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A B S T R A C T

Tuft cells are epithelial chemosensory cells with unique morphological and molecular characteristics, the most noticeable of which is a tuft of long and thick
microvilli on their apical side, as well as expression of a very distinct set of genes, including genes encoding various members of the taste transduction machinery and
pro-inflammatory cyclooxygenases. Initially discovered in rat trachea, tuft cells were gradually identified in various mucosal tissues, and later also in non-mucosal
tissues, most recent of which is the thymus.

Although tuft cells were discovered more than 60 years ago, their functions in the various tissues remained a mystery until recent years. Today, tuft cells are
thought to function as sensors of various types of chemical signals, to which they respond by secretion of diverse biological mediators such as IL25 or acetylcholine.
Intestinal tuft cells were also shown to mediate type 2 immunity against parasites.

Here, we review the current knowledge on tuft cell characteristics, development and heterogeneity, discuss their potential functions and explore the possible
implications and significance of their discovery in the thymus.

1. Introduction

Tuft cells are epithelial chemosensory cells with unique morpholo-
gical and molecular characteristics, the most noticeable of which is a
tuft of long and thick microvilli on their apical side (Fig. 1). Although
they were discovered more than 60 years ago, their functional role has
remained a complete mystery till recently.

While tuft cells were originally identified in the rat trachea [1] and
mouse stomach [2], they were later found to be an integral part of many
other (mainly mucosal) mammalian tissues, including the respiratory
tract, small and large intestine, salivary gland, gallbladder, pancreatic
duct, auditory tube and urethra [3–20]. For this reason, they are often
referred to by several other names, including, brush, microvillar, ca-
veolated, fibrillovesicular, multivesicular or solitary chemosensory cells
(SCC).

In general, tuft cells are thought to function as sensors of various
types of chemical signals [5,21,22], to which they respond by secretion
of diverse biological mediators, such as IL-25 or acetylcholine [23–26]
(Fig. 2). For instance, intestinal tuft cells have been shown to play a key
role in parasite sensing and subsequent initiation of an effective anti-
parasitic response via secretion of IL-25 [23–25], whereas tuft cells of
the trachea were implicated in the regulation of respiration [27]. In-
terestingly, tuft cells were recently found also in the thymus [28,29], a
non-mucosal, primary lymphoid organ which is essential for the de-
velopment and maturation of T cells. This suggests that tuft cells can
also be found in non-mucosal and non-polarized tissues, where they can
play additional and/or yet-undefined functional roles.

In this review, we will describe the current knowledge regarding
tuft cells, their development and heterogeneity, discuss their potential
functions and explore the possible implications and significance of their
discovery in the thymus.

2. Tuft cell characteristics

Most tuft cells are characterized by a long cylindrical or flask-
shaped body, which is wider around the nucleus and narrows toward
the apical end or toward both apical and basal ends [30]. However, the
most notable feature that characterizes virtually all types of tuft cells is
a layer of tuft- or brush-looking microvilli found on the apical side of
the cell and penetrating the lumen (Fig. 1). These microvilli are typi-
cally connected to a rich network of microfilaments and microtubules,
which can extend deep into the cell's cytoplasm [31–33] (Fig. 1). In-
terestingly, some tuft cells were also found to possess thin lateral mi-
crovilli called cytospinules, which project from the tuft cell and pene-
trate neighboring epithelial cells (Fig. 1) [34–36]. These lateral
projections were shown to make physical contact with the nucleus of
neighboring cells, where their tips are usually wrapped by the neighbor
cell's nuclear membrane [37]. This form of contact between cells is
quite unusual and was suggested to play a role in the transfer of cargo,
perhaps even genetic material.

The tuft apical microvilli and their rootlets in the apical cytoplasm
contain F-actin microfilaments, and can therefore be stained by anti-
bodies specific to various cytoskeletal proteins including actin, fimbrin
or villin [38,39]. Tuft cells also contain two types of intermediate
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filaments including epithelia-specific Cytokeratin-18 [39], and sur-
prisingly also neurofilaments, which characterize mature neurons [40].
These filaments were shown to have a compartmentalized distribution,
with neurofilaments localized to the apical cytoplasm between the F-
actin filaments and microtubules, cytokeratin 18 in the perinuclear
region or spread in the entire cytoplasm, and both co-localize at the
basolateral margins [40,41]. Ankyrin, known to link the cytoskeleton to
membranal proteins, is localized in tuft cells mainly near the baso-
lateral membrane [41]. Doublecortin-like kinase 1 (Dclk1), which
might be associated with microtubules polymerization, was also iden-
tified as a tuft cells marker [42,43]. More recently, an actin-binding
protein called girdin [44,45], was shown to be a highly specific marker
for intestinal tuft cells when phosphorylated on its tyrosine 1798 [46].
It is however unclear, whether it can be used as a specific tuft cell
marker also in other tissues.

In addition to the above-mentioned structural markers, tuft cells are
also characterized by a specific expression of various genes, some of
which may be critical for mediating their functional role(s). For in-
stance, most tuft cells express various components of the taste reception
signaling machinery, including gustducin [5,47], Transient receptor
potential cation channel subfamily M member 5 (Trpm5) [48], phos-
pholipase C β (PLCβ) [49] and various types of taste receptors [50]
(Fig. 1), highlighting the similarities between tuft cells and taste buds
cells, suggesting that they may be involved in taste chemosensation.

Furthermore, tuft cells also express various components of the bio-
synthesis pathway of prostaglandins and leukotrienes such as hemato-
poietic leukotriene D synthase (Hpgds) and cyclooxygenases (Ptgs1)
[51,52] or fatty acid metabolism-related proteins, such as liver fatty
acid binding protein (L-FABP) [53], suggesting that they may produce
and secrete prostaglandins and leukotrienes, mediators that regulate
many physiological processes including inflammation. Moreover, some
types of tuft cells were also reported to express various components of
the nitric oxide synthesis pathway such as nNOS and NADP-linked

G6PD [54] or blood pressure homeostasis-related proteins, such as
renin, angiotensin and several electrolyte transporters [51,55–57]. Tuft
cells also express several neuronal pre- and post-synaptic proteins, in-
cluding choline acetyltransferase (ChAT), which is essential for the
synthesis of the neuromodulator – acetylcholine [51,58,59].

Finally, one of the key factors that is abundantly and specifically
expressed by tuft cells is IL25 (and/or Thymic stromal lymphopoietin,
TSLP), an important cytokine involved in initiation of the type-2 im-
mune response [23–25].

However, some of these molecular markers are either tissue and/or
context specific or are not exclusive to tuft cells. For example, nitric
oxide (NO) synthesis pathway components are expressed by tuft cells in
the stomach, but not by intestinal tuft cells [60]. Therefore, as sug-
gested by Gerbe et al. [61], a combination of various tuft cell markers,
together with morphological features, is probably the most accurate
and specific way to identify tuft cells in the specific tissue.

In addition, the heterogeneity of tuft cells seems to be further
multiplied by different types of tuft cells even within the same type of
tissue. Recently, Haber et al. [62] performed single cell RNA seq ana-
lysis of small intestine epithelial cells, highlighting 2 different clusters
of tuft cell progenitors and 2 distinct clusters of mature tuft cells. When
focusing on the two mature tuft cell clusters, they observed that one of
them (named tuft 2) was enriched for immune-related genes, whereas
the other (named tuft 1) expressed a neuronal development gene sig-
nature. In addition, although both tuft 1 and tuft 2 expressed IL25 and
the receptors for IL25, IL4 and IL13, only tuft 2 expressed TSLP and
proliferated in response to infection by the helminth H. polygyrus,
suggesting that the two clusters might represent different functional
types of tuft cells. Furthermore, a recent study by Montoro et al. [63]
found that tuft cells of the trachea are similarly divided into two types
of mature cells, with tuft-1 expressing genes associated with taste
transduction such as Plcb and Gnat3, and tuft-2 expressing immune-
related genes such as Alox5ap and Ptprc.

Fig. 1. Tuft cells characteristics. Tuft cells are distributed
between other epithelial cells in the lining of mucosal tissues.
On their apical side is a thick brush of microvilli, which are
usually longer and wider than those of neighboring cells.
Lateral projections extend from the cell and penetrate neigh-
boring cells, in which they contact the nuclear membrane. In
yellow – a long, vertical network of microtubules and micro-
filaments extends from the microvilli deep into the cytoplasm
and reaches the endoplasmic reticulum. Vesicles, which likely
contain secreted molecules, are spread along the filamentous
network. In purple – two types of intermediate filaments are
found in tuft cells, cytokeratins (CK) 8 and 18, and neurofi-
laments. While neurofilaments are localized to the apical cy-
toplasm between the actin filaments and microtubules, cyto-
keratin 18 is found in the perinuclear region or spread in the
entire cytoplasm, and both co-localize at the basolateral
margins. In Blue – several characteristic transcription factors
are expressed by tuft cells, including Pou2f3, Gfi1b, Sox9 and
Klf5. In red – tuft cells express components of the taste
transduction machinery, including the specific G-protein
gustducin, Phospholipase C Beta 2 (Plcb2) which hydrolyzes
phosphatidylinositol 4,5-bisphosphate to the second messen-
gers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol, and
the cation channel Trpm5. This pathway is activated in tuft
cells of different tissues by various G-protein coupled re-
ceptors (GPCRs), including Sucnr1, taste receptors and
CysLT3R.

S. Nevo, et al. Immunology Letters 210 (2019) 1–9

2



In regards to their distribution, in most tissues tuft cells seem to be
distributed in a sporadic and solitary manner, and are not seen near to
other tuft cells [22,46]. Their frequency seems to vary greatly between
different organs. While in the major pancreatic duct they account for
over 20% of all epithelial cells [5], in the respiratory tract they account
for 1–10% [9,64–67], in the stomach for 2% [43], and in the intestine
for only ∼0.4–1% of the local epithelial cell population [52,68].

In the thymus, the recently discovered tuft cells are found strictly in
the medulla, where they are clustered in close proximity to terminally
differentiated medullary thymic epithelial cells (mTECs) and account
for 5–10% of total mTECs [28,29,69,70]. Importantly, thymic tuft cells
were shown to express many of the tuft cells markers mentioned above
such as Ptgs, Gfi1b, ChAT, Dclk1, cytokeratin 18 and 8, villin, Pou
domain class 2 transcription factor 3 (Pou2f3), as well as components of

the taste receptor signaling machinery including gustducin, Plcβ2,
Trpm5 and several T2R family receptors such as Tas2r131, Tas2r143/
135/126 and others [28,29,69–71].

On the other hand, an RNA seq analysis showed that thymic tuft
cells have the most distinct and differential gene expression signature
from all other tuft cells [72]. Specifically, unlike other types of tuft
cells, thymic tuft cells are characterized by expression of a surface
molecule L1 cell adhesion molecule (L1CAM) or by relatively high ex-
pression of molecules involved in antigen presentation MHCII and
CD74 [28,29].

