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Abstract

Tuft cells—rare solitary chemosensory cells in mucosal epithelia—are undergoing intense
scientific scrutiny fueled by recent discovery of unsuspected connections to type 2 immunity.
These cells constitute a conduit by which ligands from the external space are sensed via taste-
like signaling pathways to generate outputs unique among epithelial cells: the cytokine IL-25,
eicosanoids associated with allergic immunity, and the neurotransmitter, acetylcholine. The classic
taste cell transcription factor POU2F3 is lineage-defining, suggesting a conceptualization of
these cells as widely distributed environmental sensors with effector functions interfacing type
2 immunity and neural circuits. Increasingly refined single-cell analytics have revealed diversity
among tuft cells that extends from nasal epithelia and Type Il taste cells, to ex-Aire-expressing
medullary thymic cells and small intestinal cells that mediate tissue remodeling in response to
colonizing helminths and protists.
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Introduction

Tuft cells are rare, primarily endoderm-derived, epithelial cells present predominantly at
mucosal surfaces of vertebrates. Named for the iconic apical cluster of rigid microvilli that
project into the lumen of hollow viscera, tuft cells were defined by their morphologic
characteristics over 50 years ago. However, the function of tuft cells—whose aliases
include microvillous (nasopharynx), multivesicular, fibrillovesicular, caveolated (stomach
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and gastrointestinal tract), and brush (airways) cells—remained unclear for decades. Aided
by characterization of tuft cell transcriptional programs, recent work has focused on the
development and effector functions of these chemosensory cells, whose signaling outputs
include the capacity to produce interleukin-25 (IL-25), eicosanoids—including certain
prostaglandins and leukotrienes—and acetylcholine (ACh). Elucidation of these programs
has enabled improved tuft cell identification, facilitating the discovery of unexpected roles
for tuft cells in biologic processes as disparate as allergy and type 2 immunity, airway tone
in responses to bacterial metabolites, small intestinal remodeling, and dictating the cytokine
mileau of the thymus. With excellent comprehensive reviews covering the early (1-3) and
more recent (4, 5) history and functions of tuft cells, we will summarize these older findings
and focus on recent advances that have expanded the repertoire of these enigmatic cells
across diverse tissues. Finally, we suggest a more contextual biology for chemosensory-like
cells, including tuft cells, in vertebrate physiology with speculations regarding opportunities
for future discovery integrating tuft cells into immune and neural circuits critical for tissue
health and homeostasis.

Tuft cells express a unique gene signature across diverse tissues

Tuft cells share a core gene signature with elements of chemosensory, immune and neural
functions. First characterized using microarrays (6), the core signature was validated in

tuft cells from diverse epithelia (6—10). Despite their rarity, tuft cells can be identified
based on characteristic markers (Table 1). We here define tuft cells, minimally, as epithelial
cells dependent on the transcription factor POU2F3 for development and expressing: IL-25;
eicosanoid biosynthetic pathways characterized by COX1/2, and ALOXS5; and transient
receptor potential cation channel subfamily M member 5 (TRPM5). Additional common
markers include choline acetyltransferase (ChAT) and doublecortin-like kinase 1 (DCLK1),
although these can be expressed more broadly by other cells, including neurons. Although
clearly a distinct lineage, the stem cell — tuft cell relationship remains incompletely defined
(see below).

Tuft cells engage with immune and neural networks via a limited repertoire of secreted
molecules (Figure 1 a and b). Tuft cell secretion of IL-25 plays an important physiologic
role in type 2 immune responses in small intestine (11-13) and modulates the thymic
cytokine milieu (8, 10). Tuft cells express the molecular machinery for synthesis of

ACh (ChAT), prostaglandins (COX1 and COX2) and leukotrienes (ALOX5) (6). In some
tissues, however, tuft cells lack elements of the typical secretory cascade for these effector
molecules, and further study is needed to define the physiologic role for these effector
molecules. Due to their chemosensory properties, tuft cell production of ACh has been
proposed as a major functional output in several organs, including in “classical” sensory
nasal and olfactory epithelium. ACh from gastric, urethral, and tracheal tuft cells has been
proposed to signal to neurons (14-16), although validation of ACh production specifically
from tuft cells has proven difficult and genetic approaches for the conditional deletion of
Chat are needed to support a relevant cholinergic role.

The presence of differentially expressed taste receptors and other GPCRs, as well as the
canonical taste signal transduction cascade proteins, a-gustducin (GNAT3), phospholipase C
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B2 (PLCPR2), and TRPMB5, has led to the hypothesis that tuft cells “taste” luminal contents
in various tissues and thus integrate responses to mucosal stimuli (SIDEBAR TRPM5) (4, 5,
17).

Despite similarities of tuft cells in distinct tissues, both in gene expression and morphology,
tissue-specific differences are also apparent (9) (Figure 2 a and b). The expression of
specific genes from anatomically distinct tuft cell populations suggests tissue-specific
functions. Of particular interest may be the unique expression of surface GPCRs which
converge upon TRPMD5 channel activation, facilitating tissue-specific inputs to activate

tuft cell function through a common signaling machinery, with stereotyped outputs. The
ability of tuft cells to respond with immunologic or neuromodulating outputs may represent
microenviroment-dependent, deterministic cell fate decisions, or a spectrum of function
dependent on tissue-specific cell-surface receptor expression and ligand bioavailability
(Figure 1).

Tissue distribution and characterization

Tuft cells in distinct tissues share a pronounced, microtubule-rich apical tuft consisting

of a thick cluster of microvilli, a morphologic feature that aided in their identification

in early electron microscopy (EM) studies, as recently summarized (5). More recent
advanced volumetric EM imaging validated existence of lateral projections (cytospinules)
into neighboring cells, suggesting unappreciated ways for epithelial communication (18).
However, studies to-date have focused largely on the secretory effector functions of tuft
cells. Below, we review the localization, development and potential functions of tuft cells in
the diverse tissues in which they reside.

Nasopharyngeal epithelia

The nasal passages represent a critical conduit to the outside world, lined by a complex
epithelial layer extending from squamous and transitional zones at the anterior nares through
the prominent anterior/inferior nasal, or respiratory, epithelium (NE), and posterior/superior
olfactory epithelium (OE). OE constitutes a greater proportion of the epithelial surface in
rodents (~40%) than in humans (~5%). The nasopharyngeal epithelia engage in numerous
processes, including air humidification, particle filtration, odorant and toxin detection, and
elaboration of mucus and antimicrobial peptides (19). The epithelia of both NE and OE
includes TRPM5™, ChAT™, hitter taste receptor-expressing pear-shaped cells with an apical,
luminal tuft, that are often designated solitary chemosensory cells in NE and microvillous
cells in OE. In mice, these cells require POU2F3 for development (20), leading us to
consider these bona fide tuft cells.

