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Abstract

Tuft cells are rare chemosensory epithelial cells that monitor their environment and relay messages 

to the surrounding tissue via secretion of neuro- and immunomodulatory molecules. In the small 

intestine tuft cells detect helminth infection, protist colonization, and bacterial dysbiosis, and 

initiate a type 2 immune response characterized by tissue remodeling. In the airways, tuft cells 

sense bacteria, allergens, and noxious stimuli and drive evasive behavior, neuroinflammation, and 

anti-bacterial responses. Here we summarize the most recent tuft cell research and discuss how 

these findings have provided insight into tuft cell diversity. Built around a core program of 

chemosensing, tuft cell receptors and effector functions are tuned to the unique environmental 

exposure and physiology of their surrounding tissue.

Introduction

Tuft cells were first identified in the 1950s by their unique morphology—the eponymous 

apical tuft of long microvilli—in electron microscopy studies of epithelial cells in rodent 

airways and gastro-intestinal tract [1,2]. Yet the function of tuft cells remained enigmatic 

until recent research uncovered their chemosensing capacity and contribution to immune 

regulation [3–8]. Found in all endoderm-derived columnar epithelia, these morphologically 

similar cells were given different names in different tissues—microvillus cells in the 

olfactory epithelium, solitary chemosensory cells in the respiratory epithelium, brush cells in 

the trachea, tuft cells in the gastrointestinal tract—but share a common transcriptional and 

developmental identity driven by the transcription factor POU2F3 (POU Class 2 Homeobox 

3) [6,9–11]. For the purpose of clarity, we will refer to all tuft-like cells as tuft cells. The 

shared gene signature consists of a chemosensing pathway and genes for synthesizing 

soluble neuro-immune mediators [12**,13]. Thus, chemosensory tuft cells are poised in 
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numerous epithelial barriers to sense luminal stimuli and respond with secretion of neuro- 

and immunomodulatory molecules (Figure 1).

Background

The structural features and ontogeny of tuft cells have been reviewed extensively elsewhere 

[14,15*]. Here we provide a brief summary of the chemosensory and immune function of 

tuft cells. The taste chemosensing pathway expressed in tuft cells was identified in the 

1990s, well before tuft cell function was understood [13,16]. Canonically, this pathway is 

activated by G protein-coupled taste receptors (TAS1R, TAS3R, and the TAS2R family) 

signaling through GNAT3 (G Protein Subunit Alpha Transducin 3), PLCB2 (Phospholipase 

C Beta 2) and ITPR3 (Inositol 1,4,5-Trisphosphate Receptor Type 3). The resulting Ca2+ 

flux opens the membrane cation channel TRPM5 (Transient Receptor Potential Cation 

Channel Subfamily M Member 5), which depolarizes the cell and drives release of ATP to 

activate adjacent neurons [17]. The core transcriptional signature shared by tuft cells from at 

least 5 tissues includes Gnat3, Plcb2 and Trpm5 [12**]. Defined tuft cell ligands include 

bacterial quorum sensing molecules (QSM), ATP, succinate, and others. As discussed below, 

engagement of upstream receptors and some of the cytosolic components of this pathway in 

tuft cells is context dependent, but to date it appears that all tuft cell-mediated phenotypes 

require TRPM5. Nearly all tuft cells also express Chat (choline acetyltransferase), the 

enzyme that synthesizes the neurotransmitter acetylcholine (ACh), which contributes to 

some of the known tuft cell functions in the airways and urogenital tract [3,5,18].

An immune function for tuft cells was first described in the airways, where their 

chemosensing capacity has been linked to secretion of antimicrobial peptides and mast cell 

degranulation via neuronal stimulation [5,19**]. Airway tuft cells also mediate evasion of 

noxious substances via transient breathing cessation [3,4]. An immune role for intestinal tuft 

cells was first reported when they were identified as the sole source of the cytokine 

interleukin 25 (IL-25) [6–8]. In the presence of helminths or Tritrichomonas protists, small 

intestine (SI) tuft cell-derived IL-25 directly activates group 2 innate lymphoid cells (ILC2s) 

in the lamina propria. Upon activation, ILC2s produce the canonical type 2 cytokines IL-5, 

−9, and −13 to coordinate classic manifestations of type 2 inflammation. Among its many 

targets, IL-13 signals to intestinal stem cells, biasing their lineage commitment toward tuft 

and goblet cells, resulting in hyperplasia of both cell types and activation of a feed-forward 

tuft-ILC2 circuit. Since the intestinal epithelium is almost completely renewed every 5 days, 

activation of the tuft-ILC2 circuit results in rapid remodeling of the intestinal epithelium, 

which contributes to helminth clearance. Recent studies that have further refined our 

understanding of the intestinal tuft-ILC2 circuit and of airway tuft cells are briefly 

summarized below.

