin A, and O/fm1 for
olfactomedin 1 (Fig. 6B, S11A-C, Data File S10). As expected, globose basal cell markers
Ascl1and Kitwere transiently activated during intermediate stages (Fig. 6B). Early in

the fate branch toward OSNs, we observed up-regulation of a module of genes involved

in regulation of cell cytoskeleton, including stathmin-1 (Stmnl), alpha (7ubala, Tubalb)
and beta-tubulin ( 7ubb5). Cells that were specifically induced by Alternaria inhalation
were positive for the trio of markers Mki67/Krt5/Stmnl but not for Mki67and Tubb3

(Fig. 6C, S11D). We validated that stathmin-1 marks a subset of early precursors using
immunofluorescence and that very few proliferating cells were positive for the ISN marker
TUJ1 (Fig. S12A, B), but some were positive for stathmin-1 (Fig. 6D). Lastly, histology
revealed that A/ternaria induced an elongation in the morphology of HBCs (Fig. 6D),
consistent with our observation of change in forward and side scatter by FACS (Fig. S10D)
indicative of the previously identified ‘morphological switch from a flattened quiescent
phenotype to a pyramidal, proliferative phenotype’ (71) of activated HBCs.

Next, using a combination of basal cell adhesion molecule (BCAM), a marker of stem
cells (72), NCAM1, a marker of OSNs and ISNs, and EpCAM, we identified the

distinct developmental stages of OSNs by flow cytometry. We sorted EpCAMIMBCAM®,
EpCAMIMNCAM1*, and EpCAM!W NCAM1* and identified them as HBCs, ISNs

and OSNs, respectively using histological markers (Fig. S12 C, D) and transcriptional
analysis by bulk RNAseq (Fig. 6E and S12E). We then analyzed the transcriptional

and compositional plasticity of each subset after inhalation of three different allergens:
Alternaria, Aspergillus fumigatus (Af) or Dermatophagoides pteronyssinus (Dp) in WT
mice. There were no significant compositional changes by flow cytometry 39h after
single inhalation of the allergens (Fig. S12F-G) but BCAM™* stem cells increased three
days after a single Alternaria inhalation and even further after 2 challenges (Fig. S12H).
Transcriptionally, a single inhalation of each of these allergens caused significant changes
in HBCs (Fig. 6F). Consistent with the sScRNAseq, OSN and ISN gene expression profiles
were not profoundly affected by Alternaria or Afinhalation, while Dp OSNs were not
assessed (Fig. 6F). Up-regulated genes in HBCs from Alternaria challenged mice were
prominently composed of cell cycle-related transcripts (Fig. 6G). Along with 7rp63, Chen
et al. (73) identify 38 HBC stemness transcription factors necessary for maintaining HBC
stemness, three of which (Pax6, Tcf4and Sox9) are also identified by Fletcher (65), and
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all of these were down-regulated (FDR < 0.5) in HBCs by Alternaria (Fig. 6G). Notch
pathway signaling was also downregulated, including Notchl, Notch2, Jagl, and Jag2 (all
FDR<0.0001, Data File S11), and D//Z (FDR<0.05, Data File S11).

We then compared the genes induced in HBCs by Alfernaria, Afand Dp, to determine
common transcriptional programs and those specific to each allergen (Fig. 6H, Data File
S11). Transcripts induced by all three allergens include the monocyte chemoattractant
Cxcl17and the antimicrobial peptides LcnZ2and Ltf, shown to increase in the epithelium

in the setting of allergic inflammation (74). Alternarialed to the most robust induction

of HBC proliferation, with stem cell activation markers Mki67, TopZaand Stmnl, all
specifically upregulated. In addition, A/ternaria specifically induced the chemokine Cc/9,
the cytokine //33, and //4ra, consistent with strong type 2 response (Fig. 6G—-H, S13A).
Like Alternaria, Afcaused an increase in HBC expression of cell cycle markers including
Pcna, Mcm3, Mcm5 as well as the type 2-associated transcripts Chil4 and Alox12e, and

the olfactory neuroregeneration-associated transcripts Sprr2al and Sprr2a2but less strongly
than Alternaria (Fig. 6H, S13C). Dp inhalation was associated with a robust interferon
response and induction of NFxB signaling but without the robust proliferative response
induced by Alternaria (Fig. 6H, S13B). In summary, we find that inhalation of several
allergens causes downstream activation of HBCs without profound effects on OSNs. While
some pathways, notably HBC proliferation, are shared with Af, Alternaria elicits the most
profound transcriptional responses, inducing three distinct programs: stem cell proliferation,
neuroregeneration (Sprr2al and Sprr2a2) and 1L-13-dependent type 2 inflammatory (Chil4,
Alox12e) programs.

Allergen-induced stem cell proliferation depends on tuft cells, not type 2 inflammatory

pathways.

We next sought to define the mechanism by which allergens induce stem cell activation.