Application of T2R bitter ligands, including acyl-homoserine lactones associated with
quorum sensing in Gram-negative bacteria, initiated a-gustducin- and TRPM5-dependent
Ca?* depolarization and ACh release from NE tuft cells, resulting in local neurogenic mast
cell-mediated inflammation and activation of trigeminal sensory fibers, thereby initiating a
protective apnea response (21, 22). Using human NE cell cultures, Lee et al. demonstrated
that bitter taste receptor ligands initiated a propagating Ca?* depolarization from tuft cells
that stimulated robust antimicrobial peptide secretion from adjacent cells, suggesting a
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rapidly deployed method by which relatively few cells could control bacterial homeostasis
across the epithelial surface (23). Conversely, activation of the sweet taste receptor T1R2/3
by bacterial D-amino acids from Staphylococcus aureus inhibited the pathway, leading to
enhanced bacterial growth (24). These findings are consistent with a chemosensory role for
nasal tuft cells in epithelial — microbial homeostasis, and possible activation of aversive
behaviors, like coughing and sneezing.

The association of type 2 immunity with Group 2 innate lymphoid cells (ILC2s) prompted
examination of patients with chronic rhinosinusitis with nasal polyps, which presents in an
allergic form associated with asthma and eosinophilia, and more frequently among patients
with worse disease (25). Elevated ILC2s, type 2 cytokines, and eosinophils were present in
polyps (26), and blockade of IL-4Ra led to diminution in the polyp burden, implicating type
2 cytokines in the epithelial hyperplasia (27). Consistent with studies in the mouse, solitary
chemosensory cells (tuft cells) were the major source of IL-25 in the NE from these patients
(28), but whether IL-25 or additional epithelial cytokines, such as IL-33 (29), or both, drive
the disease remains unknown. A recent single-cell RNA sequencing (SCRNA-seq) analysis
of human allergic nasal polyp tissues in NE revealed profound effects on epithelial diversity,
with reductions in ciliated cells and basal cell hyperplasia (30).

Microvillous cells, here defined as tuft cells, are present within the complex OE, and

are likely to arise from horizontal basal cells, which generate transit-amplifying-like
globose basal cells competent to differentiate into olfactory sensory neurons, supporting
sustentacular cells, and tuft cells (31). Computational analysis of SCRNA-seq suggests the
epithelial sustentacular and tuft cell populations diverge prior to cells committing to neural
identity, although these trajectories were altered after epithelial injury (32). Tuft cells in OE
express ChAT and the vesicular ACh transporter, VAChT, and modulate olfactory responses
to xenobiotic challenges that activate Ca2* depolarization and ACh release (33) and may
play a role in maintaining olfactory function, in part via release of neuropeptides (34, 35).
VAChHT is notably missing from the tuft cell transcriptome in other tissues.

Eyes and ears

Thymus

Tuft cells with typical morphology and expression of canonical markers of the taste
receptor signaling cascade were present in the auditory tubes and nasal aspects of the
conjunctival epithelia in mice (36, 37). In both tissues, tuft cells were in close proximity to
cholinoreceptive sensory nerve fibers with the capacity for neuropeptide release, including
CGRP, consistent with a tuft cell-mediated inflammatory circuit involved in restricting
ingression of toxic substances into deeper tissues.

Speculations regarding a role for cholinergic signaling in thymic function led Panneck

et al. to investigate the sources of ACh using Chat-eGFP BAC transgenic mice (38). A
subset of eGFP* medullary thymic epithelial cells (NTECs) expressed a-gustducin, TRPM5
and PLCP2, and was present as isolated cells and in loose aggregations associated with
cornified, terminally-differentiated epithelia in Hassall’s corpuscle-like clusters. A taste
receptor reporter mouse ( 7as2r131) confirmed expression of several bitter taste-associated
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receptors ( 7as2r105, Tas2r108, and Tas2r131) in these cells, although heterogeneity was
evident (39). Thymic tuft cells were also labeled using BAC transgenic mice expressing
CreERT2 from the 7as2r143promoter, which is controlled by shared c/s-regulatory elements
in the bitter taste receptor cluster, which also includes 7as2ri35and TasZr126 (40).

More recently, Miller et a/, using inducible lineage-tracking of Aire expression in murine
mMTECSs, identified a population of post-Aire cells that expressed the transcriptional signature
of tuft cells: components of the taste receptor signal transduction cascade, ChAT, I1L-25,
DCLKZ1, and multiple bitter taste receptors. The latter were expressed heterogeneously
among different cells (8). Post-Ajre mTECs were absent in Pou2f3- and in Trom5-deficient
mice, corroborating their lineage specification as tuft cells and suggesting dependence on
Ca%*-mediated depolarization. Mice deficient in post-Ajre mTECs (tuft cells) had profound
reductions in NKT2 cells that express IL-4 and Eomes-expressing CD8™ innate-like (“virtual
memory”) thymocytes that require IL-4 for differentiation. Unlike peripheral tuft cells,
thymic tuft cells expressed low levels of MHCII and CD74; transfer of Pou2f3-deficient
thymi into athymic nude mice rendered animals non-tolerant to subsequent immunization
with IL-25, suggesting that these cells enforce tolerance to tuft cell-derived antigens. A
second scRNA-seq analysis of mouse thymic epithelia also found 1L-25-expressing tuft cells
and used ATAC-seq and ChlP-seq to define the landscape of POU2F3 binding sites in these
cells (10).

Lower respiratory tract

The lower respiratory tract comprises the trachea and branching bronchi and bronchioles,
which carry air to the distal alveoli for gas exchange. In humans, the trachea, bronchi,

and larger bronchioles are lined by pseudostratified epithelium of multiciliated, secretory,
and basal cells, followed by a simple cuboidal epithelium in the terminal bronchioles and
squamous type 1 and cuboidal type 2 alveolar epithelial cells. In mice, only the trachea and
main-stem bronchi are lined with pseudostratified epithelium; simple columnar epithelium
lacking basal cells lines the smaller bronchi and bronchioles (reviewed in (41, 42)).

Despite early descriptions of tuft cells in respiratory epithelium, understanding remains
incomplete beyond histological characterization. Tuft cells appear to comprise at least a
subset of cells commonly termed “brush cells” due to their dense apical tuft morphology
(43). Solitary a-gustducin, TRPM5, ChAT, villin, and bitter taste receptor-expressing pear-
shaped cells with an apical, luminal tuft, were present in rodent airways with decreasing
abundance from trachea to larger bronchioles, but not in smaller bronchioles and alveoli
(44); a similar distribution was present in cattle (45). Some studies reported brush cells

in the rat distal airways, including in alveolar epithelia, with increased frequencies under
certain pathological conditions (reviewed in (43)).

In the trachea of mice, tuft cells express IL-25 (11), and share a core gene expression
program with tuft cells in other organs (9). Tracheal tuft cells are absent in Pou2f3!~

mice, whereas a cell population with similar morphology — marked by a villin-bright apical
tuft, but of otherwise unknown identity and negative for ChAT and TRPMS5 — remained
intact (46), revealing heterogeneity among airway brush cells as previously noted (16).
The tuft cell developmental trajectory and relationship with other lineages in the lower
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airways remain unknown. Lineage tracing in mice revealed regionally distinct epithelial
progenitor pools (41, 42), including Trp63* NGFR™ basal cells, Club cells, and type 2
alveolar epithelial cells. Using BrdU pulse-chase experiments, Saunders et al. determined
that tracheal tuft cells, like those in other tissues, are post-mitotic. During post-natal

tracheal growth, tuft cells differentiated with slow kinetics from BrdU-labelled proliferating
precursors that expressed basal cell-associated cytokeratin 14 (47). However, precise lineage
tracing during development, in adulthood, and in the context of tissue damage is lacking.