The morphological features of thymic tuft cells are less clear than in
other tissues, partly because the tissue epithelium organization differs
from that of mucosal tissues, with no clear orientation of an apical and a
basal end, but it was observed that they appear bulbous, with a long

Fig. 2. Tuft cells functions. (a) Urethra: Heat-inactivated e. coli, and bitter and umami tastants, cause an increase in intracellular Ca2+ in cholinergic, Tas2R108- and
Tas1R1-Tas1R3 expressing brush cells. Even though Trpm5 is a nonspecific cation channel usually activated by Ca2+, in these cells it is required for Ca2+ increase.
Ca2+ triggers acetylcholine secretion, resulting in detrusor muscle reflex activation and bladder emptying, likely through sensory nerve fibers which are found in
contact with the tuft cells. Flushing through micturition is a known protective mechanism in the urinary tract, and therefore tuft cells might be activating such a
response to eliminate bacteria. (b) Intestine: Tuft cells in the intestine sense parasites through Sucnr1, and perhaps other receptors, and respond in a Trpm-dependent
manner by secreting IL-25. ILC2 cells expressing IL-25R are then activated and secrete IL-13, which acts both by recruitment of type-2 related cells such as
eosinophils, as well as by altering the differentiation program of crypt epithelial stem cells to generate more tuft and goblet cells. This response is important for
parasite elimination. (c) Trachea (type-2 response): A subset of the tracheal tuft cells express the leukotriene E4 (LTE4) receptor CysLT3R, and they are also known to
express components of the leukotriene generation machinery. Tracheal tuft cells respond to both aeroallergens such as Alternaria, which are known to cause LTE4
elevation in the epithelium, and to LTE4 itself, by secretion of IL-25. This cytokine is necessary for both expansion of the tuft cells, as well as for activation of a type-2
immune response which includes a general expansion of the CD45+ compartment, and specifically ILC2 cells, CD4+ T cells and eosinophils. (d) Nasal epithelium:
T2R bitter taste receptors-expressing tuft cells respond to both bitter compounds, as well as bacterial quorum-sensing molecules such as acyl-homoserine lactones, by
elevation of intracellular Ca2+, which leads to Trpm5-dependent membrane depolarization and secretion of acetylcholine. This results in the activation of trigeminal
nerve fibers expressing acetylcholine receptors, thus activating a protective reflex of breathing depression. Trigeminal nerve activation is known to also promote local
inflammation through release of CGRP and substance P. Finally, the Ca2+ wave in activated tuft cells of the human nasal epithelium propagates through gap
junctions to neighboring epithelial cells, causing secretion of antimicrobial peptides into the mucus. Together, these mechanisms can promote elimination of bacteria.
(e) Trachea (cholinergic response): Tracheal tuft cells sense bitter tastants through T2R receptors, as well as bacterial quorum-sensing molecules such as 3-OxoC(12)-
HSL (known to be produced by Pseudomonas aeruginosa). This activates the downstream taste-specific signaling cascade which results in secretion of acetylcholine.
Vagal nerve fibers which innervate the tuft cells respond to acetylcholine by causing a reflex of reduced breathing rate, likely aiding in bacteria elimination. (f)
Thymus: Thymic tuft cells express T2R bitter taste receptors and components of their downstream signaling cascade, including Trpm5, however the signals to which
they respond are currently unknown. They express MHCII molecules and likely participate in tolerance induction by negative selection of T cells. Due to their
expression of ChAT, it is possible that thymic tuft cells generate and secrete acetylcholine, which was shown to regulate T-cell development. They also express IL-25,
which is the most likely candidate through which they control thymic populations of type-2 related cells such as ILC2, NKT2 and EOMES+CD8+T cells.
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narrow process or lateral microvilli extending between neighboring
epithelial cells [28,29,73]. However, additional investigation of their
morphological characteristics and tissue distribution in relation to other
cells in the thymus is required.

3. Tuft cell development

During ontogeny tuft cells seem to appear only after birth or in the
later stages of embryonic development. For instance, tuft cells in the rat
submandibular gland were found to appear only 17 days after birth
[74], while Dclk1+ tuft cells in the mouse intestine are detected only 1
week after birth [43,52,75]. Similarly, thymic tuft cells are absent in
the embryonic thymus and appear only several days after birth.

The origin of tuft cell was most extensively studied in the gastro-
intestinal (GI) tract. Tuft cell progenitors were first identified in 1979,
when Tsubounchi et al. performed 3H-thymidine incorporation ex-
periments and found that the lower portion of the crypt of the des-
cending colon contains putative tuft cell progenitors [15]. Subsequent
mutagenesis-based clonal analysis by Bjerknes et al. demonstrated that
tuft cells share a common ancestor with enterocytes and goblet cells
[76]. Later, lineage tracing experiments demonstrated that this cellular
origin is the Leucine-rich repeat-containing G-protein coupled receptor
5 (Lgr5)-expressing columnar stem cells at the base of the crypt [52]. It
was also shown that the mature tuft cells outside of the crypt are post
mitotic, constantly replenished and have a short life span of approxi-
mately 1 week [52].

Attempting to define the molecular requirements for tuft develop-
ment in the GI tract, Gerbe et al. (2011) tested whether tuft cell require
the secretory lineage-specific transcription factor Atonal homolog 1
(Atoh1) for their specification and/or differentiation. Using a tamox-
ifen-inducible villin-driven cre recombinase, they deleted Atoh1 by
daily IP injections of tamoxifen and found that the small intestine was
consequently void of tuft cells as well as of other secretory cells whose
development depends on Atoh1 including goblet, enteroendocrine and
Paneth cells. However, in contrast to these findings Bjerknes et al. de-
monstrated that rosa26creERT2 driven deletion of Atoh1 using gavage
administration of tamoxifen results in elimination of all secretory cells
in the small intestine but not of tuft cells, even though Atoh1 was de-
leted in them as well [75]. The controversy between the two studies
was proposed to result from toxicity of the treatment in the first study.
However, several findings such as weak Atoh1-EGFP signal detected in
immature tuft cells found lower in the crypt, expression of LacZ in tuft
cells following lineage tracing with Atoh1creERT2xRosa26-LacZ mice, or
the fact that tuft cells are not present in embryonic E18.5 Atoh1−/−

proximal intestine, might support an alternative explanation, in which
in the second study Atoh1 was not deleted in tuft cells progenitors due
to the lower tamoxifen concentration, which only affected the mature
tuft cells (that are no longer Atoh1 dependent), thus allowing mature
tuft cell differentiation. Since markers for tuft cell progenitors were not
found yet, this hypothesis is yet to be validated. Another model, pro-
posed in a recent review [3], suggests that embryonic tuft cells, which
develop in a pathogen-free environment, are Atoh1-dependent, while
the mature tuft cells are Atoh1-independent, possibly since they arise
from different progenitors which might be activated by exposure to
parasites through IL-4 signaling and Sox4 expression.

Interestingly, additional transcriptional factors such as Neurogenin
3 (Neurog3), SRY-box containing gene 9 (Sox9), or Growth factor in-
dependent 1 (Gfi1), which are required for the development of en-
teroendocrine cells, Paneth and/or goblet cells respectively are all
dispensable for the development of intestinal tuft cells [52].

Importantly, the key master regulator of tuft cells development
seems to be Pou2f3 (Fig. 1), which was found to be critical for the
development of tuft cells in the intestine, nasal respiratory epithelium
as well as in the thymus [29,77–79]. Interestingly, in addition to its key
role for tuft cells development, Pou2f3 is also essential for the genera-
tion of sweet, umami, and bitter taste cells [80], further highlighting

similarities between these two cells types.
The origin and development of tuft cells in the thymus is still poorly

understood and seems to be quite different from the development of tuft
cells in other tissues. Specifically, two recent studies suggested that
thymic tuft cells appear only after birth and seem to be directly derived
from mature MHCIIhi mTECs. This notion is mainly supported by two
independent in vivo models for lineage tracing including the inducible
Aire-CreERT ZsGreen reporter [29] and the Csnb.Cre-tdTomato reporter
[79], which both demonstrate that thymic tuft cells have a previous
history of mature MHCIIhi mTECs cells. However, it is possible that an
alternative (and still undefined) developmental pathway exists. Such
possibility is supported by several interesting observations; First,
treatment of the BALB/cByJ×AireDTR C57BL/6 F1 mice with diph-
theria toxin leads to a rather moderate (< 50%) (yet significant) re-
duction in thymic tuft cells, suggesting that a large fraction of thymic
tuft cells is not derived from Aire-expressing mTECs. Second, Aire de-
ficiency was found to have virtually no impact on the development of
thymic tuft cells, while it had a profound impact on the development of
other terminally differentiated Keratin-10-expressing mTEC subsets
that are derived from Aire+ mTECs [79]. Third, single cell RNA seq and
ChIP seq analyses demonstrate that tuft cells and Aire+ mTECs are both
transcriptionally and epigenetically very distant with no intermediate
population that could explain the developmental transition from the
Aire+ mTECs to the tuft cells. Therefore, further experimental work is
needed to better elucidate the exact developmental program(s) of
thymic tuft cells.

4. Tuft cells in disease

Although tuft cells have been implicated in various pathologies,
their exact role in health and disease is still incompletely understood
and requires further investigation.

For instance, tuft cells were suggested to be involved in diseases
such as inflammatory bowel disease (IBD) or infections by Clostridium
difficile (C. difficile). Specifically, the symptoms of these diseases were
shown to inversely correlate with the levels of IL25, the key cytokine
that is mainly produced by tuft cells. Similarly, biopsies of intestinal
mucosa from patients with ulcerative colitis or Crohn's disease [81]
revealed that they contain fewer IL25-expressing cells. Therefore, these
data suggest that intestinal tuft cells may play an important role in
maintaining intestinal homeostasis and/or in prevention of local in-
flammation. This hypothesis is further supported by data demonstrating
that restoring IL25 levels in the mouse model of C. difficile-induced
colitis reduces the symptoms and increases survival through eosinophil-
dependent protection of the gut barrier [82].

In other cases, however, tuft cells may not necessarily play protec-
tive roles. Specifically, tuft cells were found to increase in numbers
following stomach inflammation, hyperplasia and metaplasia in the GI
tract [43] or in chronic rhinosinusitis with nasal polyps (CRSwNP [83]).
In the human airway epithelium, increased tuft cells abundance was
shown at the expense of tracheal ciliated cells in a patient with im-
motile cilia syndrome [84], and in lung biopsies of an infant with bi-
lateral pneumothoraxes and respiratory stress [85]. However, in both
cases it is not clear whether the increased tuft cell numbers merely
reflect the symptoms or actually play a causative role.

Interestingly, the tuft cell marker Dclk1 was shown in recent years
to be expressed in a variety of tumors, and knock-out studies have
shown that it is functionally important for tumor growth or progression.
For instance, Dclk1+ cells are overrepresented in ∼75% of human
primary colorectal cancers and colorectal adenocarcinomas [86] and
exceptionally high levels of Dclk1+ cells were correlated with lower
survival. Similarly, Dclk1+ cells were also overrepresented in neu-
roendocrine tumors of the mammary gland and the rectum [87,88], and
in esophageal cancer [89]. Suppression of the Dclk1 gene caused a
growth arrest of the colorectal xenograph [90], increased apoptosis in
neuroblastomas [91] and growth arrest in hepatocellular carcinomas
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[92]. A study conducted by Nakanishi et al. in 2013 demonstrated that
Dclk1+ cells represent the tumor stem cells. Combining this model with
diphtheria toxin mediated deletion of Dclk1+ cells led to a significant
regression of established tumors [93].