In the olfactory neuroepithelium, stem cells are located beneath several layers of OSNs,
60-100um below the luminal epithelial layer, which consists of TRPM5* tuft-MVCs,
sustentacular cells, and TRPM5~ MVCs (ionocytes) (Fig. S7F). Since tuft-MVCs are
directly activated by Alternaria (31), and their apical location in the olfactory epithelium
positions them at the site of interaction with the airstream (Fig. 2E-G), we hypothesized

that tuft-MVCs mediate the link between allergen and olfactory stem cells. To test this,

we assessed the response to a single inhalation of A/ternariain Pou2f3”~ mice that lack
tuft-MVCs (24) (Fig. 7A). Alternaria-induced stem cell proliferation, assessed as percent
and number of proliferating Krt5* epithelial cells, was reduced in tuft cell-deficient Pou2f3”
~mice (Fig. 7B-C, S14A-B, Data File S12). Proliferation of Krt5~ epithelial cells, the
number of Krt5* stem cells at homeostasis or after allergen inhalation was unchanged by
either allergen inhalation or tuft cell deficiency (Fig. S14C, D). Alternaria-induced nasal
eosinophil and immune cell recruitment and proliferation were partially reduced in Pou2f3”
~mice (Fig. 7D, S14E, F). Finally, the proportions of BCAM™* stem cells, ISNs and OSNs
were unchanged by Alternariainhalation or deletion of tuft cells (Fig. S14G).

To determine whether the early olfactory proliferation and remodeling programs are
dependent on innate lymphocytes or 1L-13 signaling, we assessed the A/ternaria response in
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117r”~ mice, deficient in innate and adaptive lymphocytes (75), and Stat6™~ mice, deficient
in IL-4/1L-13 receptor signaling (76). Unexpectedly, we found that A/ternaria-induced
proliferation of Krt5* stem cells was preserved in both //7r”~ or Stat6”~ mice (Fig. 7E
and S15A-C), indicating that innate lymphocytes and IL-13 signaling are not required

for nasal stem cell proliferation. Consistent with previous findings in the lungs (50, 51),
Alternaria-elicited eosinophil recruitment (Fig. 7F), nasal inflammation (Fig. S15D), and
immune cell proliferation (Fig. S15E) were all ablated in both /777~ and in Stat6™~ mice,
and lymphocytes were strongly reduced in //7r7~ mice (Fig. S15F).

Consistent with the flow cytometry data, RNAseq of sorted BCAM* stem cells indicated
both Mki67 (Fig. S15G) and a proliferation gene signature (77) were equally up-regulated
in WT, Stat6”~and //7r”~ mice, but were reduced in Pou2f3”~ mice (Fig. 7G-H). An
Alternaria signature score, computed based on the expression of up-regulated genes from
scRNAseq profiles of HBCs (Data File S7), was also induced in Stat67~and //7r”~ mice as
in WT mice and reduced in Pou2f37~ mice (Fig. S15H). However, transcriptional programs
that are dependent on IL-13 signaling and innate lymphocytes such as Chi/4 and the related
chitinase Chil3were completely abolished in Stat6~, strongly reduced in /7=, and only
modestly affected in Pou2f37~ mice (Fig. 71, S15I). Together, these data demonstrate that
nasal tuft cells direct allergen-induced stem cell proliferation independent of innate immune
cells and IL-13 signaling.

We then used differential gene expression of sorted BCAM™* stem cells to further
characterize the aspects of the A/fernariz-induced transcriptional programs that depend

on tuft cells (Pou2f377), innate lymphocytes (in //7//7) or IL-4/IL-13 receptor signaling
(Stat67"). Of the 741 genes induced in stem cells by Alternaria, 305 were impaired
(significant negative interaction term FDR<0.5) by at least one genotype (Fig. S16A, Data
File S11). Of these, the majority (238 genes) were impaired only in tuft cell-deficient mice,
and of these, 114 were cell-cycle associated, including Mki67. Conversely, Chi/4 induction
was reduced in both /77~ and Stat6~'~ mice consistent with its dependence on 1LC2-
derived IL-13. A further panel of IL-13-dependent transcripts were reduced only in Stat67/~
mice including other chitinase-like proteins Chil3, Chia, and the 15- lipoxygenase Alox15
(78), while the macrophage chemoattractant Cxc/17and the asthma-associated transcript
Tmemd45a (79) were both specifically decreased in /77~ mice (Fig. S16A). Together, these
data define the dependence of specific innate epithelial effector molecules on the nasal
mucosal immune system and demonstrate the necessity of tuft cells for allergen-induced
olfactory stem cell proliferation.

Finally, we tested whether tuft cell activation is sufficient for stem cell proliferation. We
gave mice a single inhalation of ATP, denatonium, or the cysteine protease papain, and
assessed stem cell proliferation (Fig. 7J). ATP elicits calcium flux in ChAT* MVCs (15)
and CysLTs from unfractionated nasal ChAT™ tuft cells (31), ~95% of which we now

show are tuft-MVCs. Denatonium, a Tas2r ligand, triggers calcium flux in a subset of
ChAT* MVCs (15). While Tas2rs are particularly highly expressed in tuft-SCCs, we also
detected expression of 7as2r108, encoding a denatonium receptor (80, 81), and 7as2r138in
tuft-MVCs using both single-cell (Fig. S16B) and bulk RNAseq of sorted tuft cells from
the olfactory mucosa (Fig. S16C). Expression of all Tas2rs was specific to tuft cells in
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the respiratory and olfactory mucosa (Fig. S16B-C). Papain is hypothesized to mimic the
effect of cysteine proteases in allergens and is a putative protease receptor ligand (82).

Two potential papain receptor candidates (F2rand £2r/Z) were expressed by both tuft-SCCs
and tuft-MVCs (Fig. S16B-C). Inhalation of denatonium and of papain induced a modest
increase in the percent of Ki67*/Krt5* cells (Fig. 7K, left) and a more marked change in
the number of Ki67*/Krt5* cells (Fig. 7K, right). ATP induced the most robust proliferation
of stem cells, comparable with A/ternariaassessed in parallel (Fig. 7K). Since ATP is a
pluripotent epithelial activator, and the purinergic receptors P2ry2and P2rx4 are broadly
expressed by both tuft and non-tuft epithelial cells (Fig. S16B—C), we tested whether

its effect on proliferation was reduced in tuft cell-deficient Pou2£37~ mice. While not
completely ablated, the absolute count of ATP-elicited proliferating stem cells was reduced
in Pou2f3~ mice (Fig. 7K), demonstrating that tuft cell activation is also sufficient to
induce stem cell proliferation.