Intestines update

One question to arise from initial studies was how activation of the tuft-ILC2 circuit is 

regulated. Tuft cells constitutively express Il25 mRNA, yet the feed-forward tuft-ILC2 

circuit is not activated in the absence of tuft cell ligands [8,13]. Two mutually nonexclusive 

models have therefore emerged to explain how the tuft-ILC2 circuit is turned on downstream 
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of chemosensing by tuft cells. Luo et al. found that IL-25 release is regulated by 

chemosensing: when measured from scraped intestinal villi samples, IL-25 release was 

reduced when villi were pretreated with a PLCB2 inhibitor or when taken from a Trpm5-

deficient animal [20*]. Additionally, IL-25 is reduced if villi are pretreated with the 

vesicular transport inhibitor, Brefeldin A, suggesting IL-25 may be released through vesicles 

following tuft cell stimulation.

Regardless of the mechanism for IL-25 release, McGinty et al. hypothesized that additional 

signals are needed for optimal activation of ILC2s during helminth infection [21*]. Indeed, 

lung ILC2s must integrate multiple signaling cascades that separately mobilize the 

transcription factors NF-κB and NFAT to achieve optimal activation [22,23]. Cysteinyl 

leukotrienes (CysLTs), lipid signaling molecules rapidly synthesized by arachidonate 5-

lipoxygenase (ALOX5) and leukotriene C4 synthase (LTC4S), can mobilize NFAT in lung 

ILC2s. Although synthesis of CysLTs is canonically thought to be restricted to 

hematopoietic cells, tuft cells express all the necessary enzymes as part of their core 

signature [12**]. In the SI, if tuft cells lack the ability to synthesize CysLTs, tuft cell 

hyperplasia, goblet cell responses, and worm clearance are delayed during helminth 

infection [21*]. Therefore, tuft cells are equipped to optimally activate ILC2s using two 

effector molecules, IL-25 and CysLTs. This has added a new layer to the communication 

between tuft cells and the underlying immune system during helminth infection.

The tuft-ILC2 circuit is also activated by intestinal colonization with Tritrichomonas 
protists. Tritrichomonas sp. are found as part of the commensal flora of many vivariums and 

their impact on intestinal immune responses has only recently come to light [7,24,25]. 

Tritrichomonas sp. were shown to activate the tuft-ILC2 circuit via TRPM5, but the 

upstream receptor and ligand remained unknown [7]. Unlike taste cells, SI tuft cells express 

few, if any, canonical taste receptors at homeostasis, suggesting that they must use different 

receptors to activate the chemosensing pathway. One GPCR enriched in SI tuft cells is the 

receptor for extracellular succinate (SUCNR1). Surprisingly, succinate provided in the 

drinking water of mice is sufficient to drive tuft cell hyperplasia and other hallmarks of 

intestinal type 2 immune responses [12**,26**,27**].

As a component of the citric acid cycle, mammalian succinate is usually stored 

intracellularly. However, bacteria, protists, and helminths can release succinate as a 

byproduct of anaerobic fermentation [28]. Correspondingly, activation of the tuft-ILC2 

circuit by Tritrichomonas sp. is completely Sucnr1-dependent [12**]. Additionally, 

microbial dysbiosis caused by antibiotic or laxative treatment can induce tuft cell 

hyperplasia in a Sucnr1-dependent manner [27**]. This response may depend on the 

composition of the microbiome and relative contribution of succinate-producing vs. - 

consuming bacteria. Intriguingly, although succinate can be detected in supernatants of in 
vitro cultured N. brasiliensis and Tritrichomonas sp., the in vivo sensing of helminths is 

entirely Sucnr1-independent [12**,27**]. This suggests another, possibly redundant, sensor 

and ligand pair leads to TRPM5 activation in tuft cells during helminth infection.

Beyond immune responses to helminths and protists, roles for tuft cells in other settings of 

intestinal inflammation are yet to be well studied. In a model of food allergy where 
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sensitization occurs through tape stripping of the skin, the combination of systemic IL-33 

from keratinocytes and IL-25 from intestinal tuft cells activates ILC2s in the intestine [29*]. 

ILC2-derived IL-13 drives tuft hyperplasia and expansion of mast cells, which induce 

anaphylaxis upon oral challenge. While it remains unclear how IL-25 release from intestinal 

tuft cells is triggered during the skin sensitization phase of this allergy model, it raises the 

possibility that chronic activation of the tuft-ILC2 circuit by stimuli such as Tritrichomonas 
sp. colonization could increase susceptibility to food allergy.