In addition to taste signaling components, tracheal tuft cells express various taste receptors,
consistent with chemosensory functions (9, 16, 40, 44, 46). Tracheal tuft cells were in
contact with peptidergic cholinoceptive vagal sensory neurons, and stimulation with the
bitter ligands cycloheximide or 3-OxoC12-homoserine lactone, a AP aeruginosa-associated
quorum sensing molecule, resulted in decreased respiratory rate that was inhibited by a
nicotinic acetylcholine receptor antagonist (16, 48). Bitter taste receptors were also present
on cultured human airway epithelia, which responded to agonist stimulation with increased
ciliary beat frequency (49), and on human airway smooth muscle cells, which responded
to bitter tastants with relaxation and airway dilation (50). Single cell analysis of airway
tuft cells will clarify whether taste receptors are expressed individually or combinatorially
(e.g.: T1Rs with T2Rs), distinct from the classical concept of taste segregation among taste
bud cells (51), but consistent with the observed co-expression in nasal tuft cells (52) with
antagonistic signaling characteristics (23, 24). Elucidating as-yet unexplored immunologic
roles for airway tuft cells will be important to identify roles in chronic diseases like
asthma and eosinophilic lung vasculitic syndromes (e.g.: eosinophilic granulomatosis with
polyangiitis (EGPA), formerly Churg-Strauss syndrome).

The Gastrointestinal Tract

During embryogenesis, the gastrointestinal tract develops from the endodermal primitive gut
tube, subsequently forming the esophagus, stomach, intestines, and their associated organs,
the liver, gall bladder and pancreas (53). The specialized mucosal epithelia in these tissues
differ in microanatomical organization, cellular composition and turnover rates, and can be
broadly separated into stratified squamous non-keratinizing epithelia in the esophagus and
anal canal, and simple columnar epithelia in the remaining gastrointestinal tract, organized
into gastric pits and glands in the stomach, crypts in the colon and cecum, and crypt-villus
units in the small intestine (54). Tuft cells are absent from the stratified squamous epithelium
of the anal canal and esophagus but may increase following replacement with a metaplastic,
intestinal-like columnar epithelium (55, 56). In contrast, tuft cells are present throughout

the simple columnar epithelia of the pancreato-biliary system, stomach, small and large
intestine, and cecum.

Pancreato-biliary system

The pancreato-biliary system includes the gallbladder, extrahepatic bile ducts (EHBDSs),
pancreas and pancreatic ducts (57). The liver, pancreas and biliary tree develop together
from the foregut endoderm, with the pancreas and extrahepatic biliary tree sharing a
precursor distinct from the intrahepatic ducts and the liver (58). The biliary tissue consists
of simple columnar epithelium, a thin lamina propria, and smooth muscle, and is innervated

Annu Rev Immunol. Author manuscript; available in PMC 2021 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Leary et al.

Stomach

Page 7

at several levels (59). The morphologically similar epithelial cells of the intrahepatic

and extrahepatic ducts are commonly termed cholangiocytes (59). In the pancreas, the
larger interlobular ducts and the major pancreatic duct are lined by simple columnar
epithelium; small intralobular pancreatic duct epithelium is cuboidal (60). During feeding,
cholecystokinin stimulates gallbladder emptying and the release of pancreatic secretions
into the duodenum (57, 61). Bile is a key route for excretion of xenobiotics, and both
gallbladder and EHBDs can be sites of long-term bacterial colonization and persistent
bacterial shedding (62). Thus, similar to the small intestine and the colon, the epithelium
of the pancreato-biliary system, and particularly the biliary tree, is exposed to nutrients and
hormones, as well as micro-organisms and soluble xenobiotics.

The presence of tuft cells in biliary epithelium was noted decades ago by EM of the mouse
gallbladder and the rat bile duct, where the striking microvillus structure was noted among
the homogeneous principal cells (63-65). Tuft cells in gallbladder and EHBDs are far more
abundant than in small intestine (63). Similar cells are present in human tissues (66). More
recent work using reporter mice for ChAT, TRPM5, and IL-25, and staining for DCLK1
has confirmed the abundance of tuft cells in the gallbladder and EHBDs (11, 55). IL-25*
tuft cells are not present in intrahepatic bile ducts (IHBDs) (our unpublished observations),
consistent with their development from distinct epithelial precursors (58). Despite their
abundance, tuft cell function in the gall bladder and EHBDs remains unknown. Given the
involvement of type 2 cytokines in fibrotic diseases (67), it will be important to evaluate
potential roles for tuft cells in this constellation of hepatobiliary diseases. Biliary epithelial
cells are found in close proximity to neurons, which directly innervate biliary epithelium,
and smooth muscle, both potential cell signaling partners (68, 69).

Tuft cells in the pancreatic duct were also noted in early studies (70, 71), but little
information has since accrued. The high abundance of tuft cells — 22% in specific ductal
locations — reported in rat pancreatic duct (72) has not been quantified in other studies,
although tuft cells in the major pancreatic duct are POU2F3-dependent in mouse (46). Tuft-
like cells have also been documented in some pancreatic cancers (73, 74), and may have

a biliary phenotype (73). Although additional work is needed, this suggests that pancreatic
ductal tissue may acquire a biliary phenotype during oncogenesis, marked by appearance
of tuft-like cells in a Sox17-dependent fashion (73). However, the alternative hypothesis,
that this represents expansion of an existing tuft cell population in the pancreatic ducts,

as suggested by older literature, has not been tested. Staining of normal pancreas using
DCLK1 revealed ductal tuft cells, but also peripheral islet cells suggested to be stem-like
cells, perhaps complicating tuft cell studies in this tissue (75).

Jawed vertebrates have a muscular stomach, derived from the foregut endoderm, used

for food storage, mechanical disruption, and preliminary digestion by acid and proteases
(76). The stomach is adapted to food intake, and thus varies substantially from species

to species: rodents have an anatomically distinct forestomach and glandular stomach (the
corpus and the antrum) while in humans the corpus is expanded (76). The simple columnar
epithelium of the gastric mucosa in humans begins abruptly after the esophagus and
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continues throughout the stomach, while in rodents the forestomach epithelium, like the
esophagus, is squamous.

Tuft cells are found in the gastric mucosa of the corpus and antrum in rodents and humans
as solitary cells (6, 77). In mice, however, tuft cells are enriched along the limiting ridge

at the transition from squamous to simple columnar epithelium separating the forestomach
and the corpus (78, 79). Tuft cells appear in the stomach of mice at birth, but are rare and
lack any enrichment at the limiting ridge (80). At this time, murine corpus and antrum tuft
cells appear morphologically distinct. As the glandular stomach develops, tuft cells increase
to achieve the densely packed organization of the limiting ridge observed after weaning (80).
Although this stereotyped appearance of gastric tuft cells suggests that tuft cells are linked
to digestive function of the stomach during postnatal feeding — perhaps delimiting a barrier
between the acidic gastric juices and the storage function of the forestomach — the role for
tuft cells remains unclear.