Taken together, these findings reshape our understanding of the component cell types of

the nasal mucosa (Fig. S17) during homeostasis and in response to aeroallergen. Each
compartment of the murine nasal epithelium — respiratory, vomeronasal, olfactory, and
lateral nasal gland — differs in its cellular composition and the molecular markers required to
dissect its heterogeneity of structure and function.

DISCUSSION:

Tuft cells are solitary chemosensory epithelial cells scattered in most mucosal surfaces
where they activate neural and immune circuits to promote inflammation and epithelial
remodeling. TRPM5* MVCs were previously considered distinct from the rest of the
chemosensory tuft family because of their distinct morphology, low expression of taste
receptors and lack of intimate connections with sensory neurons (38). We demonstrate

that the olfactory TRPM5* MVCs share the core transcriptional profile of the solitary
chemosensory tuft cell family and specifically its pro-inflammatory mediator cassette
including transcripts for the cytokine I1L-25 and the CysLT and prostaglandin generating
enzyme Alox5, Alox5ap, Ltcds, Ptgs1 and Hpgds. Finally, we identify a function

of TRPM5*MVCs as drivers of allergen-induced non-apoptotic olfactory stem cell
proliferation. Distinct from the function of other mucosal tuft cells as initiators of an ILC2-
IL13 loop of epithelial stem cell activation (34), tuft-MVCs direct stem cell proliferation
independent of innate lymphocytes and STAT6 signaling. This establishes a function of
olfactory TRPM5* tuft MV Cs as drivers of neuroepithelial-intrinsic stem cell proliferation.

Tuft cells in most mucosal compartments were defined for their role in directing type 2
inflammation and downstream stem cell activation through a tuft cell-1LC2-1L-13-driven
circuit (27, 34). Here we found a more limited role for nasal tuft cells as immune regulators,
especially when compared to the degree of inflammatory cell reduction we observed in
STAT6-deficient and lymphocyte-depleted mice. Our data indicate that a distinct role of
nasal tuft-MVCs is the regulation of stem cell proliferation independent of inflammatory
cascades, different from their pro-inflammatory role in other compartments. We considered
the possibility that the multilayered organization of the olfactory epithelium might be
responsible for the distinct role of tuft-MVCs here. A relay of TRPM5* MVC (tuft-MVC)-
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derived acetylcholine signaling to IP3R3* MVCs (ionocytes) to direct HBC proliferation
was recently suggested (83). They also found a moderate reduction in HBC proliferation
in Pou2f3~ mice, albeit only after repeated inhalation of a mixture of odorants. Our

more robust findings might be explained by the potent direct activation of tuft-MVCs by
allergens (31, 33). Interestingly, tuft cell deletion in the intestine is also associated with a
significant reduction in the baseline number of proliferating epithelial cells (84). Thus, a
role for tuft cells in directing proliferation of epithelial cells has been suggested before in
some compartments. Conversely, hyperplastic tuft cells found in the lung in the recovery
phase after viral infections and bleomycin injury are dispensable for stem cell proliferation
(85, 86). Interestingly, these tuft cells arise from Krt5* stem cells but their development is
independent of IL-13 signaling (85, 86). It is therefore likely that both the tuft cell activating
signals and the specific cellular and mediator milieu of the distinct mucosal compartments
where tuft cells reside determines their specific functions.

Our analysis of the olfactory and respiratory response to the mold allergen Alternaria
identified the quiescent olfactory HBCs (55, 68) as an unexpected early responder to
allergen inhalation. Given the absence of pronounced necrosis or apoptosis, the A/lternaria-
induced activation we demonstrate here provides a physiological model of olfactory HBC
activation. HBC proliferation is also induced by inhalation of other allergens, specifically
Aspergillus and the protease papain, suggesting that this is a shared allergen response
pathway. Activation of HBCs is known to depend on the transcription factor p63 ( 7rp63),
which promotes olfactory stem cell self-renewal by inhibiting differentiation (65, 66), and
its down-regulation is required prior to HBC proliferation (67). Our analysis of 7rp63

and Notch signaling using single-cell and bulk transcriptomics showed that along with
HBC-specific down-regulation of 7rp63, Alternariainhalation also induced down-regulation
of the Notch signaling pathway, consistent with the mechanisms of olfactory HBC activation
described by the Schwob group (55, 68).

Our analysis of HBCs from Alternaria-challenged Pou2f3!~, 1177~, and Stat6~'~ mice
identified specific aspects of the integrated response contributed by tuft cells, lymphocytes,
and IL4/1L-13 receptor signaling, respectively. Perhaps surprisingly, we found that the

loss of tuft cells had the most profound impact on the transcriptional response, likely

due to their role as direct, early sensors of allergens. Several critical epithelial effectors
involved in barrier defense, which are also all implicated in asthma, including the protective
signaling proteins SPLUNC1 (Bpifal (87, 88)) and Amphiregulin (Areg (89)), and anti-
fungal chitinase-like proteins (Chia, Chil3(90)), were all impaired in Stat67/~, but not
177" or Pou2f37!=, indicating their dependence on a non-lymphoid source of IL-13. Our
data implicates mast cells and basophils as this potential source, as their expression of
/113is highest apart from ILC2s. The set of A/ternaria-induced genes impaired in both
Stat6™'~ and 117/~ mice was extremely small, which suggests that the direct regulation