Airway update

In the current paradigm, airway tuft cells act as chemosensory sentinels that sense noxious 

environmental ligands via the TAS2R family of taste receptors and secrete ACh. In turn, 

ACh signals on afferent neurons to control breathing and inflammation [3–5]. Specifically, 

tuft cell activation in the nasal epithelium causes mast cell degranulation, but there is scant 

evidence linking airway tuft cells to the initiation of type 2 inflammation more broadly [5]. 

Defined tuft cell ligands either indirectly indicate bacterial dysbiosis (e.g. QSMs) or are 

themselves noxious substances (e.g. denatonium and other TAS2R ligands).

Several recent studies have expanded on this basic paradigm with the discovery of novel tuft 

cell ligands and effector functions. Perniss et al. reported that, consistent with the theme of 

sensing dangerous bacterial growth, tracheal tuft cells detect formylated peptides produced 

by pathogenic bacteria of the lung [30**]. Stimulation of explanted tracheas with formylated 

peptides drives mucociliary clearance, an innate process that sweeps bacteria up and out of 

the trachea. This response requires release of ACh from tuft cells to stimulate neighboring 

ciliated cells. The formylated peptide receptor remains unknown, but the authors excluded 

non-redundant functions for canonical formyl peptide receptors and taste receptors, 

including all TAS2Rs. Nonetheless, the canonical taste transduction pathway, including 

PLCB2, ITPR3, and TRPM5 is required. The findings were complemented by another 

tracheal study showing that bitter ligands and QSMs also enhanced mucociliary clearance 

via ACh signaling, though questions remain since Perniss et al. found that mucociliary 

clearance induced by those same ligands was mostly tuft cell-independent [30**,31*]. In 

addition, the study showed that autocrine ACh signaling regulates tuft cell intracellular 

calcium levels much like it does in taste cells [32]. Tuft cell sensing of bacteria has also been 

extended to the gingiva [33]. These tuft cells, which express GNAT3 but not ChAT, control 

oral bacterial community composition and density in an ACh-independent manner, perhaps 

through induction of anti-microbial peptides.

Bankova et al. expanded on the concept of tuft cells and type 2 immunity by reporting that 

tracheal tuft cells modestly increased in number following aeroallergen sensitization. The 

mechanism for this expansion remains unresolved, but seems to be largely IL-13-

independent [34]. More recent work by the same group further implicates airway tuft cells in 

type 2 immunity with the finding that nasal tuft cells are activated by host-derived ATP 

through P2Y2 (P2Y Purinoceptor 2) during aeroallergen sensitization [35*]. As in the 

intestine, chemosensing induced CysLT synthesis in tuft cells. Tuft cell-deficient mice failed 

to produce CysLTs and had modestly reduced eosinophilia following Alternaria 
sensitization, though tuft cell-specific targeting of LTC4S was not performed. Future studies 
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are needed to determine if tuft cells produce CysLTs upon stimulation with previously 

defined bitter and quorum-sensing ligands, or if effector functions are somehow segregated 

based on stimulus type.

Lastly, a study by Rane et al. has expanded the repertoire of airway tuft cells with the 

seminal finding that influenza A (IAV) infection induces tuft cell differentiation in the deep 

lung, where they are not found during homeostasis [36**]. These pulmonary tuft cells arise 

from p63+ stem cells that are mobilized to repair the severe damage caused by IAV 

infection. While they appear to be bonafide tuft cells capable of responding to succinate and 

denatonium, numerous questions remain: what signals drive their differentiation (i.e. do they 

require IL-13?), what effector molecules do they produce, and what functions do they 

perform, if any?

Human tuft cells

As in rodents, tuft cells were first identified in humans by electron microscopy. Reports were 

sparse, but cells with tuft-like morphology were spotted in the airways and intestines by the 

1970s [37,38]. Human tuft cells were then ignored for decades, until advances in rodent 

models once again spurred progress. Tuft cells expressing taste receptors, GNAT3, and 

TRPM5 were identified in human sinonasal epithelium and air-liquid interface culture 

systems allowed for functional studies [39]. In a pair of seminal papers, Cohen and 

colleagues demonstrated that tuft cells flux calcium in response to the bitter ligand 

denatonium, that this Ca2+ flux was propagated to neighboring cells via gap junctions, and 

that antimicrobial peptides were secreted from the epithelium as a result [19**,40]. 

Interestingly, sweet taste transduction inhibited these responses, suggesting complex 

integration of environmental signals by tuft cells.

More recently, this same group examined IL-25 expression and tuft cell replication in 

settings of allergic inflammation, such as chronic rhinosinusitis with nasal polyps and 

eosinophilic fungal disease [41–43]. They found that tuft cell frequency and IL-25 

expression are increased in such inflamed epithelia, and that IL-13 is sufficient to induce 

IL-25 and drive tuft cell replication in vitro. The authors suggest that just as in the mouse 

intestine, there could be a feed forward epithelial-immune circuit in the airways.