Furthermore, the expression of Dclk1 in various cancers and its ef-
fect on the expression of various oncogenes such as c-myc and Kras
[90,94] highlights Dclk1 as a potential therapeutic target. Indeed, ge-
netic and pharmacological targeting of Dclk1 in Kras mutated mouse
models of pancreatic cancer led to significant inhibition in pancreatic
tumorigenesis [95]. Similarly, recent studies suggested that a direct
relationship between Dclk1 and Cox2, both tuft cell markers, exist also
in pancreatic cancer. The expression of both proteins increases as the
tumor progresses, and Cox2 was also described to be a Kras downstream
effector [96]. Treatment with a cox inhibitor, Licofelone, led to a sig-
nificant decrease in Dclk1 expression and pancreatic cancer stem cells
[97].

It should be stressed however, that most studies involving Dclk1 and
cancer have focused on Dclk1 alone, leaving the question regarding the
exact identity of the Dclk1+ cells open. The fact that tuft cells are the
predominant population expressing Dclk1 under homeostatic condi-
tions, and the connection between Dclk1 and Cox2 both in tuft cells and
in cancer progression makes them a likely suspect. However, whether
tuft cells are indeed directly responsible for various types of tumors
needs to be experimentally validated in future studies. In line with this,
Bailey et al. [98], did show that Dclk1+ cells with tuft-like character-
istics were present in murine pancreatic intraepithelial neoplasia. These
cells were shown to exist under homeostasis conditions as progenitor
cells that are important in regeneration, but following pancreatic in-
jury, can become a powerful source of cancer initiating cells.

5. Tuft cell functions

As already mentioned above, although tuft cells have been identi-
fied more than 60 years ago, their functional role remained poorly
understood for a very long time.

One of the key breakthroughs in understanding the potential func-
tional role of tuft cells was the realization that they share several
unusual features with the chemosensory cells in taste buds [5,17], in-
cluding the expression of various taste receptors and the taste trans-
duction signaling machinery. This suggested that tuft cells may function
as chemoreceptive cells capable of sensing various chemical signals in
their environment. However, which signals, and what molecules they
are able to sense, still remains poorly understood. Nevertheless, in-
creasing body of evidence suggests that tuft cells can be activated via
the taste receptor machinery, as well as via various small molecules,
such as succinate, aeroallergens and Leukotriene E4 (LTE4)
[72,99–101] (Fig. 2).

Moreover, the fact that some tuft cells contain large vesicles near
the apical membrane [21,102] suggests that tuft cells might have a
secretory role. Indeed, tuft cells are known to express various secretory
molecules (or machinery required for their synthesis) with important
biological functions, including IL25, TSLP, acetylcholine, leukotriens,
prostaglandins, endogenous opioids, renin or nitric oxide.

Based on these facts, tuft cells seem to function as sensors of possible
danger signals to which they respond by secretion of various biologi-
cally active mediators. However, the specific signals they sense and the
specific mediators they secrete seem to be tissue- and context-depen-
dent.

For instance, tuft cells in the urethra [26] were found to respond to
bitter compounds by activation of the taste receptor signaling cascade,
resulting in a subsequent rise in intracellular Ca2+ and release of
acetylcholine. This in turn is thought to activate various cells in their
proximity, including sensory nerve fibers, eventually leading to bladder
detrusor reflex accompanied by enhanced bladder emptying. Since
some bacterial products are known to activate bitter taste receptors, it
was hypothesized that this pathway might be involved in antibacterial

defense (Fig. 2a).
More recent studies demonstrate that mouse intestinal tuft cells are

activated by parasitic infections, to which they respond by secreting
IL25 (which they already constitutively express under homeostasis).
Since IL25 is the key activator of innate lymphoid cells type 2 (ILC2),
this in turn results in the initiation and amplification of the type-2 cy-
tokine response, characterized by secretion of various key cytokines
from the ILC2 cells, including IL13. This subsequently promotes goblet
cell hyperplasia, eosinophil recruitment and activation, ultimately re-
sulting in effective parasitic clearance. The secretion of type-2 cytokines
by ILC2 cells also enhances tuft cells differentiation in the crypt, thus
causing tuft cells hyperplasia, leading to enhanced IL25 secretion, and
thereby initiating a feed-forward loop [23–25]. More recently, the
differentiation of intestinal epithelial stem cells (IECs) into tuft cells
following parasitic infection was shown to require their interaction
with Th2 cells [63], suggesting that Th2 activation is part of this feed-
forward loop. The activation of intestinal tuft cells was shown to be
induced by a metabolite succinate, which is produced by protozoa and
binds to its specific receptor Sucnr1 on tuft cells [72,99,100] (Fig. 2b).
Interestingly, this G protein coupled receptor and the G-protein gust-
ducin were required for tuft cells hyperplasia and type 2 response ac-
tivation triggered by protist, but not by helminth infection, while the
downstream cation channel Trpm5 was required in both cases. There-
fore, it is likely that additional metabolites or other molecules are able
to activate the same downstream signaling pathway. Some effects of
this pathway were even shown to last long after the succinate trigger
was removed, and activation of the pathway rendered mice more re-
sistant to future infection.

Furthermore, the role of intestinal tuft cells may also be critical for
local tissue regeneration (which may occur as a result of parasitic in-
fection). Specifically, irradiation mediated injury of mouse models with
either intestinal epithelium-specific Dclk1 deficiency or Dclk1 over-
expression demonstrated that Dclk1+ cells mediate tissue recovery and
promote intestinal epithelium survival through maintenance of epi-
thelial barriers [103–105]. Moreover the protective role of tuft cells is
further illustrated in IBD mouse models of Dextran Sulfate Sodium
(DSS) induced colitis [106], where specific deletion of Dclk1 in in-
testinal epithelial cells (IEC) reduced their proliferation following DSS
treatment and resulted in increased gut permeability and elevated le-
vels of IL1b and IL17.

It remains unclear how exactly tuft cells, which are considered post-
mitotic and differentiated cells, can promote tissue regeneration; in-
terestingly, several studies have shown that Dclk1+ cells have stem-
cells and self-renewal abilities [103,107,108], which might also explain
their involvement in malignancies. While it is possible that Dclk1 might
be expressed by other, non-tuft stem cells, Chandrakesan et al. [105]
suggested that regeneration is mediated by paracrine signaling from
tuft cells to neighboring intestinal stem cells. Another hypothesis sug-
gests that under stress conditions which cause stem cells depletion, tuft
cells, like other post-mitotic intestinal epithelial cells, can de-differ-
entiate into stem cells to replenish the epithelial niche [3].

Together, these findings suggest that intestinal tuft cells play a
critical role in protecting the gut from various hazards including
parasitic infection and/or local injury.

Interestingly, tuft cells of the airways were recently [101] also
shown to activate a type 2 immune response, but through a different
mechanism than described above for the intestinal tuft cells. Specifi-
cally, Bankova et al. demonstrated that tuft cells in the trachea can
expand in clusters in response to various aeroallergens or LTE4. This
mechanism was shown to require the activation of the cysteinyl leu-
kotriene 3 receptor (CysLT3R) receptor, and led to lung inflammation,
eosinophilia, ILC2 cell expansion and CD4 T cell recruitment. While
most of these effects were dependent on IL-25 secretion but not on
Signal transducer and activator of transcription 6 (Stat6)/IL-13 sig-
naling, some were IL-25-independent or Stat6-dependent, indicating
that several parallel pathways in tracheal tuft cells transduce signals
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from the CysLT3R (Fig. 2c).
In the nasal cavity, the rodent tuft cell-like SCCs were shown to

respond to certain irritants by activating a trigeminal nerve reflex,
known to be required for expulsion of irritants by breathing regulation
and inflammation induction [109–111]. The signaling is mediated by
activation of SCCs T2R bitter taste receptors and the TRPM5-related
downstream signaling cascade, which, through acetylcholine secretion,
activates afferent trigeminal nerve fibers and eventually leads to a re-
duction in breathing rate, inflammation, and, in the vomeronasal organ,
prevents entrance of hazardous substances (Fig. 2d).

Similarly, bitter compounds exposure in the trachea caused vagal
nerve activation and reduced breathing rate in an acetylcholine-de-
pendent manner [27] (Fig. 2e). This was linked to tracheal tuft cells
since they were shown to express the bitter taste signaling cascade
components and acetylcholine related enzymes. Tracheal brush cells
were also shown to be connected to cholinergic nerve fibers, although
evidence for direct synapses between brush cells and nerve endings in
the lower respiratory tract are lacking [112].

The discovery that the irritants which activate this pathway in both
the upper airways and the trachea include bacterial products such as
quorum sensing molecules, suggested that tuft cells may play a role in
innate immunity [111,113,114]. It was also reported that the activation
of tuft cell-like SCCs bitter taste receptor in the human upper airways
causes an increase in intracellular calcium, which propagates to sur-
rounding cells through gap junctions, and causes secretion of anti-
bacterial compounds that can efficiently eliminate bacteria [115]
(Fig. 2d). This local response was not seen in mice [116]. In spite of tuft
cells expression of NOS and NADP-linked G6PD, and although ciliated
cells of the upper airways were shown to produce NO in response to
bitter taste receptor activation by bacteria [117], NO is not involved in
the local anti-bacterial response in SCCs, but rather beta-defensins.

The interaction between tuft cells and the nervous system is not
limited to the upper airways and urinary tract described above. In fact,
in almost all tuft cells-containing tissues except for the thymus, tuft cells
were found in close proximity to neurons, and evidence for direct sy-
napses is accumulating [20,40,51,118,119]. The role of such interac-
tions remains largely unknown and is likely tissue-dependent. Auditory
tube and intestinal tuft cells were found near CGRP+ nerve fibers
[20,68], which in the gut were shown to participate in neuroimmune
interactions, nociception, blood pressure homeostasis and stem cells
proliferation, thus implying that tuft cells regulate these functions.
Specifically, the cross talk between tuft cells and neurons is important
both for intestinal tuft cells survival in organoids and for expansion of
the organoids [103], further supporting the role of tuft cells in epi-
thelial proliferation and tissue regeneration, and suggesting that this
requires their interaction with the nervous system.

In the thymus, whose main role is the generation of mature T cells,
epithelial cells mediate the development and selection processes of
thymocytes, and thus regulate the formation of the T-cell repertoire.
Therefore, it is tempting to assume that thymic tuft cells are also in-
volved in this process.

Thymic tuft cells, like tuft cells in other tissues, express ChAT and
therefore might be able to secrete acetylcholine [73]. They are the main
source of this enzyme in the thymic stroma [28]. It has been previously
shown that acetylcholine affects T cells development and immune
function, and is important for normal thymic function [69,120,121].
Therefore, it is possible that tuft cells play a role in shaping the adaptive
immune repertoire through secretion of acetylcholine, although this
requires further investigation.

Additionally, since thymic tuft cells are located in the medulla, it
was recently hypothesized that similarly to mTECs, they are involved in
specific antigen presentation, and thus have a role in preventing auto-
immunity [29]. As described above, while tuft cells themselves do not
express Aire at the RNA level, both Miller et al. and us demonstrated
that some thymic tuft cells might arise from Aire expressing cells
[28,29]. Both papers also showed that thymic tuft cells express low

levels of CD74 and MHCII, molecules necessary for antigen presenta-
tion, which are not expressed by gut tuft cells. Finally, in thymic
transplantation experiments, Miller et al. showed that thymic tuft cells
deficiency led to formation of antibodies against IL25, a tuft cells-ex-
pressed gene, in mice immunized with IL25. Taken together, these
observations may indicate tuft cells involvement in tolerance induction.