of HBCs by ILC2-derived IL-13 is a relatively minor pathway. Conversely, the program
impaired exclusively in //77/~ was more extensive — indicating that lymphocytes, likely
innate, regulate HBCs using IL-13-independent mechanisms — and included key modulators
of the nasal immune response such as Cxc/17, recently implicated in macrophage-mediated
airway remodeling (91).
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Classically grouped together with TRPM5* MVCs, olfactory TRPM5~ MVCs are instead
characterized by high expression of Cfir, Foxil, Asc/3and /fpr3, in addition to a
transcriptome which we show here is almost identical to pulmonary ionocytes (35). This

is in line with prior observations based on immunohistochemistry identification of CFTR-
and ITPR3-expressing cells as MVCs (36). We do note, however, that ~5% of TRPM5* tuft-
MV Cs also expressed /tpr3, indicating they could play a role in deficient neuroregenerative
phenotypes observed in /for3”~ mice (11). Interestingly, although different in morphology,
ionocytes from the olfactory and respiratory mucosa did not differ significantly in
transcriptional makeup.

Although we identified tuft cells as the critical link between allergen sensing and HBC
proliferation, we did not delineate the downstream signaling pathways that constitute this
link. After allergen exposure, we found that the olfactory epithelium is reprogrammed

in an 1L-4/13-dependent fashion with induction of classical IL-13-dependent transcripts

and goblet cell metaplasia, although the fate of the proliferating HBCs remains unclear.
Pseudotime trajectories did not show any disruption of normal neurogenesis trajectories, but
we are yet to define the fate of the proliferating stem cells. One intriguing possibility that
will require future studies is whether tuft cells might induce a proliferative state in basal
cells that is not associated with regeneration but may instead be part of an aberrant response
to allergen sensing by the epithelium, which could be pathological rather than beneficial.

In sum, we provide extensive characterization of the rare subsets of nasal epithelial cells,
identifying MVCs as belonging to the tuft cell and ionocyte families. We provide genetic
evidence that olfactory tuft cells play an unexpected role in regulating the proliferation of
the stem cell compartment, independent of classic inflammatory loops. This identifies a
direct link between allergen sensing by tuft cells and activation of a reserve neural stem
cell population. Together, these data deepen our understanding of the extensive epithelial
heterogeneity in the nose and demonstrate that the functional capacity of tuft cells extends
beyond triggering inflammation, as they are also regulators of tissue homeostasis and
transformation.

MATERIALS AND METHODS:

Study design.

The aim of this study was to determine how olfactory TRPM5* MVCs relate to the rest of
the chemosensory family and define their function in the olfactory mucosa. The integrated
response to allergens in the olfactory and respiratory mucosa was assessed in mice in vivo
in mice with specific genetic deletion of tuft cells, immune cells and immune cell signaling.
Mice were randomly assigned to treatment groups after matching for sex and age. All
experimental replications are specifically described in the relevant figure legends (Table S1).

Mouse models.

Mice were maintained at the Brigham and Women’s Hospital specific pathogen-free animal
facility, in accordance with the protocols approved by the Mass General Brigham (MGB)
IACUC committee. C57BL/6 wild type (indicated as C57BL/6H) mice were originally from
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Charles River Laboratories, ChAT-eGFP from Jackson Laboratories and Pou2f3!~ (24) were
all bred in house in parallel. Stat67'~, 117/~ and age and sex-matched WT C57BL/6J
control mice were from Jackson Laboratories. All mice were between 11 and 36 weeks old
and included both sexes.

Human samples

Subjects between the ages of 18 and 75 years were recruited at the time of elective sinus
surgery, and sinus or superior turbinate tissue was collected after subjects provided written
informed consent. The local institutional review board — MGB IRB — approved the study.

Aeroallergen and tuft cell ligand challenge protocols.

For all /n vivoallergen challenge experiments, mice were given intranasal inhalations of
Alternaria, Dp or Afculture filtrate, ATPyS, denatonium benzoate or papain after sedation.
Each substance was applied in a 20ul PBS solution to the tip of the nose or 10ul in each
nostril.

Histochemistry, immunofluorescence, and quantitative assessment of cell numbers

Snouts were collected as described previously(31). All samples were stained with primary
antibodies overnight at 4°C, after target retrieval with DAKO or EDTA target retrieval
solution and incubated with secondary antibodies for 2 hours at room temperature unless
otherwise indicated. Specific details can be found in the Supplementary Materials. Samples
for in situhybridization were fixed in DEPC-treated 4% PFA and decalcified with DEPC-
treated EDTA solution and processed with RNAscope® Fluorescent Multiplex Reagent Ki,
post-fixed with PFA and incubated with a probe to Lct4sor ObpIa after hydrogen peroxide
and Protease IlI.

Single-cell suspension preparation for FACS and RNA seq.

To separate mouse respiratory from olfactory mucosa, the tissue overlying the proximal
part of the nasal septal and lateral wall, together with VNO, was separated from olfactory
epithelium, covering the distal portions of nasal cavity, along the anterior portion of

the olfactory turbinate. The isolated olfactory and respiratory mucosa were processed as
described previously (31). Single-cell suspensions from ChAT-eGFP mice were used for
scRNAseq experiments at homoeostasis with specific enrichment of tuft cells (Figs. 1-2)
or without enrichment of tuft cells (Figs 3-5). Single-cell suspensions for sScRNAseq were
collected in PBS and 0.04% BSA (w/v), run through 10X controller and individually bar-
coded libraries were generated. Pooled library samples were sequenced on a NovaSeq S1
(IMlumina) in partnership with Dana Farber Cancer Institute (DFCI) Molecular Biology Core
Facilities (Figs. 3-6).