It has been proposed that bile duct and gastric tuft cells may play a role in regulating levels
of bicarbonate and/or sensing acidic conditions; indeed, the high proportion of tuft cells
that are observed in acidic locations suggests a potential specialized role in dealing with
electrolyte-rich, acidic luminal content, similar to the role for chloride cells in fish (81).
Ultrastructural analysis of rat bile duct and gastric groove following in v/vo exposure to
electrolytes induced visual morphological changes in tuft cells (81). Although previously
suggested that tuft cells in rat gastric mucosa and bile duct express components of the
bicarbonate secretion machinery (82, 83), this was not apparent in RNAseq data from
gallbladder tuft cells (6). Eberle et al. proposed that secretion of prostaglandins from
gastric tuft cells downstream of acid-sensitive GPCRs might act on neighboring bicarbonate-
secreting cells (84). Although correlative, the relationship between tuft cells and acid
sensing is consistent with the impact of acid on TRPMD5 signaling (85), and further study is
warranted.

Small and large intestine

Early studies, recently reviewed (5), described tuft cells in the small and large intestines

as rare isolated cells similar to other secretory cell lineages, including goblet and
enteroendocrine cells, interspersed between the more abundant enterocytes. Epithelial
progenitors and signals promoting the differentiation of epithelial lineages are best
characterized in small intestine, where dividing LGR5" stem cells at the crypt base give rise
to rapidly proliferating transit-amplifying cells and continuously renew the differentiated
epithelium on the villus with a complete turnover rate of approximately 4-5 days (86).
Despite increasing clarity regarding stem cell-epithelial cell differentiation in the small
intestine, tuft cell differentiation remains controversial.

The fate of intestinal progenitor cells, /.e., specification into absorptive (enterocyte)

vs. secretory (tuft, goblet, enteroendocrine, Paneth) lineages, is controlled in stem and
progenitor cells by Notch signaling, which is activated by delta-like 1 and 4 expressed

in intestinal secretory cells, including Paneth cells and crypt base goblet cells (87).
Proteolytically-released Notch intracellular domain translocates into the nucleus resulting

in transcription of target genes, including the transcriptional repressor Hes1. HES1 promotes
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enterocyte fate, in part through repression of Afoh1 (88), the transcriptional activator
essential for intestinal secretory cell commitment (89, 90). However, the requirement for
ATOHL1 in tuft cell differentiation is unclear. Studies report both absence of tuft cells in

the small intestine of mice with conditionally deleted Afoh1 alleles (91), and increased
abundance of tuft cells, possibly because of the deficiency in other secretory lineages (92).
The latter study reported only minor frequencies of fate-mapped tuft cells using Azoh1-Cre
and AtohI-CreER lineage tracing in adult mice. However, Bjerkenes et a/did note absence
of tuft cells from the small intestine, but not from the gastric epithelium, of global Afoh1
knockout mice on embryonic day E18.5. While the authors suggested this was related to
developmental abnormalities in Afoh1 deficiency, an alternative interpretation is that fetal
small intestinal tuft cell development is ATOH1-dependent (92). Another study verified
intact small intestinal tuft cells in adult mice with conditional deletion of AfohZ using Lgr5
CreERT2 (93). A third study used Vi/Z-CreERT2 and Lrig-CreERT?2 to delete Afoh1 from
the intestinal epithelium and observed increased tuft cells in the proximal and distal small
intestine consistent with the results of Bjerknes et al; in contrast, colonic tuft cells were
strongly reduced after Afoh1 deletion, suggesting differential requirements for ATOH1 in
small and large intestinal tuft cells (94). Using p-Creode, a novel computational trajectory-
mapping algorithm for high-dimensional single-cell data, these authors also provided
evidence for a tuft cell developmental trajectory that was distinct from ATOH1-dependent
goblet and Paneth cells.

One explanation for the conflicting results from distinct laboratories and different
developmental timepoints could be the existence of separate tuft cell differentiation
pathways, one ATOH1-dependent and one ATOH1-independent, perhaps equivalent to the
IL-4Ra-independent and IL-4Ra-/STAT6-dependent populations of tuft cells found in small
intestine (11-13, 95). Indeed, using scRNA-seq analysis of small intestinal epithelial cells,
Haber et al. suggested the existence of two tuft cell populations; tuft cell heterogeneity was
also described based on protein expression analysis using multiplex immunofluorescence
(96). This heterogeneity could be driven by the variable presence of type 2 immune stimuli
in different mouse colonies caused by T7ritrichomonas (described below). Notably, 1L-13
can cause upregulation of SOX4 in crypt progenitors, and a recent study showed increased
SOX4 promotes tuft and enteroendocrine fate in an ATOH1-independent manner (97). Vi/Z-
Cre x Sox4Vf mice displayed a minor baseline decrease in tuft cells, but a more pronounced
defect in tuft cell expansion after infection with the intestinal helminth N. brasiliensis,
which potently activates the 1L-13 — IL-4Ra axis. /n vitro deletion of Atoh1 in organoid
cultures, unexposed to exogenous IL-4/IL-13 and perhaps more analogous to the fetal state,
suppressed tuft cell differentiation. This defect could be overcome by overexpression of
Sox4. Goblet cell fate remained ATOH1-dependent.

Notably, SOX family proteins are well-characterized partners for heterodimerization with
transcription factors of the POU homeodomain family (SIDEBAR POU2F3) (98), of which
POU2F3 has emerged as the only lineage-defining transcription factor identified that is
required for tuft cell specification. POU2F3 is expressed in TRPM5* chemosensory cells,
including taste receptor cells and tuft cells, which are all absent in Pou2f3-deficient

mice (13, 20, 99, 100), with the only exception so far being certain TRPM5~ Villinbright
brush cells outside the intestinal tract, whose identity remains unknown (46). How PouZ2f3
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expression is regulated and its target genes in tuft cell fate determination are unknown.
The role of the transcription factor GFI1B, which in the intestinal epithelium is expressed
specifically by tuft cells, remains to be determined (92).

Based on existing literature, we propose the following model for tuft cell lineage
specification in the small intestine (Figure 3a and b): under germfree/fetal conditions,
epithelial progenitors acquire tuft cell fate in an ATOH1-dependent manner, like other
secretory lineages; alternatively, upon activation of IL-4Ra signaling and SOX4, an ATOH1-
independent pathway is engaged, possibly involving different progenitor cells, enabling a
rapid and dynamic increase in small intestinal tuft cell differentiation in the context of
colonization with helminths or certain protists.

While the roles of small intestinal tuft cells in type 2 immune responses have recently

been elucidated (see below), both small and large intestinal tuft cells share a “neuronal”
gene signature suggestive of roles in both immune and neuronal circuits. The emerging
concept that tuft cells in the intestine are part of a diffuse cholinergic chemosensory

system is supported by the expression of taste transduction signaling components and

ChAT by intestinal tuft cells. However, intestinal tuft cells lack the high-affinity choline
transporter (CHT) and the vesicular acetylcholine transporter (VAChT), responsible for
loading acetylcholine into secretory organelles, with the exception of a VAChT+ subset of
tuft cells in the ascending colon (55). The bitter ligand denatonium stimulates intracellular
calcium flux in colon tuft cells (55). A 7as2r143/ Tas2r135 Tas2r126 cluster fate-mapping
mouse model marked tuft cell in the gastroinstinal tract and revealed 7as2r126 expression by
gastric tuft cells (40). Further, tuft cell — neuronal cross talk has been suggested based on

the co-localization of tuft cells with nerves (reviewed in (101)). Nonetheless, many proposed
roles of intestinal tuft cells, including a receptive function—until recently (discussed below)
—Ilacked supporting experimental evidence.