Additional roles for thymic tuft cells, which are not directly related
to shaping the T cells repertoire, were also explored. As described
above, tuft cells in the gut were shown to activate a type 2 immune
response to eliminate parasites. While the thymus is usually not directly
exposed to such external cues, it is able to sense and responds to them,
for example it is known that parasitic or bacterial infection causes re-
versible involution of the thymus [122]. Therefore, and since thymic
tuft cells express IL25, their role in type 2 response regulation was in-
vestigated. Interestingly, both Miller et al. and us found evidence for
tuft cells effect on type 2 immune response-related cells populations,
but while Miller et al. demonstrated that tuft cells deficiency resulted in
reduced NKT2 cells and EOMES+CD8+ cells in the thymus and spleen,
we showed an increase in basal levels of thymus-resident type-2 innate
lymphoid cells (ILC2) in tuft cells deficient mice, perhaps representing
feedback loops or intestine-thymus crosstalk. Therefore, determining
the involvement of thymic tuft cells in type 2 immune response acti-
vation will require mice models which specifically eliminate these cells
without affecting tuft cells in other tissues. Additional roles for thymic
tuft cells, which might be thymus-specific, will require further in-
vestigation (Fig. 2f).

While varied, these proposed functions of tuft cells might not be
contradictory, and may actually be related; For example, succinate is
not only a parasitic metabolite but is also secreted endogenously, and is
known to be elevated during tissue stress and injury [123]. Ad-
ditionally, tissue remodeling is a part of the type 2 immune response
[123], and specifically it was shown that ILC2 activation and IL13 se-
cretion in the gut over a long period of time causes remodeling and
lengthening of the intestine [99].

Furthermore, the currently proposed functions may be just the “tip
of the iceberg”, since there are many characteristic tuft cells compo-
nents, whose involvement in tuft cells activity is currently unknown and
likely have a functional significance. This includes secretion of opioids
[52,124], expression of renin and angiotensin [51] (likely related to
water balance homeostasis), NO synthesis [54], etc. Tuft cells were also
shown to be localized near CGRP+ nerve fibers, known to be involved
in various functions including tissue remodeling, neuroimmune inter-
actions, muscle contraction, maintenance of blood pressure homeostasis
and more [68]. This can suggest tuft cells involvement in any of these
processes. It is also possible, and even likely, that tuft cells function
varies between different organs or regions, between states of health and
disease, and between organisms.

Contributors

All authors contributed equally in writing this review.

References

[1] J. Rhodin, T. Dalhamn, Electron microscopy of the tracheal ciliated mucosa in rat,
Z. Zellforsch. Mikrosk. Anat. 44 (1956) 345–412 http://www.ncbi.nlm.nih.gov/
pubmed/13353477.

[2] O. Jarvi, O. Keyrilainen, On the cellular structures of the epithelial invasions in the
glandular stomach of mice caused by intramural application of 20-methylcho-
lantren, Acta Pathol. Microbiol. Scand. Suppl. 39 (1956) 72–73 http://www.ncbi.
nlm.nih.gov/pubmed/13372265.

[3] C.E. O’Leary, C. Schneider, R.M. Locksley, Tuft cells – systemically dispersed
sensory epithelia integrating immune and neural circuitry, Annu. Rev. Immunol.
37 (2019), https://doi.org/10.1146/annurev-immunol-042718-041505.

[4] L. Luciano, E. Reale, H. Ruska, On a “chemoreceptive” sensory cell in the tachea of
the rat, Z. Zellforsch. Mikrosk. Anat. 85 (1968) 350–375 http://www.ncbi.nlm.
nih.gov/pubmed/5706762 (accessed 02.09.18).

[5] D. Höfer, D. Drenckhahn, Identification of the taste cell G-protein, alpha-gust-
ducin, in brush cells of the rat pancreatic duct system, Histochem. Cell Biol. 110

S. Nevo, et al. Immunology Letters 210 (2019) 1–9

6

http://www.ncbi.nlm.nih.gov/pubmed/13353477
http://www.ncbi.nlm.nih.gov/pubmed/13353477
http://www.ncbi.nlm.nih.gov/pubmed/13372265
http://www.ncbi.nlm.nih.gov/pubmed/13372265
https://doi.org/10.1146/annurev-immunol-042718-041505
http://www.ncbi.nlm.nih.gov/pubmed/5706762
http://www.ncbi.nlm.nih.gov/pubmed/5706762


(1998) 303–309 http://www.ncbi.nlm.nih.gov/pubmed/9749964 (accessed
02.09.18).

[6] A. Arstila, J. Wersäll, The ultrastructure of the olfactory epithelium of the guinea
pig, Acta Otolaryngol. 64 (1967) 187–204 http://www.ncbi.nlm.nih.gov/
pubmed/6078466 (accessed 02.09.18).

[7] L. Luciano, E. Reale, H. Ruska, Brush cells in the alveolar epithelium of the rat
lung, Z. Zellforsch. Mikrosk. Anat. 95 (1969) 198–201 http://www.ncbi.nlm.nih.
gov/pubmed/4893060 (accessed 02.09.18).

[8] B. Meyrick, L. Reid, The alveolar brush cell in rat lung – a third pneumonocyte, J.
Ultrastruct. Res. 23 (1968) 71–80 http://www.ncbi.nlm.nih.gov/pubmed/
5670842 (accessed 02.09.18).

[9] L.Y. Chang, R.R. Mercer, J.D. Crapo, Differential distribution of brush cells in the
rat lung, Anat. Rec. (1986), https://doi.org/10.1002/ar.1092160109.

[10] J.B. Hammond, L. LaDeur, Fibrillovesicular cells in the fundic glands of the canine
stomach: evidence for a new cell type, Anat. Rec. 161 (1968) 393–411, https://
doi.org/10.1002/ar.1091610401.

[11] L. Luciano, E. Reale, H. Ruska, On a glycogen containing brusc cell in the rectum
of the rat, Z. Zellforsch. Mikrosk. Anat. 91 (1968) 153–158 http://www.ncbi.nlm.
nih.gov/pubmed/5724811 (accessed 02.09.18).

[12] A.M. Isomäki, A new cell type (tuft cell) in the gastrointestinal mucosa of the rat. A
transmission and scanning electron microscopic study, Acta Pathol. Microbiol.
Scand. A: Suppl. 240 (1973) 1–35 http://www.ncbi.nlm.nih.gov/pubmed/
4588636 (accessed 02.09.18).

[13] A. Nabeyama, C.P. Leblond, “Caveolated cells” characterized by deep surface in-
vaginations and abundant filaments in mouse gastro-intestinal epithelia, Am. J.
Anat. 140 (1974) 147–165, https://doi.org/10.1002/aja.1001400203.

[14] W. Wattel, J.J. Geuze, The cells of the rat gastric groove and cardia: an ultra-
structural and carbohydrate histochemical study, with special reference to the
fibrillovesicular cells, Cell Tissue Res. 186 (1978) 375–391 http://www.ncbi.nlm.
nih.gov/pubmed/627025 (accessed 02.09.18).

[15] S. Tsubouchi, C.P. Leblond, Migration and turnover of entero-endocrine and ca-
veolated cells in the epithelium of the descending colon, as shown by radio-
autography after continuous infusion of 3H-thymidine into mice, Am. J. Anat. 156
(1979) 431–451, https://doi.org/10.1002/aja.1001560403.

[16] L. Luciano, M. Castellucci, E. Reale, The brush cells of the common bile duct of the
rat. This section, freeze-fracture and scanning electron microscopy, Cell Tissue
Res. 218 (1981) 403–420 http://www.ncbi.nlm.nih.gov/pubmed/7020950 (ac-
cessed 02.09.18).

[17] L. Luciano, E. Reale, Brush cells of the mouse gallbladder: a correlative light- and
electron-microscopical study, Cell Tissue Res. 262 (1990) 339–349 http://www.
ncbi.nlm.nih.gov/pubmed/2076538 (accessed 02.09.18).

[18] A. Sato, S. Miyoshi, Fine structure of tuft cells of the main excretory duct epi-
thelium in the rat submandibular gland, Anat. Rec. 248 (1997) 325–331 http://
www.ncbi.nlm.nih.gov/pubmed/9214549 (accessed 02.09.18).

[19] D.T. Moran, J.C. Rowley, B.W. Jafek, Electron microscopy of human olfactory
epithelium reveals a new cell type: the microvillar cell, Brain Res. 253 (1982)
39–46 http://www.ncbi.nlm.nih.gov/pubmed/7150975 (accessed 02.09.18).

[20] G. Krasteva, P. Hartmann, T. Papadakis, M. Bodenbenner, L. Wessels, E. Weihe,
B. Schütz, A.C. Langheinrich, V. Chubanov, T. Gudermann, I. Ibanez-Tallon,
W. Kummer, Cholinergic chemosensory cells in the auditory tube, Histochem. Cell
Biol. 137 (2012) 483–497, https://doi.org/10.1007/s00418-012-0911-x.

[21] A. Sbarbati, F. Osculati, A new fate for old cells: brush cells and related elements,
J. Anat. 206 (2005) 349–358, https://doi.org/10.1111/j.1469-7580.2005.
00403.x.

[22] A. Sbarbati, F. Osculati, The taste cell-related diffuse chemosensory system, Prog.
Neurobiol. 75 (2005) 295–307, https://doi.org/10.1016/j.pneurobio.2005.03.
001.

[23] F. Gerbe, E. Sidot, D.J. Smyth, M. Ohmoto, I. Matsumoto, V. Dardalhon, P. Cesses,
L. Garnier, M. Pouzolles, B. Brulin, M. Bruschi, Y. Harcus, V.S. Zimmermann,
N. Taylor, R.M. Maizels, P. Jay, Intestinal epithelial tuft cells initiate type 2 mu-
cosal immunity to helminth parasites, Nature 529 (2016) 226–230, https://doi.
org/10.1038/nature16527.

[24] J. Von Moltke, M. Ji, H.E. Liang, R.M. Locksley, Tuft-cell-derived IL-25 regulates
an intestinal ILC2-epithelial response circuit, Nature (2016), https://doi.org/10.
1038/nature16161.

[25] M.R. Howitt, S. Lavoie, M. Michaud, A.M. Blum, S.V. Tran, J.V. Weinstock,
C.A. Gallini, K. Redding, R.F. Margolskee, L.C. Osborne, D. Artis, W.S. Garrett, Tuft
cells, taste-chemosensory cells, orchestrate parasite type 2 immunity in the gut,
Science 351 (2016) 1329–1333, https://doi.org/10.1126/science.aaf1648.

[26] K. Deckmann, K. Filipski, G. Krasteva-Christ, M. Fronius, M. Althaus, A. Rafiq,
T. Papadakis, L. Renno, I. Jurastow, L. Wessels, M. Wolff, B. Schutz, E. Weihe,
V. Chubanov, T. Gudermann, J. Klein, T. Bschleipfer, W. Kummer, Bitter triggers
acetylcholine release from polymodal urethral chemosensory cells and bladder
reflexes, Proc. Natl. Acad. Sci. (2014), https://doi.org/10.1073/pnas.
1402436111.

[27] G. Krasteva, B.J. Canning, P. Hartmann, T.Z. Veres, T. Papadakis, C. Muhlfeld,
K. Schliecker, Y.N. Tallini, A. Braun, H. Hackstein, N. Baal, E. Weihe, B. Schutz,
M. Kotlikoff, I. Ibanez-Tallon, W. Kummer, Cholinergic chemosensory cells in the
trachea regulate breathing, Proc. Natl. Acad. Sci. (2011), https://doi.org/10.
1073/pnas.1019418108.