HBC proliferation in cell suspensions of the whole nasal mucosa was assessed with
extracellular staining for CD45, Kit and EpCAM, followed by assessment of the intracellular
markers Krt5 and Ki-67 after fixation and permeabilization with a Transcription Factor
Buffer Set. HBC, ISN and OSNs were identified in whole nose single cell suspensions

with antibodies against NCAM1, CD45, BCAM and EpCAM incubated at room temperature
for 40 min. One thousand cells of each subset were sorted into TCL buffer with 1%
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2-mercaptoethanol. Bulk RNA sequencing was at the Broad Institute Technology Labs using
low-input eukaryotic Smart-seq 2. Smart-seqg2 libraries were sequenced on an Illumina
NextSeq500 using a High Output kit to generate 2 x 25 bp reads.

Dimensionality reduction and cell type identification

De-multiplexing, alignment to the mm10 transcriptome and UMI-collapsing were performed
using the CellRanger toolkit (version 1.0.1, 10X Genomics). Quality filtering, variable gene
selection and clustering we performed as described previously (39), and we interpreted
clusters using known markers (Data File S2), merging clusters expressing the same known
markers, and removing doublets and contaminating fibroblast populations. After comparing
all cell type clusters to each other, marker genes (Data File S3, S5, S7) were defined as
described previously (39). To identify proliferation all cells were scored for a previously
defined cell-cycle signature gene set defined from scRNA-seq data (77) as described

above, and the distribution of scores was clustered into two groups using an unsupervised
mixture of gaussians (Mclust package in R (92)). The proportion of the cells in the high-
expression cluster was reported as the proportion of proliferating cells. To analyze cell-cell
signaling we combined CellPhoneDB (52) and FANTOMS5 (53) interaction databases as
described previously (93). For plotting purposes (Fig. 3G), we identified receptors or ligands
differentially expressed after A/ternaria (FDR < 0.05 and absolute log, fold-change > 0.1).
Circle plot visualization was produced using the ‘edgebundleR’ R package. For full details,
see Supplemental Methods.

Identification of human tuft cell subsets.

In the dataset derived by Durante et al (40) the authors defined a subset of “Olfactory
Microvillar Cells”. We restricted our analysis to this subset and reanalyzed these cells

to compare them to murine nasal microvillous cells. For the Ordovas-Montafies dataset
(41), no cluster of microvillous cells had been previously identified. To identify them we
clustered the whole dataset and identified a cluster of 92 cells that were enriched for
known microvillous cell markers (Foxi1, Cftr, Trom5). We then re-clustered this subset and
identified two sub-groups that expressed tuft and ionocyte markers respectively.

Pseudo-time analysis of olfactory neurogenesis.

We isolated the 17,318 CD45™ epithelial and neuronal cells (Fig. 6A, left) to examine

the progression through neurogenesis. The Partition-Based Graph Abstraction (PAGA)
algorithm (69) was used to project cells into a low dimensional manifold, after defining
unsupervised clusters generated using the Leiden algorithm (94), implemented with scanpy
(95). Elastic principal graphs (96) were then used to fit a branching tree through the PAGA
co-ordinate space. Spurious single-node branches were removed, producing a tree with a
main branch from HBCs to mature OSNs, and two branches which were interpreted as a
secretory and microvillous cell branch (Fig. 6A, right), consistent with earlier lineage tracing
data (70). The node within the HBC cluster was manually selected as the root node. Genes
significantly varying along the pseudo-time path we identified by fitting generalized additive
models (97) to the expression level of each gene (Fig. S11B-C). Genes were ranked by the
pseudo-time coordinate of their first non-zero fitted value in order to identify early markers
of neurogenesis (Fig. S11C).
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Bulk RNAseq processing and deconvolution-based cell type composition analysis

Computational pipelines for RNA seq analysis were implemented as described elsewhere
(35, 39). Paired-end reads were mapped to the UCSC mm10 mouse transcriptome using
Bowtie (98). Cell type proportions were estimated using CIBERSORTXx (47) with default
parameters. We tested for compositional changes using a Dirichlet Multinomial Mixture
(DMM) model fit using the “brms” package in R (99) (see Supplement).

Statistical analyses.

For all statistical analyses of non-sequencing data, analysis was performed with GraphPad
Prism software (version 10). For all /n7 vivo experiments with 23 group comparisons, the
overall significance was determined using a one-way analysis of variance (ANOVA), and
pairwise comparison was performed with Sidak’s test to account for multiple comparisons.
For experiments involving two categories (i.e genotype and treatment), a two-way ANOVA
and Wald test was used to confirm a significant interaction effect. A value of P < 0.05 was
considered significant. Sample sizes were not predetermined by statistical methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tuft cellsand ionocytes comprise the two MV C types of the olfactory epithelium in
mice and humans.
(A-G) The nasal respiratory and olfactory epithelium of ChAT-eGFP mice was assessed