Urogenital tissues

Chat-eGFP reporter mice were used to identify urogenital tuft cells in the urethral duct
epithelia and adjoining excretory gland ducts (15, 102). Urethral tuft cells are POU2F3-
dependent (46) and express typical taste receptor sensing pathway constituents (15, 40);
further, these cells fluxed Ca2* in response to monosodium glutamate and denatonium,

as well as heat-killed Escherichia coli, a common urinary tract pathogen, and ACh
concentration in the media increased following denatonium-challenge of urethral cells /n
vitro (15). In vivo, denatonium induced activation of the bladder detrusor muscle, suggesting
a role for tuft cells in restricting reflux of microbes into urogenital organs (15). Similar

cells were present in humans and other placental mammals, consistent with an ancient
evolutionary origin (103).

Intestinal tuft cell chemosensation and integration in immune circuits

In 2016, three groups converged on tuft cells as critical players in induction of intestinal
type 2 immune responses to luminal helminths and protists ( 7ritrichomonas muris) (11—
13). Using an IL-25-reporter-floxed allele, von Moltke et al. demonstrated that tuft cells
are a constitutive and major, if not only, source of IL-25. After infection with intestinal
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helminths, IL-25 stimulated lamina propria ILC2s to secrete IL-13 (11). IL-13 further drives
tuft and goblet cell differentiation, amplifying the circuit and expanding the numbers of
IL-25-producing tuft cells. Using Pou2f3~ mice, which lack tuft cells, Gerbe et a/. also
demonstrated the requirement for tuft cells in this cytokine relay (13). The resulting ‘weep-
and sweep’ response that accompanies infection was dependent on I1L-13, IL-4Ra., IL-25,
and POUZ2F3, with deficiency resulting in delayed expulsion of the helminth N. brasiliensis.
Howitt ef a/. made the important discovery that an unappreciated protozoan pathosymbiont
of the genus 7ritrichomonas also elicited expansion of the tuft cell compartment via this
circuit, leading to variable frequencies of tuft cells among mice maintained in different
facilities (12). Tritrichomonas-mediated tuft cell expansion was TRPM5- and a-gustducin-
dependent, providing the first evidence that chemosensation-based detection of eukaryotic
pathosymbionts by tuft cells is transmitted to ILC2s in the lamina propria.

The nature of the upstream tuft cell agonist remained unknown until 2018. Following

the observation that small intestinal tuft cells differentially express the succinate receptor
GPR91 (SUCNRL), evident in prior work (6, 7), three groups independently identified the
metabolite succinate as a potent circuit agonist (9, 95, 104). In a TRPM5-, a-gustducin-,
IL-25-, and POU2F3-dependent fashion, succinate in the drinking water was sufficient

to promote small intestinal tuft cell expansion, ILC2 proliferation, and IL-13 expression.
Germ-free mice monocolonized with Tritrichomonas accumulated luminal succinate (95),
and Tritrichomonas activated the circuit in a Sucnri-dependent manner (9). Altering the
bacterial microbiota using streptomycin or polyethylene glycol 3350, which promotes a
succinate-producing flora, also triggered SUCNRL1 (104). Surprisingly, although succinate is
excreted by N. brasiliensis, tuft cell expansion and worm clearance were normal in Sucnri-/
- mice, in contrast to 7rpm5—/— mice, suggesting alternative or redundant pathways for
helminth-driven circuit activation (9, 104). Circuit activation did not impact 7ritrichomonas
load, suggesting that this pathway for luminal detection may have evolved to facilitate
mutualistic responses to luminal pathosymbionts, including adaptive tissue remodeling that
facilitates energy homeostasis (95). Using a genetic model for chronic circuit activation,
Schneider et al. demonstrated that the associated small intestinal remodeling impairs
helminth parasitism, indicative of concomitant immunity (95). Tuft cells themselves are
targets for murine norovirus strain CR6 in the mouse intestine due to their high expression of
the entry receptor CD300If (105). Notably, small intestinal circuit activity is also influenced
by diet (95, 106), suggesting additional nuances awaiting further discovery.

Tuft cells in epithelial injury and cancer

In several tissues, including the small intestine, colon, pancreas and stomach, BrdU labeling
and/or lineage tracing of DCLK1* cells revealed that tuft cells are post-mitotic and do

not serve as stem or lineage-committed progenitors (75, 93, 107, 108). Nevertheless, tuft
cells have been implicated in small and large intestinal tissue regeneration in models of
irradiation-induced injury and in DSS colitis, in which mice with Dc/kZ deletion (109,

110) or inducible Dc/kI-driven tuft cell depletion (93) exhibit poorer epithelial recovery
and survival. Interpretation of these results is complicated by the expression of DCLK1 in
cell types other than tuft cells, including neurons (111), requiring validation using more
specific models. However, in support of a regenerative role for tuft cells, Westphalen

Annu Rev Immunol. Author manuscript; available in PMC 2021 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

O’Leary et al.

Page 12

et al. detected a small percentage of predominantly crypt-localized DCLK1* tuft cells
throughout the gastrointestinal tract, which, following fate-mapping via a high-sensitivity
Dclk1-CreERT2 BAC transgenic, retained label for up to 18 months (93). These data are

in contrast to a previous report using a knock-in/knock-out Dc/k1-CreERT?2 allele (107),
but may be consistent with earlier descriptions of DCLK1!%W crypt resident, Ki67+, GF1b+
cells (92). The potential for de-differentiation of committed cells to replenish the stem cell
compartment during regeneration has repeatedly been demonstrated for both uncommitted
and mature intestinal epithelial cells, including quiescent label-retaining +4 cells—partially
committed secretory progenitors—and enterocytes and enteroendocrine cells, which undergo
dynamic chromatin remodeling and resemble bona fide LGR5* stem cells after injury
(112). Thus, it is reasonable to hypothesize that DCLK1* cells share this potential, perhaps
serving in a pool of uncommitted crypt-residing secretory precursors (113). This has led

to speculation that, following inflammation, stem cell depletion, or activation of oncogenic
mutations (APC, KRAS), post-mitotic cell fate may be altered, possibly explaining the
association of DCKL1 expression with tumorigenesis and tissue injury (114).