[28] C. Bornstein, S. Nevo, A. Giladi, N. Kadouri, M. Pouzolles, F. Gerbe, E. David,
A. Machado, A. Chuprin, B. Tóth, O. Goldberg, S. Itzkovitz, N. Taylor, P. Jay,
V.S. Zimmermann, J. Abramson, I. Amit, Single-cell mapping of the thymic stroma
identifies IL-25-producing tuft epithelial cells, Nature 559 (2018), https://doi.org/
10.1038/s41586-018-0346-1.

[29] C.N. Miller, I. Proekt, J. von Moltke, K.L. Wells, A.R. Rajpurkar, H. Wang,

K. Rattay, I.S. Khan, T.C. Metzger, J.L. Pollack, A.C. Fries, W.W. Lwin, E.J. Wigton,
A.V. Parent, B. Kyewski, D.J. Erle, K.A. Hogquist, L.M. Steinmetz, R.M. Locksley,
M.S. Anderson, Thymic tuft cells promote an IL-4-enriched medulla and shape
thymocyte development, Nature 559 (2018) 627–631, https://doi.org/10.1038/
s41586-018-0345-2.

[30] A. Banerjee, E.T. McKinley, J. von Moltke, R.J. Coffey, K.S. Lau, Interpreting
heterogeneity in intestinal tuft cell structure and function, J. Clin. Invest. 128
(2018) 1711–1719, https://doi.org/10.1172/JCI120330.

[31] T.J. Nevalainen, Ultrastructural characteristics of tuft cells in mouse gallbladder
epithelium, Acta Anat. (Basel) (1977) https://www.karger.com/Article/Pdf/
144796 (accessed 11.10.18).

[32] J.L. Madara, Functional Morphology of Epithelium of the Small Intestine, Compr.
Physiol. John Wiley & Sons, Inc., Hoboken, NJ, USA, 2011, pp. 83–120, https://
doi.org/10.1002/cphy.cp060403.

[33] D. Höfer, E. Asan, D. Drenckhahn, Chemosensory perception in the gut, Physiology
14 (1999) 18–23, https://doi.org/10.1152/physiologyonline.1999.14.1.18.

[34] L. Luciano, E. Reale, A new morphological aspect of the brush cells of the mouse
gallbladder epithelium, Cell Tissue Res. (1979).

[35] M. Morroni, A.M. Cangiotti, S. Cinti, Brush cells in the human duodenojejunal
junction: an ultrastructural study, J. Anat. (2007), https://doi.org/10.1111/j.
1469-7580.2007.00738.x.

[36] A. Sato, Y. Hisanaga, Y. Inoue, T. Nagato, H. Toh, Three-dimensional structure of
apical vesicles of tuft cells in the main excretory duct of the rat submandibular
gland, Eur. J. Morphol. 40 (2002) 235–239 http://www.ncbi.nlm.nih.gov/
pubmed/14566601 (accessed 11.10.18).

[37] B. Hoover, V. Baena, M.M. Kaelberer, F. Getaneh, S. Chinchilla, D.V. Bohórquez,
The intestinal tuft cell nanostructure in 3D, Sci. Rep. (2017), https://doi.org/10.
1038/s41598-017-01520-x.

[38] D. Höfer, D. Drenckhahn, Identification of brush cells in the alimentary and re-
spiratory system by antibodies to villin and fimbrin, Histochemistry (1992),
https://doi.org/10.1007/BF00271037.

[39] M. Kasper, D. Höfer, J. Woodcock-Mitchell, A. Migheli, A. Attanasio, T. Rudolf,
M. Müller, D. Drenckhahn, Colocalization of cytokeratin 18 and villin in type III
alveolar cells (brush cells) of the rat lung, Histochemistry 101 (1994) 57–62
http://www.ncbi.nlm.nih.gov/pubmed/7517927 (accessed 02.09.18).

[40] L. Luciano, S. Groos, E. Reale, Brush cells of rodent gallbladder and stomach
epithelia express neurofilaments, J. Histochem. Cytochem. (2003), https://doi.
org/10.1177/002215540305100207.

[41] D. Höfer, D. Drenckhahn, Cytoskeletal markers allowing discrimination between
brush cells and other epithelial cells of the gut including enteroendocrine cells,
Histochem. Cell Biol. 105 (1996) 405–412 http://www.ncbi.nlm.nih.gov/
pubmed/8781995 (accessed 02.09.18).

[42] F. Gerbe, B. Brulin, L. Makrini, C. Legraverend, P. Jay, DCAMKL-1 expression
identifies tuft cells rather than stem cells in the adult mouse intestinal epithelium,
Gastroenterology (2009), https://doi.org/10.1053/j.gastro.2009.06.072.

[43] M. Saqui-Salces, T.M. Keeley, A.S. Grosse, X.T. Qiao, M. El-Zaatari, D.L. Gumucio,
L.C. Samuelson, J.L. Merchant, Gastric tuft cells express DCLK1 and are expanded
in hyperplasia, Histochem. Cell Biol. (2011), https://doi.org/10.1007/s00418-
011-0831-1.

[44] F. Simpson, S. Martin, T.M. Evans, M. Kerr, D.E. James, R.G. Parton, R.D. Teasdale,
C. Wicking, A novel hook-related protein family and the characterization of hook-
related protein 1, Traffic (2005), https://doi.org/10.1111/j.1600-0854.2005.
00289.x.

[45] A. Enomoto, H. Murakami, N. Asai, N. Morone, T. Watanabe, K. Kawai,
Y. Murakumo, J. Usukura, K. Kaibuchi, M. Takahashi, Akt/PKB regulates actin
organization and cell motility via girdin/APE, Dev. Cell. (2005), https://doi.org/
10.1016/j.devcel.2005.08.001.

[46] D. Kuga, K. Ushida, S. Mii, A. Enomoto, N. Asai, M. Nagino, M. Takahashi, M. Asai,
Tyrosine phosphorylation of an actin-binding protein girdin specifically marks tuft
cells in human and mouse gut, J. Histochem. Cytochem. (2017), https://doi.org/
10.1369/0022155417702586.

[47] D. Höfer, B. Püschel, D. Drenckhahn, Taste receptor-like cells in the rat gut
identified by expression of alpha-gustducin, Proc. Natl. Acad. Sci. U. S. A. (1996),
https://doi.org/10.1073/pnas.93.136631.

[48] S. Kaske, G. Krasteva, P. König, W. Kummer, T. Hofmann, T. Gudermann,
V. Chubanov, TRPM5, a taste-signaling transient receptor potential ion-channel, is
a ubiquitous signaling component in chemosensory cells, BMC Neurosci. (2007),
https://doi.org/10.1186/1471-22028-49.

[49] F. Merigo, D. Benati, M. Tizzano, F. Osculati, A. Sbarbati, alpha-Gustducin im-
munoreactivity in the airways, Cell Tissue Res. (2005), https://doi.org/10.1007/
s00441-004-1007-2.

[50] C. Bezençon, J. le Coutre, S. Damak, Taste-signaling proteins are coexpressed in
solitary intestinal epithelial cells, Chem. Senses (2007), https://doi.org/10.1093/
chemse/bjl034.

[51] C. Bezençon, A. Fürholz, F. Raymond, R. Mansourian, S. Métairon, J. Le Coutre,
S. Damak, Murine intestinal cells expressing Trpm5 are mostly brush cells and
express markers of neuronal and inflammatory cells, J. Comp. Neurol. (2008),
https://doi.org/10.1002/cne.21768.

[52] F. Gerbe, J.H. van Es, L. Makrini, B. Brulin, G. Mellitzer, S. Robine, B. Romagnolo,
N.F. Shroyer, J.-F. Bourgaux, C. Pignodel, H. Clevers, P. Jay, Distinct ATOH1 and
Neurog3 requirements define tuft cells as a new secretory cell type in the intestinal
epithelium, J. Cell Biol. 192 (2011) 767–780, https://doi.org/10.1083/jcb.
201010127.

[53] S. Iseki, H. Kondo, An immunocytochemical study on the occurrence of liver fatty-
acid-binding protein in the digestive organs of rats: specific localization in the D
cells and brush cells, Acta Anat. (1990).

S. Nevo, et al. Immunology Letters 210 (2019) 1–9

7

http://www.ncbi.nlm.nih.gov/pubmed/9749964
http://www.ncbi.nlm.nih.gov/pubmed/6078466
http://www.ncbi.nlm.nih.gov/pubmed/6078466
http://www.ncbi.nlm.nih.gov/pubmed/4893060
http://www.ncbi.nlm.nih.gov/pubmed/4893060
http://www.ncbi.nlm.nih.gov/pubmed/5670842
http://www.ncbi.nlm.nih.gov/pubmed/5670842
https://doi.org/10.1002/ar.1092160109
https://doi.org/10.1002/ar.1091610401
https://doi.org/10.1002/ar.1091610401
http://www.ncbi.nlm.nih.gov/pubmed/5724811
http://www.ncbi.nlm.nih.gov/pubmed/5724811
http://www.ncbi.nlm.nih.gov/pubmed/4588636
http://www.ncbi.nlm.nih.gov/pubmed/4588636
https://doi.org/10.1002/aja.1001400203
http://www.ncbi.nlm.nih.gov/pubmed/627025
http://www.ncbi.nlm.nih.gov/pubmed/627025
https://doi.org/10.1002/aja.1001560403
http://www.ncbi.nlm.nih.gov/pubmed/7020950
http://www.ncbi.nlm.nih.gov/pubmed/2076538
http://www.ncbi.nlm.nih.gov/pubmed/2076538
http://www.ncbi.nlm.nih.gov/pubmed/9214549
http://www.ncbi.nlm.nih.gov/pubmed/9214549
http://www.ncbi.nlm.nih.gov/pubmed/7150975
https://doi.org/10.1007/s00418-012-0911-x
https://doi.org/10.1111/j.1469-7580.2005.00403.x
https://doi.org/10.1111/j.1469-7580.2005.00403.x
https://doi.org/10.1016/j.pneurobio.2005.03.001
https://doi.org/10.1016/j.pneurobio.2005.03.001
https://doi.org/10.1038/nature16527
https://doi.org/10.1038/nature16527
https://doi.org/10.1038/nature16161
https://doi.org/10.1038/nature16161
https://doi.org/10.1126/science.aaf1648
https://doi.org/10.1073/pnas.1402436111
https://doi.org/10.1073/pnas.1402436111
https://doi.org/10.1073/pnas.1019418108
https://doi.org/10.1073/pnas.1019418108
https://doi.org/10.1038/s41586-018-0346-1
https://doi.org/10.1038/s41586-018-0346-1
https://doi.org/10.1038/s41586-018-0345-2
https://doi.org/10.1038/s41586-018-0345-2
https://doi.org/10.1172/JCI120330
https://www.karger.com/Article/Pdf/144796
https://www.karger.com/Article/Pdf/144796
https://doi.org/10.1002/cphy.cp060403
https://doi.org/10.1002/cphy.cp060403
https://doi.org/10.1152/physiologyonline.1999.14.1.18
http://refhub.elsevier.com/S0165-2478(19)30013-6/sbref0170
http://refhub.elsevier.com/S0165-2478(19)30013-6/sbref0170
https://doi.org/10.1111/j.1469-7580.2007.00738.x
https://doi.org/10.1111/j.1469-7580.2007.00738.x
http://www.ncbi.nlm.nih.gov/pubmed/14566601
http://www.ncbi.nlm.nih.gov/pubmed/14566601
https://doi.org/10.1038/s41598-017-01520-x
https://doi.org/10.1038/s41598-017-01520-x
https://doi.org/10.1007/BF00271037
http://www.ncbi.nlm.nih.gov/pubmed/7517927
https://doi.org/10.1177/002215540305100207
https://doi.org/10.1177/002215540305100207
http://www.ncbi.nlm.nih.gov/pubmed/8781995
http://www.ncbi.nlm.nih.gov/pubmed/8781995
https://doi.org/10.1053/j.gastro.2009.06.072
https://doi.org/10.1007/s00418-011-0831-1
https://doi.org/10.1007/s00418-011-0831-1
https://doi.org/10.1111/j.1600-0854.2005.00289.x
https://doi.org/10.1111/j.1600-0854.2005.00289.x
https://doi.org/10.1016/j.devcel.2005.08.001
https://doi.org/10.1016/j.devcel.2005.08.001
https://doi.org/10.1369/0022155417702586
https://doi.org/10.1369/0022155417702586
https://doi.org/10.1073/pnas.93.136631
https://doi.org/10.1186/1471-22028-49
https://doi.org/10.1007/s00441-004-1007-2
https://doi.org/10.1007/s00441-004-1007-2
https://doi.org/10.1093/chemse/bjl034
https://doi.org/10.1093/chemse/bjl034
https://doi.org/10.1002/cne.21768
https://doi.org/10.1083/jcb.201010127
https://doi.org/10.1083/jcb.201010127
http://refhub.elsevier.com/S0165-2478(19)30013-6/sbref0265
http://refhub.elsevier.com/S0165-2478(19)30013-6/sbref0265
http://refhub.elsevier.com/S0165-2478(19)30013-6/sbref0265