after enrichment for ChAT-eGFP cells (as in S1A). (A) tSNE embedding of 13,052

cells (=4 mice from two independent experiments), colored and labeled by unsupervised
clustering. (B) Heatmap shows the fraction of cells (color bar) of each nasal epithelial cell
type (columns, types as in A) classified as each tracheal cell type (rows) using a random
forest. (C) Fraction (x-axis) of tuft cells (top) and ionocytes (bottom) in all epithelial cells
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from each mouse (points), in each tissue, from EpCAM™ cells in naive nasal mucosa (dataset
introduced in Fig. 3, p-values: Wald test). (D) Relative expression (row-wise z-score of
logo(TPM+1)), (color bar) of top 50 genes (rows) specific to each cell type (FDR<0.05)

in our dataset; two selected genes are shown. (E) Cross-section of olfactory epithelium of
ChAT-eGFP mice stained for ChAT-eGFP (tuft cells), cochlin and CFTR (ionocytes), OMP
(OSNSs, top image). Hoechst (blue) is used to mark nuclei in all images. Green arrows point
at tuft cells, magenta arrows point at ionocytes in the top image. (F) Top 30 pan-tissue

tuft cell marker genes (y-axis) ranked by out of bag (OOB) accuracy (x-axis) from random
forest classification. (G) Relative expression of top tuft cell marker genes (ordered as in

F) in tuft and other epithelial cells across three tissues. (H-M) Single-cell sequencing (H)
and histology (1-M) of human nasal mucosa. (H) tSNE embeddings (top) of 3,528 olfactory
epithelial, immune and neuronal cells (40) showing new re-analysis of a cluster of 116

MV Cs containing tuft cells and ionocytes (inset), and heatmap (bottom) of differentially
expressed genes (FDR<0.05, rows) between the MV C subtypes (40). Selected marker genes
are shown. (1-M) Immunofluorescence of olfactory (I, J) or respiratory epithelium (K-M)
from superior turbinates of controls without sinus disease (I, J, M) or of patients with CRS
(m=3) (K, L). Arrows in | indicate olfactory axon bundles in the submucosa.
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Figure 2. Single-cell analysisidentifies nasal tuft cell heterogeneity in mice.
(A) tSNE embedding of 5,594 tuft cells derived from ChAT-eGFP mice colored by

unsupervised clustering. (B) Heatmaps show the expression level (row-wise z-score of
log,(TPM+1), color bar) of marker (left) and G protein-coupled receptor genes (right)
specifically expressed (FDR<0.01) by each subset (color bars). (C) tSNE plots display
expression in logo(TPM) + 1 (color bar) for shared tuft cell markers and subtype markers.
(D) Heatmap shows the fraction of cells (color bar) of each nasal tuft cell sub-type (columns,
types as in A) classified as each tracheal (35) tuft cell sub-type (rows) using a random forest.
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(E-L) Immunolocalization of tuft cell subsets. (E) Cross section through the anterior nasal
cavity at the level of the nasal septum (Fig. S1A T1) captures the olfactory epithelium (top)
and respiratory epithelium (bottom) stained for OMP (OSNSs) and neurogranin (tuft-MVCs).
Arrows point at neurogranin positive cells. (F-H) Tuft-MVC expression of ChAT-eGFP,
neurogranin (F, H) and advillin (G) in the olfactory (F-G) and respiratory (H) epithelium.
(I Cross section through the posterior section of the nasal cavity captures the olfactory
epithelium (top left), respiratory epithelium (bottom center) and LNG (right) (Fig. SLA T4).
Inserts show high magnification of the olfactory mucosa (lower left) and the epithelium
lining the LNG (top right). (J) Expression of ChAT-eGFP and advillin (left) or DCLK1
(right) in tuft cells lining the epithelium of the LNG. (K-L) Tuft-SCC expression of
ChAT-eGFP and advillin (K), neurogranin and Ga gustducin (L). Hoechst was used for
nuclear staining. (M-O) /n situ hybridization with RNAscope probe for L#c4s. Tuft cells
were distinguished based on immunoreactivity for advillin and neurogranin. Representative
images of tuft-MVC (M), tuft-Gland (N) and tuft-SCC (O) Nuclear staining with DAPI.
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Figure 3. Single-cell analysis of intercellular communication and compositional shiftsduring
allergic inflammation in the mouse nasal mucosa.
WT mice were assessed before Alternariainhalation (n=4) (A-E) or after one (n=3) or two

(n=2) doses of inhaled Alternariaas in Fig. S5A (F-G). (A) tSNE embedding of 19,275
cells from nasal mucosa of naive mice assessed by scRNAseq, cell type lineages identified
by unsupervised clustering are shown (color legend). (B-C) tSNE embeddings of 7,107
myeloid (B) and 7,213 lymphoid (C) cells (points). Cells are colored by the cell types
(inset legend). (D) Tree map plot shows the cell-type composition (size of rectangles) of
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the immune compartment in naive mice. (E-F) Estimated effect (log fold-change, x axis)

of tissue location (E) and one (orange) and two (red) doses of inhaled A/ternaria (F) on

the proportions of each immune cell type. Density histograms show posterior distribution of
Dirichlet Multinomial regression. Black dot: point estimate, thick bar: 66% credible interval,
thin bar: 95% credible interval (CI) * 90%, ** 95%, *** 99% CI does not include 0. (G)
Circle plot displays differentially expressed receptor ligand interactions between cell types
(color) after Alternariainhalation. Squares denote significance (size) of up (black) or down
(white) regulation after one dose (inner ring) or two doses (outer ring) of Alternaria (see
legend). Data are from two independent experiments with 1-2 mice/group.
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Figure 4. Mapping the subtypes of secretory epithelial cellsin the mouse nasal mucosa.
WT mice were assessed before Alternariainhalation (n=4) (A-L) or after one (n=3) or