A growing literature suggests a role for DCLK1 mutations—specifically inactivating
mutations in autoinhibitory domains (115)—in tumor incidence and progression in human
cancers (SIDEBAR DCLKJ1). Upregulation of DCLKZ1 occurs in some human tumors,

most notably in pancreatic tumors and metastases where this negatively correlates with
survival (73, 116, 117). In mouse models of both gastric (14, 118, 119) and pancreatic

(74, 116) cancer, increased tuft cells were observed during initiation of tumorigenesis under
inflammatory conditions, with a decrease noted upon progression to later tumor stages.
These data, together with the possibility that a DCLK1* tuft cell can participate in tissue
regeneration, suggest a relationship between tuft cells and dysregulated pro-tumorigenic
DCLKZ1* cancer cells. In the adenomatosis polyposis coli (APC) mutant model, polyp
formation were decreased when DCLK1* cells were depleted (107). Tumorigenic potential
of DCLK1* cells was also observed in Dc/k1-CreERT2 mice when the tumor suppressor
gene Apcwas deleted specifically in DCLK1* cells in combination with DSS-induced
inflammation (93). DCLK1 expression is not unique to tuft cells, however, and cleaner
genetic tools are required. A recent study utilized the lineage-defining nature of POU2F3 to
demonstrate that a small cell lung cancer variant—previously believed to be neuroendocrine
—has tuft cell-like hallmarks: variant tumor cells expressed POU2F3, TRPM5, GFI1B, and
ChAT, with a POU2F3-activated enhancer landscape (120). Immunofluorescence of mouse
lung using POU2F3 staining revealed tuft cells in trachea, but also in primary and secondary
bronchi, consistent with the central airway presentation of human small cell lung cancers.

Tuft cells comprise a systemically dispersed chemosensory cell system

linking environmental signals with neural and immune circuits

Tuft cells are widely dispersed solitary chemosensory cells that utilize components of

the Type Il taste cell signaling cascade responsible for sensing sweet, bitter, and umami.
Tuft cells express numerous additional GPCRs, including orphan receptors (7), but the
connections between alternative G protein-coupled upstream signals and activation of the
canonical taste transduction cascade, as defined for SUCNR1 in small intestinal tuft cells,
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remain undefined. The underlying logic of tuft cell “sensing” across different tissues is not
clear, but distinct expression patterns of GPCRs among tissues is consistent with a sensory
system modified to interact with ligands present in disparate microenvironments. Where
tested, signals in all tuft cells propagate through the Ca?*-activated TRPM5 monovalent
cation channel, universally expressed in these cells. Once activated, the output of these cells
appears stereotyped, although not explicitly tested in all tissues, and experimental evidence
and/or gene expression supports tuft cell production of IL-25, ACh and eicosanoids (certain
prostaglandins and cysteinyl leukotrienes). Despite the diverse potential signals in distinct
microenvironments, the functional output of tuft cells in all tissues examined is consistent
with primary targets in the immune and nervous systems, relating specifically to type 2
immune responses and cholinergic signaling. Cellular partners in such tuft cell-nucleated
circuits remain to be defined in the majority of tissues where tuft cells are found.

The use of components of the taste transduction cascade suggests evolutionary relationships
with taste bud cells, particularly Type 11 cells, which share expression of sweet (T1IR2/T1R3
components), umami (T1R1/T1R3 components) and bitter (a large family of T2Rs) taste
receptors, their associated signaling components, and (perhaps) ChAT, although further
study is needed (51, 121). Type Il taste cells are also dependent on POU2F3 for their
development and signal in a TRPM5-dependent fashion (99). Surprisingly, Type Il taste
cells express 1L-25 as revealed using reporter mice (Fig. 4). The similarities between tuft
cells and Type Il taste cells suggests a shared cellular lineage precursor or evolutionary
convergence of distinct linages. We propose the term “tuft cells” to describe a systemically
dispersed chemosensory system (inclusive of Type Il taste cells) comprised of epithelial
cells sharing the following characteristics: POU2F3-dependent development; tuft and
microvillous morphology; and expression of TRPMS5, IL-25 and pathways of eicosanoid
synthesis.

Recent work suggests tuft cell heterogeneity in the small intestine, as noted earlier. Of
particular interest in conceptualizing tuft cell functions is that these two types of small
intestinal tuft cells associate with patterns of neuronal-associated genes (“type 1) or innate
immune genes (“type 2”), although both populations express I1L-25, the 1L-25 receptor
IL-17RB, and the 1L-13 receptor constituents, IL4Ra and IL-13Ral (7). This suggests that
the small intestine—where immunological function of tuft cells is best characterized—may
represent a tissue in which luminal signals robustly direct polarization or differentiation of
“type 2” effector tuft cells, while in other tissues—in which tuft cells are better characterized
by neuronal or sensory outputs—the “type 1” tuft cell may predominate. Whether a single
tuft cell, particularly in tissues where these cells are long-lived, can switch between these
outputs depending on signaling inputs, or whether these are true differentiation states
remains unknown. Better fate-mapping tools will be necessary to define the relationships
among these cells, particularly in comparing epithelia with distinct stem cell pools, stromal
niches, and turnover rates.

The diversity of GPCRs expressed across tuft cells from distinct tissues suggest these

cells may couple to distinct ligands in different compartments. In the nose, tuft cells
respond to bitter ligand bacterial quorum-sensing molecules to promote aversive behaviors
and antimicrobial defense; similar activities appear to occur in the urethra (15, 22). In
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small intestine, tuft cells use the succinate receptor in response to colonizing protists,
driving extensive tissue remodeling associated with concomitant immunity (9, 95, 122).
Analogously, Type |1 taste cells drive both positive (sweet/'umami) and aversive (bitter)
behaviors, depending on the taste receptor repertoire. Although the data set is small, tuft
cells seem to rheostat both feed-forward positive and feedback aversive reactions, perhaps
consistent with odorant and taste perceptions involved in nutrition and toxin detection,
predator/prey relationships, and even access of volatile pheromones involved in mating
behavior (123). In this way, the tuft cell chemosensory system resembles the solitary
chemosensory system of fish and amphibians, that has seemingly evolved from externally
arrayed cells that detect highly-diluted water-soluble molecules in fish to more internally
arrayed mucosal epithelial cells for detection of both soluble and volatile molecules
engaged at air-liquid interfaces in land animals; such sensory systems may have evolved to
distinguish environmental cues involved in food finding, habitat recognition and avoidance
behavior (124). Deep evolutionary roots are also suggested by selective effects on POU2F3
in human evolution (125).

We speculate that all tuft cells function through detection of endogenous or exogenous
metabolites, including odorants and taste ligands, that coordinate positive (nutrient-rich,
prey, etc.) or negative (toxins, predators, etc.) tissue and behavioral responses. As
demonstrated by the capacity of tuft cell stimulation in mammals and solitary chemosensory
cells in fish to cause intestinal tissue remodeling (95, 126), we further speculate that

tuft cells are integrated upstream of signals important for postnatal tissue growth and
differentiation, and that such inputs may be relevant in driving tissue receptive states in
response to nutrients, but also pathologic states like allergy, chronic nasal sinusitis and
polyposis, asthma, food reactivity, and potentially others diseases provoked by alterations in
the environment in modernized civilizations.
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TERMS AND DEFINITIONS

Eicosanoids
polyunsaturated fatty acid oxidation products of arachidonic acid with signaling properties

GPCR
G-protein coupled receptor

Acetylcholine (ACh)
neurotransmitter/neuromodulator, acts on cells expressing muscarinic (GPCR) or nicotinic
(ion channel) receptors

Cyclooxygenase 1/2 (COX1/2)
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constitutively (COX1) or inducibly (COX2) expressed prostaglandin-endoperoxide synthase;
converts arachidonic acid to prostanoids (prostaglandins and thromboxins)