[54] P. Kugler, D. Hofer, B. Mayer, D. Drenckhahn, Nitric oxide synthase and NADP-
linked glucose-6-phosphate dehydrogenase are co-localized in brush cells of rat
stomach and pancreas, J. Histochem. Cytochem. (1994), https://doi.org/10.1177/
42.10.7523487.

[55] T. Ogata, Mammalian tuft (brush) cells and chloride cells of other vertebrates
share a similar structure and cytochemical reactivities, Acta Histochem.
Cytochem. (2000), https://doi.org/10.1267/ahc.33.439.

[56] T. Akimori, K. Hanazaki, T. Okabayashi, K. Okamoto, M. Kobayashi, T. Ogata,
Quantitative distribution of brush cells in the rat gastrointestinal tract: brush cell
population coincides with NaHCO3 secretion, Med. Mol. Morphol. (2011), https://
doi.org/10.1007/s00795-009-0488-1.

[57] T. Ogata, Bicarbonate secretion by rat bile duct brush cells indicated by im-
munohistochemical localization of CFTR, anion exchanger AE2, Na+HCO3

−-co-
transporter, carbonic anhydrase II, Na+/H+ exchangers NHE1 and NHE3, H+/K+-
ATPase, and Na+/K+-ATPase, Med. Mol. Morphol. (2006), https://doi.org/10.
1007/s00795-006-0312-0.

[58] T. Ogura, S.A. Szebenyi, K. Krosnowski, A. Sathyanesan, J. Jackson, W. Lin,
Cholinergic microvillous cells in the mouse main olfactory epithelium and effect of
acetylcholine on olfactory sensory neurons and supporting cells, J. Neurophysiol.
106 (2011) 1274–1287, https://doi.org/10.1152/jn.00186.2011.

[59] B. Schütz, I. Jurastow, S. Bader, C. Ringer, J. von Engelhardt, V. Chubanov,
T. Gudermann, M. Diener, W. Kummer, G. Krasteva-Christ, E. Weihe, Chemical
coding and chemosensory properties of cholinergic brush cells in the mouse gas-
trointestinal and biliary tract, Front. Physiol. (2015), https://doi.org/10.3389/
fphys.2015.00087.

[60] K. Sutherland, R.L. Young, N.J. Cooper, M. Horowitz, L.A. Blackshaw, Phenotypic
characterization of taste cells of the mouse small intestine, Am. J. Physiol.
Gastrointest. Liver Physiol. (2007), https://doi.org/10.1152/ajpgi.00504.2006.

[61] F. Gerbe, C. Legraverend, P. Jay, The intestinal epithelium tuft cells: specification
and function, Cell. Mol. Life Sci. 69 (2012) 2907–2917, https://doi.org/10.1007/
s00018-012-0984-7.

[62] A.L. Haber, M. Biton, N. Rogel, R.H. Herbst, K. Shekhar, C. Smillie, G. Burgin,
T.M. Delorey, M.R. Howitt, Y. Katz, I. Tirosh, S. Beyaz, D. Dionne, M. Zhang,
R. Raychowdhury, W.S. Garrett, O. Rozenblatt-Rosen, H.N. Shi, O. Yilmaz,
R.J. Xavier, A. Regev, A single-cell survey of the small intestinal epithelium,
Nature 551 (2017) 333–339, https://doi.org/10.1038/nature24489.

[63] D.T. Montoro, A.L. Haber, M. Biton, V. Vinarsky, B. Lin, S.E. Birket, F. Yuan,
S. Chen, H.M. Leung, J. Villoria, N. Rogel, G. Burgin, A.M. Tsankov, A. Waghray,
M. Slyper, J. Waldman, L. Nguyen, D. Dionne, O. Rozenblatt-Rosen, P.R. Tata,
H. Mou, M. Shivaraju, H. Bihler, M. Mense, G.J. Tearney, S.M. Rowe,
J.F. Engelhardt, A. Regev, J. Rajagopal, A revised airway epithelial hierarchy in-
cludes CFTR-expressing ionocytes, Nature 560 (2018) 319–324, https://doi.org/
10.1038/s41586-018-03937.

[64] B. Meyrick, L. Reid, The alveolar brush cell in rat lung-a third pneumonocyte, J.
Ultrasructure Res. (1968), https://doi.org/10.1016/S0022-5320(68)80032-2.

[65] L.N. Filippenko, Light and electron microscopic study of rat lung brush alveolo-
cytes, Bull. Exp. Biol. Med. (1978).

[66] P.K. Jeffery, Morphologic features of airway surface epithelial cells and glands,
Am. Rev. Respir. Dis. (1983), https://doi.org/10.1164/arrd.1983.128.2P2.S14.

[67] K. Hijiya, Y. Okada, H. Tankawa, Ultrastructural study of the alveolar brush cell, J.
Electron Microsc. 26 (1977) 321–329, https://doi.org/10.1166/jnn.20.

[68] X. Cheng, U. Voss, E. Ekblad, Tuft cells: distribution and connections with nerves
and endocrine cells in mouse intestine, Exp. Cell Res. (2018), https://doi.org/10.
1016/j.yexcr.2018.05.011.

[69] A. Soultanova, A. Voigt, V. Chubanov, T. Gudermann, W. Meyerhof, U. Boehm,
W. Kummer, Cholinergic chemosensory cells of the thymic medulla express the
bitter receptor Tas2r131, Int. Immunopharmacol. (2015), https://doi.org/10.
1016/j.intimp.2015.06.005.

[70] S. Liu, S. Lu, R. Xu, A. Atzberger, S. Günther, N. Wettschureck, S. Offermanns,
Members of bitter taste receptor cluster Tas2r143/Tas2r135/Tas2r126 are ex-
pressed in the epithelium of murine airways and other non-gustatory tissues,
Front. Physiol. (2017), https://doi.org/10.3389/fphys.2017.00849.

[71] J. Yamashita, M. Ohmoto, T. Yamaguchi, I. Matsumoto, J. Hirota, Skn-1a/Pou2f3
functions as a master regulator to generate Trpm5-expressing chemosensory cells
in mice, PLOS ONE (2017), https://doi.org/10.1371/journal.pone.189340.

[72] M.S. Nadjsombati, J.W. McGinty, M.R. Lyons-Cohen, J.B. Jaffe, L. DiPeso,
C. Schneider, C.N. Miller, J.L. Pollack, G.A. Nagana Gowda, M.F. Fontana,
D.J. Erle, M.S. Anderson, R.M. Locksley, D. Raftery, J. von Moltke, Detection of
succinate by intestinal tuft cells triggers a type 2 innate immune circuit, Immunity
(2018), https://doi.org/10.1016/j.immuni.2018.06.016.

[73] A.R. Panneck, A. Rafiq, B. Schütz, A. Soultanova, K. Deckmann, V. Chubanov,
T. Gudermann, E. Weihe, G. Krasteva-Christ, V. Grau, A. del Rey, W. Kummer,
Cholinergic epithelial cell with chemosensory traits in murine thymic medulla,
Cell Tissue Res. (2014), https://doi.org/10.1007/s00441-014-2002-x.

[74] A. Sato, M. Hamano, S. Miyoshi, Increasing frequency of occurrence of tuft cells in
the main excretory duct during postnatal development of the rat submandibular
gland, Anat. Rec. 252 (1998) 276–280 http://www.ncbi.nlm.nih.gov/pubmed/
9776082 (accessed 02.09.18).

[75] M. Bjerknes, C. Khandanpour, T. Möröy, T. Fujiyama, M. Hoshino, T.J. Klisch,
Q. Ding, L. Gan, J. Wang, M.G. Martín, H. Cheng, Origin of the brush cell lineage
in the mouse intestinal epithelium, Dev. Biol. (2012), https://doi.org/10.1016/j.
ydbio.2011.12.009.

[76] M. Bjerknes, H. Cheng, Clonal analysis of mouse intestinal epithelial progenitors,
Gastroenterology (1999), https://doi.org/10.1016/S0016-5085(99)70222-2.

[77] T. Yamaguchi, J. Yamashita, M. Ohmoto, I. Aoudé, T. Ogura, W. Luo,
A.A. Bachmanov, W. Lin, I. Matsumoto, J. Hirota, Skn-1a/Pou2f3 is required for

the generation of Trpm5-expressing microvillous cells in the mouse main olfactory
epithelium, BMC Neurosci. (2014), https://doi.org/10.1186/1471-220215-13.

[78] M. Ohmoto, T. Yamaguchi, J. Yamashita, A.A. Bachmanov, J. Hirota,
I. Matsumoto, Pou2f3/Skn-1a is necessary for the generation or differentiation of
solitary chemosensory cells in the anterior nasal cavity, Biosci. Biotechnol.
Biochem. (2013), https://doi.org/10.1271/bbb.130454.

[79] C. Bornstein, S. Nevo, A. Giladi, N. Kadouri, M. Pouzolles, F. Gerbe, E. David,
A. Machado, A. Chuprin, B. Tóth, O. Goldberg, S. Itzkovitz, N. Taylor, P. Jay,
V.S. Zimmermann, J. Abramson, I. Amit, Single-cell mapping of the thymic stroma
identifies IL-25-producing tuft epithelial cells, Nature 559 (2018) 622–626,
https://doi.org/10.1038/s41586-018-03461.

[80] I. Matsumoto, M. Ohmoto, M. Narukawa, Y. Yoshihara, K. Abe, Skn-1a (Pou2f3)
specifies taste receptor cell lineage, Nat. Neurosci. (2011), https://doi.org/10.
1038/nn.2820.