two (n=2) doses of inhaled Alternaria(M-0O) as in Fig. S5A. (A) Heatmap shows the
expression level (row-wise z-score of logy(TPM+1), color bar) of top 30 marker genes
(rows) specifically expressed (FDR<0.001) by each non-sensory epithelial subset (color
bars). (B) Estimated effect (log fold-change, x axis) of tissue location on proportions

of each epithelial cell type. Density histograms show posterior distribution of Dirichlet
Multinomial regression. Black dot: point estimate, thick bar: 66% Cl, thin bar: 95% CI.
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*90%, ** 95%, *** 99% CI does not include 0. (C-L) Immunolocalization of epithelial
cell subsets in the olfactory and respiratory nasal mucosa. (C) Cross section through the
anterior section of the nose (Fig. S1A, T1) immunolabeled with OMP (olfactory epithelium),
Muc2 (sustentacular) and GP2 (goblet cells). Closeup of the olfactory (D, top inset of C)
and respiratory epithelium (E, bottom inset of C) identifies Muc2* sustentacular and GP2*
goblet cells. (F) Olfactory turbinates marked by OMP and DCLK1 in combination with
Agquaporin 5 (ductal cells) (G) Closeup of F. (H) Cross section through the posterior portion
of the nose with olfactory turbinates (top) (Fig. S1A, T4), respiratory epithelium (bottom)
and LNG (lower right) demonstrating the distribution of Muc5b in the olfactory (labeled
with OMP) and respiratory mucosa. (I) Closeup of olfactory epithelium and submucosa
from H. (J) Closeup of respiratory mucosa of the nasal septum from H with epithelium
overlying the submucosal glands. (K) Cross section through the anterior portion of the nose
(Fig. S1A, T1) with septum on the right and lateral turbinates on the left demonstrating the
expression of OppIa mRNA detected by RNA scope ISH. (L) Closeup of Obpla mRNA
expression in the septal submucosal gland from K. (M) Estimated effect (log fold-change,

x axis) of one (left) and two (right) doses of inhaled Alfernaria on proportions of epithelial
cell subsets, visualized as in B. (N) Volcano plot shows the relationship between differential
expression (log, fold change, x axis) and significance (y axis) of genes (points) within
epithelial subsets (color legend) after one dose of inhaled Alternaria. (O) Expression level
(x-axis) of chitinase-like protein 4 (Chil4), before and after inhalation of A/ternaria (color
legend). Data are from two independent experiments with 1-2 mice/group.

Sci Immunol. Author manuscript; available in PMC 2024 May 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ualiyeva et al. Page 34

A PBS Alternaria x1, Day 1 Alternaria x1, Day 3 B

Ki67+cells/mm
o] (9] - [4;]
o O o o

-
[=]

o

@ omp OTujt @ Ki67

+ I + - i + + L +
C 0 hours 39 hours Dd_KrtS Ki67 0-(1059 w0 E  Krt5 Ki67 F CD45'Ki67
104 81 o 40
0.98 2.35 g 3 e é
1 5% " S 3 * e °
: i 3 A . [=% .
: : G2 o o & 4 4 [¥ o 2% 1 e
z ! B o . . S
ué‘ g 2 1. ...3‘9‘2 s *I1°] =10 el
L]
| o 10° 10° 10° O 100 10° 10 »
Kig7 » 0 T T r r + 1] 0+
) > PBS 12 24 39 63 PBS 12 24 39 63 PBS 12 24 39 63
Hours after Alternaria Hours after Alternaria Hours after Alternaria
7 Fosb @ Cellcycle @HBCTF
G Olfactory Respiratory J 125/ o
0t o
Alt(1 dose) Alf.(2 doses)  Alt.(1dose)  Alt.(2 doses) F 100 : KIfG-
*** *** o )
HBC ;e + Hmgb2
GBC o S 75
ISN & ] Crs2
OSN - £ so N
€ : ,xsm Ca 3Cdc‘é‘3
VSN —T— 2 ke Zbtbad Tpm ng ﬂﬂ'a
T | | T | w eR R Cenp!
o 25{ T Teao3 i
-2-1 0 2210 22101 22410 PR A
Log fold-change in propomon of cycllng cells :
0.0 28 i
-02 -01 00 01 02
Log, fold-change, Alternaria 1 dose vs Naive (HBCs)
— Olfactory— —— Respiratory — ) .
H,, 1.4x10% | Proportion of Trp63+ HBCs (%) K Mitotic Prometaphase
&2 . 60 65 70 75 80 85 Cell Cycle, Mitotic
w Chromatid Cohesion
Q 5 . . Cell Gycle
T 274100 2:1x10 Maive 1 -
@ i 2 b M Phase
§ 10 " RHO GTAPases Activate Formins
il ("::} — 0,004 Metaphase and Anaphase
g . RHO GTAPase Effectors
% T . Separation of Chromatids
<] Alt — 0.02 -
8_ (2x) Mitotic Anaphase
& ON Alf N Alf B - 1 i
aiive laive Significance of pathwa
0 B0 envichment, -0g(FDR)