Arachidonate 5-Lipoxygenase (ALOX5)
enzyme required in conversion of arachidonate to precursor of leukotrienes B4 and C4

Type 2 immunity
immune response associated with activation of ILC2s, Th2 cells and TFH cells mediating B
cell production of IgE antibodies

IL-25
tuft cell-derived 1L-17 family cytokine; previously designated IL-17E

IL-17RB
forms the heterodimeric IL-25 receptor with IL-17RA

PLCPB2
phosphodiesterase that catalyzes the formation of inositol 1,4,5-trisphosphate and
diacylglycerol from phosphatidylinositol 4,5-bisphosphate

Group 2 innate lymphocyte (ILC2)
innate immune cells producing IL-5 and IL-13 with early roles in Type 2 immune responses

Autoimmune regulator (AIRE)
largely thymic-restricted transcription factor promoting ectopic expression of cell type
specific antigens by medullary thymic epithelial cells

Quorum sensing
bacterial sensing of population size through signaling molecules

Leucine Rich Repeat Containing G Protein-Coupled Receptor 5 (LGR5)
binds R-spondins in canonical Wnt signaling; tissue-specific epithelial stem cell marker

N. brasiliensis
rat-adapted parasitic roundworm, similar to human hookworms, that infects mice transiently
and induces robust type 2 response

Tritrichomonas muris
intestinal protozoan; likely many subtypes abundant in feral and laboratory mice;
characteristic hydrogenosome-dependent anaerobic metabolism

CD300If
bile acid-binding co-receptor for mouse norovirus

Cholinergic
involving the neurotransmitter acetylcholine

Pathosymbiont
immune-stimulating organism with long-term host residency
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SUMMARY POINTS

Evolutionarily conserved, with similarity to chemosensory cells in fish, tuft
cells share a unique gene program and are found as isolated cells in columnar
epithelia throughout mammalian organ systems.

Tuft cells have properties of both immune- and neural-modulating cells,
including a limited repertoire of secreted effector molecules that could
interact with several distinct cellular partners.

Physiologic roles for tuft cells in the majority of tissues remain to be defined.

The relationship between tuft cells and neurons is best characterized in
“sensory” epithelia like the oropharnyx.

The tuft cell/immune cell relationship has been conclusively demonstrated
in small intestine, where IL-25 from tuft cells initiates ILC2 responses to
intestinal metabolites and parasites.

Type |l taste bud cells share a common gene signature and morphology
with tuft cells, suggesting that these cells are a single lineage with distinct
responsivities based on tissue location.

We propose that tuft cells be defined as epithelial cells sharing POU2F3-
dependence and characterized by expression of IL-25, acetylcholine and
eicosanoid biosynthetic pathways, and the canonical taste receptor signaling
cascade.
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FUTURE ISSUES

. The differentiation pathway of tuft cells remains unclear, even in small
intestine where this has been most pursued.

. In many tissues containing tuft cells, ILC2s have not been described or
immune responses are thought to be limited, and investigations of tuft cell
—immune (ILC2 or otherwise) cell interactions need further study.

. Potential for tuft cell secretion of prostaglandins and leukotrienes remains
unexplored.
. The function of tuft cell acetylcholine - and whether ChAT expression is

sufficient to infer functional acetylcholine synthesis - —remains unclear,
particularly in the context of other acetylcholine-producing cells in close
proximity to tuft cells.

. The repertoire of cell surface receptors and possible tuft cell ligands, as well
as tissue specificity and heterogeneity within tissues, will offer important
clues to tuft cell function, and may explain how tuft cells acquire neuronal- or
immune-biased effector functions.

. Recognition of Type Il taste bud cells as homologous in phenotype and
function to tuft cells in other tissues will facilitate new understanding of tuft
cell and taste cell function, including the impact of IL-25 in sensory function.
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SIDEBARS

Transient Receptor Potential Cation Channel Subfamily M Member 5 (TRPMD5)
and Type 11 taste cell signaling

TRPMS is highly expressed by tuft cells, other solitary chemosensory cells, and Type Il
taste cells (17, 85, 127, 128). TRPMS5 is a calcium-gated, inwardly rectifying nonspecific
cation channel which displays both voltage and temperature modulation (129-134).
TRPMS5 in Type I taste cells of taste buds is activated downstream of the taste receptor
(TASR) family of GPCRs in the response to bitter (T2Rs), sweet and umami (T1Rs)
tastants (51). GPCR binding by distinct taste ligands results in G protein-mediated
activation of PLCP2, cleavage of PIP, into IP3 and DAG, and IP3-mediated release

of intracellular calcium. Intracellular calcium activates TRPMD, resulting in transient
depolarization of the cell body and activation of additional cation gated channels involved
in taste sensation (51, 128). Activation of TASRS also results in release of the Ga
subunit; while primarily thought to regulate G-y activation of PLCB2, Ga subunits can
promote production of cyclic AMP (51). T1Rs and T2Rs are expressed in tuft cells and
show tissue specificity (9), but physiological ligands remain to be defined.

POU domain, class 2, transcription factor 3 (POU2F3)

The POU (Pit-Oct-Unc) protein family of transcription factors control gene expression
regulating cell fate determination and embryonic development. POU2F3 (SKN-1a,
OCT11) is a subclass Il Oct protein, characterized by their strong affinity for an 8 bp
consensus sequence [ATGC(A/T)AAT] termed the ‘octamer motif’ and variants thereof
(98, 135). The octamer sequence is bound by two linker-joined domains characteristic of
the POU family, with the ~80 amino acid POU-specific (POUs) domain contacting the
5’ part of the motif, and the ~60 amino acid POU homeodomain (POUyp) binding to
the 3’ region. Pou2f3was initially found to encode two isoforms expressed in suprabasal
cells of the neonatal epidermis, Skn-1a and the less abundant Skn-1i, which regulate
gene expression involved in terminal differentiation of epidermal keratinocytes, including
Krt10(136-138). Subsequently, high Pou2f3 expression was discovered to be restricted
to TRPM5® cells in taste buds and TRPM5* epithelial tuft cells in various tissue, which
are all absent in Pou2f37'~ mice (13, 46, 99). POU2F3 is a crucial factor that controls
lineage specification in basal progenitor cells towards highly differentiated cells with a
chemosensory gene expression progam.