[81] J. Su, T. Chen, X.Y. Ji, C. Liu, P.K. Yadav, R. Wu, P. Yang, Z. Liu, IL-25 down-
regulates Th1/Th17 immune response in an IL-10-dependent manner in in-
flammatory bowel disease, Inflamm. Bowel Dis. (2013), https://doi.org/10.1097/
MIB.0b013e318280276.

[82] E.L. Buonomo, C.A. Cowardin, M.G. Wilson, M.M. Saleh, P. Pramoonjago,
W.A. Petri, Microbiota-regulated IL-25 increases eosinophil number to provide
protection during clostridium difficile infection, Cell Rep. (2016), https://doi.org/
10.1016/j.celrep.2016.06.007.

[83] M.A. Kohanski, A.D. Workman, N.N. Patel, L.-Y. Hung, J.P. Shtraks, B. Chen,
M. Blasetti, L. Doghramji, D.W. Kennedy, N.D. Adappa, J.N. Palmer, D.R. Herbert,
N.A. Cohen, Solitary chemosensory cells are a primary epithelial source of IL-25 in
patients with chronic rhinosinusitis with nasal polyps, J. Allergy Clin. Immunol.
142 (2018), https://doi.org/10.1016/j.jaci.201803.019 460–469.e7.

[84] R.E.Y. Gordon, M. Kattan, Absence of cilia and basal bodies with predominance of
brush cells in the respiratory mucosa from a patient with immotile cilia syndrome,
Ultrastruct. Pathol. (1984), https://doi.org/10.3109/01913128409016664.

[85] M.F. Dimaio, R. Dische, R.E. Gordon, M. Kattan, Alveolar brush cells in an infant
with desquamative interstitial pneumonitis, Pediatr. Pulmonol. (1988), https://
doi.org/10.1002/ppul.1950040312.

[86] G. Gagliardi, M. Goswami, R. Passera, C.F. Bellows, DCLK1 immunoreactivity in
colorectal neoplasia, Clin. Exp. Gastroenterol. (2012), https://doi.org/10.2147/
CEG.S30281.

[87] Y.U. Ikezono, H. Koga, M. Abe, J. Akiba, A. Kawahara, T. Yoshida, T. Nakamura,
H. Iwamoto, H. Yano, M. Kage, M. Sata, O. Tsuruta, T. Torimura, High expression
of the putative cancer stem cell marker, DCLK1, in rectal neuroendocrine tumors,
Oncol. Lett. (2015), https://doi.org/10.3892/ol.2015.3513.

[88] Y.-H. Liu, J.Y.S. Tsang, Y.-B. Ni, T. Hlaing, S.-K. Chan, K.-F. Chan, C.-W. Ko,
S.S. Mujtaba, G.M. Tse, Doublecortin-like kinase 1 expression associates with
breast cancer with neuroendocrine differentiation, Oncotarget (2016), https://doi.
org/10.18632/oncotarget.6386.

[89] J. Whorton, S.M. Sureban, R. May, D. Qu, S.A. Lightfoot, M. Madhoun,
M. Johnson, W.M. Tierney, J.T. Maple, K.J. Vega, C.W. Houchen, DCLK1 is de-
tectable in plasma of patients with Barrett's esophagus and esophageal adeno-
carcinoma, Dig. Dis. Sci. (2015), https://doi.org/10.1007/s10620-014-33474.

[90] S.M. Sureban, R. May, S. Ramalingam, D. Subramaniam, G. Natarajan, S. Anant,
C.W. Houchen, Selective blockade of DCAMKL-1 Results in tumor growth arrest by
a Let-7a MicroRNA-dependent mechanism, Gastroenterology 137 (2009), https://
doi.org/10.1053/j.gastro.2009.05.004 649–659.e2.

[91] C.S. Verissimo, J.J. Molenaar, J. Meerman, J.C. Puigvert, F. Lamers, J. Koster,
E.H.J. Danen, B. Van De Water, R. Versteeg, C.P. Fitzsimons, E. Vreugdenhil,
Silencing of the microtubule-associated proteins doublecortin-like and dou-
blecortin-like kinase-long induces apoptosis in neuroblastoma cells, Endocr. Relat.
Cancer (2010), https://doi.org/10.1677/ERC-09-0301.

[92] S.M. Sureban, M.F. Madhoun, R. May, D. Qu, N. Ali, J. Fazili, N. Weygant,
P. Chandrakesan, K. Ding, S.A. Lightfoot, C.W. Houchen, Plasma DCLK1 is a
marker of hepatocellular carcinoma (HCC): targeting DCLK1 prevents HCC tumor
xenograft growth via a microRNA-dependent mechanism, Oncotarget (2015),
https://doi.org/10.18632/oncotarget.5808.

[93] Y. Nakanishi, H. Seno, A. Fukuoka, T. Ueo, Y. Yamaga, T. Maruno, N. Nakanishi,
K. Kanda, H. Komekado, M. Kawada, A. Isomura, K. Kawada, Y. Sakai,
M. Yanagita, R. Kageyama, Y. Kawaguchi, M.M. Taketo, S. Yonehara, T. Chiba,
Dclk1 distinguishes between tumor and normal stem cells in the intestine, Nat.
Genet. (2013), https://doi.org/10.1038/ng.24813.

[94] S.M. Sureban, R. May, S.A. Lightfoot, A.B. Hoskins, M. Lerner, D.J. Brackett,
R.G. Postier, R. Ramanujam, A. Mohammed, C.V. Rao, J.H. Wyche, S. Anant,
C.W. Houchen, DCAMKL-1 regulates epithelial-mesenchymal transition in human
pancreatic cells through a miR-200a-dependent mechanism, Cancer Res. (2011),
https://doi.org/10.1158/0008-5472.CAN-10-2738.

[95] S.R. Hingorani, E.F. Petricoin, A. Maitra, V. Rajapakse, C. King, M.A. Jacobetz,
S. Ross, T.P. Conrads, T.D. Veenstra, B.A. Hitt, Y. Kawaguchi, D. Johann,
L.A. Liotta, H.C. Crawford, M.E. Putt, T. Jacks, C.V.E. Wright, R.H. Hruban,
A.M. Lowy, D.A. Tuveson, Preinvasive and invasive ductal pancreatic cancer and
its early detection in the mouse, Cancer Cell. (2003), https://doi.org/10.1016/
S1535-6108(03)00309-X.

[96] B. Philip, C.L. Roland, J. Daniluk, Y. Liu, D. Chatterjee, S.B. Gomez, B. Ji,
H. Huang, H. Wang, J.B. Fleming, C.D. Logsdon, Z. Cruz-Monserrate, A high-fat
diet activates oncogenic Kras and COX2 to induce development of pancreatic
ductal adenocarcinoma in mice, Gastroenterology (2013), https://doi.org/10.
1053/j.gastro.2013.08.018.

[97] A. Mohammed, N.B. Janakiram, V. Madka, M. Brewer, R.L. Ritchie, S. Lightfoot,
G. Kumar, M. Sadeghi, J.M.R. Patlolla, H.Y. Yamada, Z. Cruz-Monserrate, R. May,
C.W. Houchen, V.E. Steele, C.V. Rao, Targeting pancreatitis blocks tumor-

S. Nevo, et al. Immunology Letters 210 (2019) 1–9

8

https://doi.org/10.1177/42.10.7523487
https://doi.org/10.1177/42.10.7523487
https://doi.org/10.1267/ahc.33.439
https://doi.org/10.1007/s00795-009-0488-1
https://doi.org/10.1007/s00795-009-0488-1
https://doi.org/10.1007/s00795-006-0312-0
https://doi.org/10.1007/s00795-006-0312-0
https://doi.org/10.1152/jn.00186.2011
https://doi.org/10.3389/fphys.2015.00087
https://doi.org/10.3389/fphys.2015.00087
https://doi.org/10.1152/ajpgi.00504.2006
https://doi.org/10.1007/s00018-012-0984-7
https://doi.org/10.1007/s00018-012-0984-7
https://doi.org/10.1038/nature24489
https://doi.org/10.1038/s41586-018-03937
https://doi.org/10.1038/s41586-018-03937
https://doi.org/10.1016/S0022-5320(68)80032-2
http://refhub.elsevier.com/S0165-2478(19)30013-6/sbref0325
http://refhub.elsevier.com/S0165-2478(19)30013-6/sbref0325
https://doi.org/10.1164/arrd.1983.128.2P2.S14
https://doi.org/10.1166/jnn.20
https://doi.org/10.1016/j.yexcr.2018.05.011
https://doi.org/10.1016/j.yexcr.2018.05.011
https://doi.org/10.1016/j.intimp.2015.06.005
https://doi.org/10.1016/j.intimp.2015.06.005
https://doi.org/10.3389/fphys.2017.00849
https://doi.org/10.1371/journal.pone.189340
https://doi.org/10.1016/j.immuni.2018.06.016
https://doi.org/10.1007/s00441-014-2002-x
http://www.ncbi.nlm.nih.gov/pubmed/9776082
http://www.ncbi.nlm.nih.gov/pubmed/9776082
https://doi.org/10.1016/j.ydbio.2011.12.009
https://doi.org/10.1016/j.ydbio.2011.12.009
https://doi.org/10.1016/S0016-5085(99)70222-2
https://doi.org/10.1186/1471-220215-13
https://doi.org/10.1271/bbb.130454
https://doi.org/10.1038/s41586-018-03461
https://doi.org/10.1038/nn.2820
https://doi.org/10.1038/nn.2820
https://doi.org/10.1097/MIB.0b013e318280276
https://doi.org/10.1097/MIB.0b013e318280276
https://doi.org/10.1016/j.celrep.2016.06.007
https://doi.org/10.1016/j.celrep.2016.06.007
https://doi.org/10.1016/j.jaci.201803.019
https://doi.org/10.3109/01913128409016664
https://doi.org/10.1002/ppul.1950040312
https://doi.org/10.1002/ppul.1950040312
https://doi.org/10.2147/CEG.S30281
https://doi.org/10.2147/CEG.S30281
https://doi.org/10.3892/ol.2015.3513
https://doi.org/10.18632/oncotarget.6386
https://doi.org/10.18632/oncotarget.6386
https://doi.org/10.1007/s10620-014-33474
https://doi.org/10.1053/j.gastro.2009.05.004
https://doi.org/10.1053/j.gastro.2009.05.004
https://doi.org/10.1677/ERC-09-0301
https://doi.org/10.18632/oncotarget.5808
https://doi.org/10.1038/ng.24813
https://doi.org/10.1158/0008-5472.CAN-10-2738
https://doi.org/10.1016/S1535-6108(03)00309-X
https://doi.org/10.1016/S1535-6108(03)00309-X
https://doi.org/10.1053/j.gastro.2013.08.018
https://doi.org/10.1053/j.gastro.2013.08.018


initiating stem cells and pancreatic cancer progression, Oncotarget (2015),
https://doi.org/10.18632/oncotarget.3499.

[98] J.M. Bailey, J. Alsina, Z.A. Rasheed, F.M. McAllister, Y.Y. Fu, R. Plentz, H. Zhang,
P.J. Pasricha, N. Bardeesy, W. Matsui, A. Maitra, S.D. Leach, DCLK1 marks a
morphologically distinct subpopulation of cells with stem cell properties in pre-
invasive pancreatic cancer, Gastroenterology (2014), https://doi.org/10.1053/j.
gastro.201309.050.