Figure5. Induction of HBC praliferation by allergen inhalation.
WT mice were assessed before Alternariainhalation (n=4) (A-L) or after one (n=3) or

two (n=2) doses of inhaled Alternaria(M-O) as in Fig. S5A. (A) Histological assessment
of the effect of Alternariainhalation (right hand panels) on overall morphology, and on
OSNs (OMP, purple), proliferating cells (Ki67, green) and ISNs (Tuj1, Orange) in the
olfactory neuroepithelium compared to PBS controls (left). (B) Histological quantification
of proliferating (Ki67*) cells at baseline and after Alternaria assessed at days 1 and 3 after
single inhalation (A/fx1 D1, D3), or a day after 2 inhalations (A/fx2, D7). (C-F) Flow
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cytometry analysis of Ki67 expression after a single A/ternaria inhalation (30ug) at the
indicated time points. Representative flow cytometry plot demonstrating the expression of
Ki67 among CD45"EpCAM* cells before and 39h after Alternariainhalation (C). (D-F)
Quantitation of the percent of Keratin5*Ki67* (D) and Keratin5~Ki67* (E) among EpCAM*
cells and the proportion of Ki67* cells among CD45* immune cells (F). Data in B,

D-F are means + SEM from 3 independent experiments, each dot is a separate mouse,
p-values: Wald test. (G-H) Cell-type identity of A/ternaria-induced proliferating cells from
scCRNA-seq data. (G) Estimated regression coefficients from Bayesian Dirichlet Multinomial
regression (Methods) modeling the fold-change in proliferative state (x-axis) for each cell
type (y-axis) after inhalation of A/ternariain the olfactory (left) and respiratory (right) nasal
mucosa. Colored dot: point estimate, bar: standard deviation of the posterior, *** 99% Cl
does not include 0. (H) Estimated proportion (y-axis) of proliferating HBCs (Methods)

in each mouse (dots) naive mucosa and after inhalation of A/ternaria (x-axis) assessed

by scRNAseq. Bars show the mean and error bars show the SEM. P-values: Wald test.

(I-K) Transcriptional activation of HBCs by Alternaria from scRNA-seq data. (I) Proportion
of Trp63* HBCs (J) Volcano plot shows DE (yaxis shows —log;o(FDR) and effect size

(x axis) for HBCs after 1 dose of Alternaria. Cell-cycle and HBC-enriched transcription
factors (FDR<0.001) are highlighted (color legend, top). (K) Statistical significance (x axis,
-log10(FDR)) of top-ranked Reactome pathways enriched among up-regulated genes in
HBCs. Data are from two independent experiments with 1-2 mice/group.
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Figure 6. Mold and house dust mite allergens direct distinct olfactory stem cell activation
programs.
WT mice were given one or two inhalations of Alfernaria and assessed by scRNAseq

(as in Fig. S5A) (A-C) or by histology (D). (A) PAGA embeddings of 17,318 olfactory
epithelial cells (points) colored by cell-type (left) and by pseudo-time (color legend, right).
Trajectory (large points) and branches (color legend) were fit using elastic principal graphs.
(B) Smoothed expression level (y-axis) of classical (Krt5, Bcam, Trp63, Kit, Ascl1, Omp,
Tubb3) and novel (7Tubla, Tubb5, Stmnl) markers of intermediate stages of neurogenesis
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(color legend) along the pseudo-time course (x-axis) from HBCs to mature OSNSs. Stages
(dotted lines) are shown as a guide. (C) Mean proportion of cells in each mouse (point)

in which each set of genes is detected by scRNAseq. Error bars: 95% CI, p-values: Wald

test on logistic mixed model. (D) Immunofluorescence for Stathmin 1, Ki67 and Krt 5

in the olfactory epithelium of naive mice (left) and after inhalation of one (center) and

two (right) Alternaria doses. (E-H) WT mice were given a single inhalation of Alternaria
(Alh, or Aspergillus fumigatus (Af) or Dermatophagoides pteronyssinus (Dp). Bulk RNAseq
was performed on sorted HBCs (EpCAMINBCAM™), ISNs (EpCAMIMNCAM1*) and

OSNs (EpCAMIOW-NCAM1*) a day after allergen challenge. (E) Uniform Manifold
Approximation and Projection (UMAP) embedding of bulk RNA-seq profiles of 130 FACS-
sorted populations (color legend, left panel). (F) Dot plot shows the number (dot size) and
mean fold-change (dot color) of DE genes in each population (x-axis) after each allergen
challenge (y-axis) compared to no challenge (NC). (G) Volcano plot shows the differentially
expressed genes in HBCs after 1 dose of Alternaria. (H) Heatmap shows the expression
(row-wise Z-score, color bar) in FACS-sorted BCAM* HBCs from each mouse (columns)
of 1373 genes (rows) up-regulated (FDR<0.001 for Alternariaand Dp and FDR<0.25 for
Aspergillus) grouped into categories where they are induced (color bars, left), selected genes
are labeled.
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Figure 7. Allergen-induced stem cell proliferation isindependent of type 2 inflammatory

pathways and dependent on tuft cell

S.

(A-1) Mice of the indicated genotypes were given a single dose of Alternariaintranasally
and the nasal mucosa was assessed a day later for stem cell proliferation defined by Ki67
expression of Krt5* cells (B, C, E) and eosinophil infiltration (D, F) by flow cytometry

and for transcriptional reprograming by bulk RNAseq of sorted EpCAM*BCAM® stem cells
(G-I). RNAseq quantification of a validated cell-cycle signature score (Methods) (H), and
the IL-13-dependent transcript Chil4 (1). (3-K) WT or Pou2f3”~ mice were given a single
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intranasal inhalation of denatonium, papain, ATP or Alternaria (color legend, right) and

the percent and number of proliferating Krt5* cells were assessed by intranuclear staining
for Ki67 by flow cytometry after 39h. Data are means £ SEM from three independent
experiments, each dot is a separate mouse. P-values for FACS quantification in C-F and K
are from one-way ANOVA with Sidak’s multiple comparison correction. All other p-values
(H-1) are Mann-Whitney U-test.
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