Doublecortin-like kinase-1 (DCLK1)

DCLK1 is a microtubule-associated protein with two N-terminal doublecortin (DCX)
domains, which regulate microtubule polymerization, and a C-terminal serine-threonine
kinase domain; functional splice variants lack one microtubule-binding domain (139).
Biochemical and structural studies suggest the kinase domain and C-terminal tail
autoinhibit the tubulin polymerization domains (115). The doublecortin microtubule-
binding domain is homologous to doublecortin (DCX). Mutations in Dcx in humans that
interfere with microtubule binding are associated with defects in neuronal migration,
patterning defects with double cortical laminations and severe neurologic deficits
(lissencephaly) (139, 140). In mice, deletion of both Dcxand DclkI recapitulate aspects
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of the human phenotype (141, 142). DCLK1 is expressed in mouse neurons during
embryogenesis, in mature neurons, and in epithelial tuft cells during adult life (115).
Expression of DCLK1 is observed in stem and stem-like cells in various tissues, and is
considered a hallmark of stem-like cells found in cancer or after injury (114). Kinase
domain inactivating human mutations are driver mutations in ~10% of gastric cancers
and in lesser numbers of other gastrointestinal tumors (115), perhaps leading to loss of
regulation in tubulin polymerization. Despite the prominent cytoskeletal architecture of
tuft cells, the precise role of DCLK1 in tuft cells is unknown.
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Figure 1:
Tuft cells have been found in diverse epithelia where it is thought they play chemosensory

and/or immunomodulatory roles enabled by expression of multiple GPCRs to sense luminal
stimuli. Tuft cells in the small intestine, for example, are known to respond to luminal
helminths and protists like 7ritrichomonas. Presence of the latter is sensed by detection of
a major metabolic endproduct, succinate, via a tuft cell GPCR, SUCNRL. Subsequently,
tuft cells activate tissue resident ILC2s in a TRPM5- and IL-25-dependent fashion to
produce effector cytokines like IL-13. Other tuft cell-derived immune mediators, including
ALOX5-dependent eicosanoids, may be involved. IL-13 acts on epithelial progenitor cells
in the intestinal crypt, promoting dynamic increases in tuft and goblet cell output. In other
tissues such as the olfactory epithelium, tuft cells appear to respond to bitter taste ligands,
although the physiological ligands are unknown. Here, tuft cells may enact a neuronal
effector program, perhaps through secretion of ACh which could act on efferent neurons,
smooth muscle, or epithelial progenitor cells. Additional tuft cell effectors, including
HPGDS-dependent prostanoids like PGD,, may contribute. Inset: We propose that tuft cells
exhibit immunologic and/or neuronal effector states. These effector phenotypes could be
mutually exclusive, discreet cell populations, or could represent tuning of fully differentiated
cells along a spectrum of function dependent on mutable luminal or niche signals.
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Figure 2:
Recently published RNA-seq data (9) was reanalyzed to isolate heterogeneity of tuft cells

among distinct tissues. Samples are sorted tuft cells (CD45!°¥ EPCAM* IL-25") from
various tissues of IL-25 reporter mice, with mRNA prepared and analyzed as described

in Nadjsombati ef a/. The following processing steps were applied in this order: exclusion
of very large outliers, minimal cumulative read count per transcript cut off at 150, log

10 transformed, missing values set to minimum value of the sample, scaled to a mean

of 0 with standard deviation of 1. (&) Bayesian principle component analysis with two
components was performed on processed and filtered data, with each dot representing one
biological replicate (see Nadjsombati ef al)). (6) Hierarchical clustering was performed on
the processed data using average linkage and Euclidean distance. The dendogram is not
shown for clarity. The colored side bar represents gene membership in clusters determined
by K-means (k = 5).
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Figure 3:
(a) Small intestinal epithelia comprise absorptive enterocytes , M cells, and secretory

lineages, including tuft, goblet, enteroendocrine and Paneth cells, which derive from
progenitor cells in the intestinal crypt. In the presence of type 2 immune stimulation,
IL-4/13-dependent tuft and goblet cell hyperplasia is induced (not to scale). (4) In addition
to the increased proportion of tuft cells, extrapolation from existing literature suggests

that the tuft cells arising in this IL4Ra-dependent fashion could engage an alternative

path of differentiation, schematized on the right, developing in a SOX4-dependent, ATOH1-
independent fashion from an unknown epithelial progenitor, and in contrast to a basal and
fetal trajectories involving an ATOH1-dependent development similar to other secretory
lineages. Thus, observed tuft cell heterogeneity could be programmed early in lineage
specification by impacts on epithelial progenitor cells.
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Figure 4:
Expression of IL-25 (in red) in lingual taste buds of IL-25-RFP reporter mice; DAPI in blue.

Taste bud structure is outlined. Scale bar, 20 um.
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Characteristic tuft cell markers enable identification across distinct epithelia, and associated genetic tools.

cells and olfactory epithelium

Marker® Expression and exceptions Putative function Useful mouse toolsb
Structural
DCLK1 Most, not in Type |1 taste bud Microtubule polymerization DclkI-CreERT2-IRES-EGFP (107),

DclkI-CreERT (93)
Dclk1-CreGFP (93)

expressed by other cells

Acetylated a- All, apically enriched Protection of long-lived microtubules | NA

tubulin from mechanical aging

Keratin 18 All Structural integrity NA

Villin Apically enriched in tuft cells, Actin-binding, microfilament Vil1-Cre, Vi/I-CreERT (91)

bundling

Chemosensation

a-gustducin Most, incomplete overlap with a subunit of heterotrimeric G protein Gnat3-GFP (144)
TRPMS5 in intestine (143) Gnat3-1- (12)
PLCR2 Most, incomplete overlap with Catalyzing formation of 1P; and Plcb2-GFP (145, 146)
TRPMS5 in intestine (143) DAG from PIP, Plcb2-1- (147)
TRPM5 All Depolarizing Ca%*-activated cation Trpm5-GFP (6, 143)
channel Trom5—1- (12)
ChAT Most, not in Type |1 taste bud Choline acetyltransferase catalyzing Chat-eGFP (16)
cells (16) synthesis of acetylcholine Chat-Cre (148)
Other literature:
Chat-CreERT2 (149)
Chaf' (150, 151)
T1Rs, T2Rs Most, possibly in combinatorial Taste reception Tas1R1-BL-IRES-mCherry (152)
pattern Tas1R2-LacZ (153)
Tas1R2-Cre (154)
Tas1R3-GFP (155)
Tas2r131-BL-IRES-hrGFP (152)
Tas2r131-BL-IRES-Cre (156)
Tas2ri43-CreERT2 (40)
Multiple KO alleles for Tas1Rs and Tas2Rs
Other
POU2F3 All Lineage-defining transcription factor Pou2f3-1- (99)
GFI1B All Zinc finger transcriptional repressor Gfilb-GFP (92)
Gfi1hM (157, 158)
COX1, COX2 All Prostanoid synthesis Multiple (conditional) KO alleles
PGDS All? Prostaglandin-D synthesis Hpgds—I-
IL-25 All Type 2-associated cytokine, IL-17 1125V |RES-RFP (11)

family member

aOther tuft cell markers were described for particular organs and might have broader applicability. These include: p-STAT6, p-EGFR(Y1068),
SOX9 (94), Siglec-F (13), CD24a (7)(our own unpublished observation).

b T . .
Select references for application in tuft cells are shown if available

Annu Rev Immunol. Author manuscript; available in PMC 2021 August 10.



	Abstract
	Introduction
	Tuft cells express a unique gene signature across diverse tissues
	Tissue distribution and characterization
	Nasopharyngeal epithelia
	Eyes and ears
	Thymus
	Lower respiratory tract
	The Gastrointestinal Tract
	Pancreato-biliary system
	Stomach
	Small and large intestine
	Urogenital tissues

	Intestinal tuft cell chemosensation and integration in immune circuits
	Tuft cells in epithelial injury and cancer
	Tuft cells comprise a systemically dispersed chemosensory cell system linking environmental signals with neural and immune circuits
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table 1.