[99] C. Schneider, C.E. O’Leary, J. von Moltke, H.E. Liang, Q.Y. Ang, P.J. Turnbaugh,
S. Radhakrishnan, M. Pellizzon, A. Ma, R.M. Locksley, A metabolite-triggered tuft
cell-ILC2 circuit drives small intestinal remodeling, Cell (2018), https://doi.org/
10.1016/j.cell.2018.05.014.

[100] W. Lei, W. Ren, M. Ohmoto, J.F. Urban, I. Matsumoto, R.F. Margolskee, P. Jiang,
Activation of intestinal tuft cell-expressed Sucnr1 triggers type 2 immunity in the
mouse small intestine, Proc. Natl. Acad. Sci. (2018), https://doi.org/10.1073/
pnas.1720758115.

[101] L.G. Bankova, D.F. Dwyer, E. Yoshimoto, S. Ualiyeva, J.W. Mcginty, H. Raff, J. Von
Moltke, Y. Kanaoka, K.F. Austen, N.A. Barrett, The cysteinyl leukotriene 3 receptor
regulates expansion of IL-25-producing airway brush cells leading to type 2 in-
flammation, Sci. Immunol. 3 (2018) 9453, https://doi.org/10.1126/sciimmunol.
aat9453.

[102] A. Sato, S. Miyoshi, Tuft cells in the main excretory duct epithelia of the three
major rat salivary glands, Eur. J. Morphol. (1996), https://doi.org/10.1076/ejom.
34.3.225.13031.

[103] C.B. Westphalen, S. Asfaha, Y. Hayakawa, Y. Takemoto, D.J. Lukin, A.H. Nuber,
A. Brandtner, W. Setlik, H. Remotti, A. Muley, X. Chen, R. May, C.W. Houchen,
J.G. Fox, M.D. Gershon, M. Quante, T.C. Wang, Long-lived intestinal tuft cells
serve as colon cancer-initiating cells, J. Clin. Invest. (2014), https://doi.org/10.
1172/JCI73434.

[104] R. May, D. Qu, N. Weygant, P. Chandrakesan, N. Ali, S.A. Lightfoot, L. Li,
S.M. Sureban, C.W. Houchen, Brief report: Dclk1 deletion in tuft cells results in
impaired epithelial repair after radiation injury, Stem Cells. (2014), https://doi.
org/10.1002/stem.1566.

[105] P. Chandrakesan, R. May, N. Weygant, D. Qu, W.L. Berry, S.M. Sureban, N. Ali,
C. Rao, M. Huycke, M.S. Bronze, C.W. Houchen, Intestinal tuft cells regulate the
ATM mediated DNA damage response via Dclk1 dependent mechanism for crypt
restitution following radiation injury, Sci. Rep. (2016), https://doi.org/10.1038/
srep37667.

[106] D. Qu, N. Weygant, R. May, P. Chandrakesan, M. Madhoun, N. Ali, S.M. Sureban,
G. An, M.J. Schlosser, C.W. Houchen, Ablation of doublecortin-like kinase 1 in the
colonic epithelium exacerbates dextran sulfate sodium-induced colitis, PLOS ONE
(2015), https://doi.org/10.1371/journal.pone.0134212.

[107] C.B. Westphalen, Y. Takemoto, T. Tanaka, M. Macchini, Z. Jiang, B.W. Renz,
X. Chen, S. Ormanns, K. Nagar, Y. Tailor, R. May, Y. Cho, S. Asfaha, D.L. Worthley,
Y. Hayakawa, A.M. Urbanska, M. Quante, M. Reichert, J. Broyde,
P.S. Subramaniam, H. Remotti, G.H. Su, A.K. Rustgi, R.A. Friedman, B. Honig,
A. Califano, C.W. Houchen, K.P. Olive, T.C. Wang, Dclk1 defines quiescent pan-
creatic progenitors that promote injury-induced regeneration and tumorigenesis,
Cell Stem Cell 18 (2016) 441–455, https://doi.org/10.1016/j.stem.2016.03.016.

[108] P. Chandrakesan, R. May, D. Qu, N. Weygant, V.E. Taylor, J.D. Li, N. Ali,
S.M. Sureban, M. Qante, T.C. Wang, M.S. Bronze, C.W. Houchen, Dclk1+ small
intestinal epithelial tuft cells display the hallmarks of quiescence and self-renewal,
Oncotarget 6 (2015) 30876–30886, https://doi.org/10.18632/oncotarget.5129.

[109] T. Ogura, K. Krosnowski, L. Zhang, M. Bekkerman, W. Lin, Chemoreception reg-
ulates chemical access to mouse vomeronasal organ: role of solitary chemosensory
cells, PLOS ONE (2010), https://doi.org/10.1371/journal.pone.0011924.

[110] T.E. Finger, B. Bottger, A. Hansen, K.T. Anderson, H. Alimohammadi, W.L. Silver,
Solitary chemoreceptor cells in the nasal cavity serve as sentinels of respiration,
Proc. Natl. Acad. Sci. (2003), https://doi.org/10.1073/pnas.1531172100.

[111] C.J. Saunders, M. Christensen, T.E. Finger, M. Tizzano, Cholinergic neuro-
transmission links solitary chemosensory cells to nasal inflammation, Proc. Natl.
Acad. Sci. (2014), https://doi.org/10.1073/pnas.1402251111.

[112] G. Krasteva, W. Kummer, Tasting the airway lining fluid, Histochem. Cell Biol.
(2012), https://doi.org/10.1007/s00418-012-09935.

[113] M. Tizzano, B.D. Gulbransen, A. Vandenbeuch, T.R. Clapp, J.P. Herman,
H.M. Sibhatu, M.E.A. Churchill, W.L. Silver, S.C. Kinnamon, T.E. Finger, Nasal
chemosensory cells use bitter taste signaling to detect irritants and bacterial sig-
nals, Proc. Natl. Acad. Sci. (2010), https://doi.org/10.1073/pnas.0911934107.

[114] G. Krasteva, B.J. Canning, T. Papadakis, W. Kummer, Cholinergic brush cells in the
trachea mediate respiratory responses to quorum sensing molecules, Life Sci.
(2012), https://doi.org/10.1016/j.lfs.2012.06.014.

[115] R.J. Lee, J.M. Kofonow, P.L. Rosen, A.P. Siebert, B. Chen, L. Doghramji, G. Xiong,
N.D. Adappa, J.N. Palmer, D.W. Kennedy, J.L. Kreindler, R.F. Margolskee,
N.A. Cohen, Bitter and sweet taste receptors regulate human upper respiratory
innate immunity, J. Clin. Invest. (2014), https://doi.org/10.1172/JCI72094.

[116] R.J. Lee, N.A. Cohen, Taste receptors in innate immunity, Cell. Mol. Life Sci.
(2014), https://doi.org/10.1007/s00018-014-17367.

[117] R.J. Lee, G. Xiong, J.M. Kofonow, B. Chen, A. Lysenko, P. Jiang, V. Abraham,
L. Doghramji, N.D. Adappa, J.N. Palmer, D.W. Kennedy, G.K. Beauchamp,
P.T. Doulias, H. Ischiropoulos, J.L. Kreindler, D.R. Reed, N.A. Cohen, T2R38 taste
receptor polymorphisms underlie susceptibility to upper respiratory infection, J.
Clin. Invest. (2012), https://doi.org/10.1172/JCI64240.

[118] M. Middelhoff, C.B. Westphalen, Y. Hayakawa, K.S. Yan, M.D. Gershon,
T.C. Wang, M. Quante, Dclk1-expressing tuft cells: critical modulators of the in-
testinal niche? Am. J. Physiol. Gastrointest. Liver Physiol. 313 (2017), https://doi.
org/10.1152/ajpgi.00073.2017 G285–G299.

[119] J. Gilloteaux, B. Pomerants, T.R. Kelly, Human gallbladder mucosa ultrastructure:
evidence of intraepithelial nerve structures, Am. J. Anat. 184 (1989) 321–333,
https://doi.org/10.1002/aja.1001840407.

[120] K. Kawashima, Expression of non-neuronal acetylcholine in lymphocytes and its
contribution to the regulation of immune function, Front. Biosci. (2004), https://
doi.org/10.2741/1390.

[121] M.A. Tria, G. Vantini, M.G. Fiori, A. Rossi, Choline acetyltransferase activity in
murine thymus, J. Neurosci. Res. (1992), https://doi.org/10.1002/jnr.
490310221.

[122] J. Dooley, A. Liston, Molecular control over thymic involution: from cytokines and
microRNA to aging and adipose tissue, Eur. J. Immunol. 42 (2012) 1073–1079,
https://doi.org/10.1002/eji.201142305.

[123] J. Gilissen, F. Jouret, B. Pirotte, J. Hanson, Insight into SUCNR1 (GPR91) structure
and function, Pharmacol. Ther. (2016), https://doi.org/10.1016/j.pharmthera.
2016.01.008.

[124] Z. Kokrashvili, D. Rodriguez, V. Yevshayeva, H. Zhou, R.F. Margolskee,
B. Mosinger, Release of endogenous opioids from duodenal enteroendocrine cells
requires Trpm5, Gastroenterology (2009), https://doi.org/10.1053/j.gastro.2009.
02.070.

S. Nevo, et al. Immunology Letters 210 (2019) 1–9

9

https://doi.org/10.18632/oncotarget.3499
https://doi.org/10.1053/j.gastro.201309.050
https://doi.org/10.1053/j.gastro.201309.050
https://doi.org/10.1016/j.cell.2018.05.014
https://doi.org/10.1016/j.cell.2018.05.014
https://doi.org/10.1073/pnas.1720758115
https://doi.org/10.1073/pnas.1720758115
https://doi.org/10.1126/sciimmunol.aat9453
https://doi.org/10.1126/sciimmunol.aat9453
https://doi.org/10.1076/ejom.34.3.225.13031
https://doi.org/10.1076/ejom.34.3.225.13031
https://doi.org/10.1172/JCI73434
https://doi.org/10.1172/JCI73434
https://doi.org/10.1002/stem.1566
https://doi.org/10.1002/stem.1566
https://doi.org/10.1038/srep37667
https://doi.org/10.1038/srep37667
https://doi.org/10.1371/journal.pone.0134212
https://doi.org/10.1016/j.stem.2016.03.016
https://doi.org/10.18632/oncotarget.5129
https://doi.org/10.1371/journal.pone.0011924
https://doi.org/10.1073/pnas.1531172100
https://doi.org/10.1073/pnas.1402251111
https://doi.org/10.1007/s00418-012-09935
https://doi.org/10.1073/pnas.0911934107
https://doi.org/10.1016/j.lfs.2012.06.014
https://doi.org/10.1172/JCI72094
https://doi.org/10.1007/s00018-014-17367
https://doi.org/10.1172/JCI64240
https://doi.org/10.1152/ajpgi.00073.2017
https://doi.org/10.1152/ajpgi.00073.2017
https://doi.org/10.1002/aja.1001840407
https://doi.org/10.2741/1390
https://doi.org/10.2741/1390
https://doi.org/10.1002/jnr.490310221
https://doi.org/10.1002/jnr.490310221
https://doi.org/10.1002/eji.201142305
https://doi.org/10.1016/j.pharmthera.2016.01.008
https://doi.org/10.1016/j.pharmthera.2016.01.008
https://doi.org/10.1053/j.gastro.2009.02.070
https://doi.org/10.1053/j.gastro.2009.02.070

	Tuft cells: From the mucosa to the thymus
	Introduction
	Tuft cell characteristics
	Tuft cell development
	Tuft cells in disease
	Tuft cell functions
	Contributors
	References