Whether such a circuit also exists in the human intestine remains completely unknown, but 

recent discoveries have at least expanded our toolbox for visualization of tuft cells in 

intestinal biopsies (Table 1). Of note, DCLK1 (Doublecortin-like Kinase 1), one of the most 

commonly used tuft cell markers in mice, is not a good marker for human tuft cells [44**]. 

Instead, the markers listed in Table 1 appear to be highly tuft cell-specific. Accordingly, 

human intestinal tuft cells are likely also a source of eicosanoids and acetylcholine. Tuft cell 

quantification has not yet been reported in type 2 inflamed human intestine (e.g. during 

worm infection or allergic disease), but preliminary observations suggest a possible 

reduction in tuft cells during type 1 inflammation (e.g. duodenitis, Crohn’s, and celiac) 

[45,46]. Further studies are needed to define the human intestinal tuft cell transcriptome, 

assess IL-25 protein expression, and determine if IL-13 can also induce human tuft cell 
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hyperplasia. Perhaps organoid culture systems could help to answer these questions. The 

hope is that tuft cells can be harnessed to treat disease.

Tuning the tuft cell response

Previous comparisons of tuft cells from across the body have shown they are adapted to their 

particular tissue location despite sharing a core gene signature. Beyond the specialization 

revealed by receptor repertoires, new research is extending our understanding of tuft cell 

diversity by showing that the development and effector functions of tuft cells are not 

stereotyped, allowing for tuning of the tuft cell response.

Intestines

Although tuft cells are present in both the large and small intestine, activation of the tuft-

ILC2 circuit and associated tuft cell hyperplasia has only been reported to occur in the SI, 

even when type 2 immunity is activated systemically [29*,47,48]. This difference may 

reflect the distinct developmental programs of tuft cells in each part of the intestine. Tuft 

cells in the large intestine require Atoh1 (Atonal Homolog BHLH Transcription Factor 1) 

for development, whereas at least some SI tuft cells can develop independently of Atoh1 
[49]. Nevertheless, tuft cells in both locations require Pou2f3, the master tuft cell 

transcription factor, and express the canonical tuft cell signature genes [12**]. More work is 

needed to identify a role for tuft cells in the large intestine.

Even within the same tissue, functional differences in tuft cells are emerging (Figure 2A). In 

the SI, for example, the succinate-sensing pathway predominantly induces tuft cell 

hyperplasia in the distal SI (ileum), where Tritrichomonas protists and bacteria are most 

abundant [12**,27**]. Accordingly, ileal tuft cells express the highest levels of Sucnr1 
[26**]. By contrast, SUCNR1-independent hyperplasia induced by helminths occurs across 

the length of the SI, even though the helminths tend to colonize the proximal SI [50]. 

Differences between succinate sensing and helminth infection also extend to include tuft cell 

effector functions. Early during helminth infection, tuft cell production of CysLTs is 

required for optimal ILC2 activation. However, mice lacking CysLT production have no 

defect in tuft-ILC2 circuit activation when treated with succinate or colonized with 

Tritrichomonas sp. [21*].

The activation of different effector functions by succinate and the as yet unidentified 

helminth ligand(s) may be linked to differential engagement of intracellular signaling 

pathways. Succinate sensing by tuft cells is Gnat3, Plcb2, and Trpm5-dependent 

[12**,26**,27**,51]. On the other hand, only Trpm5 is necessary during helminth infection, 

while Gnat3 is dispensable and the requirement for Plcb2 has not been tested [12**]. Other 

G protein subunits may also be differentially activated. Tuft cells in the SI express G-protein 

Subunit Beta 1 (GNB1) and Gamma 13 (GNG13), and mice lacking Gng13 in the intestinal 

epithelium have reduced tuft cell hyperplasia during Trichinella spiralis infection [20*].

The spatial and functional tuning of tuft cell responses in the SI may reflect different 

purposes of the type 2 immune response in these contexts. Perhaps, tuft cells sense succinate 

to monitor the commensal flora and locally regulate interactions with the intestinal 
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epithelium by increasing mucus production through the type 2 immune response. This 

response is well tolerated, as Tritrichomonas-colonized mice show no ill effects despite 

chronic tuft and goblet cell hyperplasia in the distal SI. On the other hand, helminths pose a 

greater risk to the health of the host, causing damage to the intestinal lining, and siphoning 

host nutrients. The need to expel these parasites is greater and perhaps therefore the tuft-

ILC2 circuit is activated along the entire length of the small intestine and potent CysLTs are 

mobilized.

Airways

Like their SI counterparts, airway tuft cells employ distinct effector functions that are tuned 

to their location (Figure 2B). Indeed, even in the case of one effector molecule, ACh, there 

are different outcomes depending on the location. Respiratory tuft cells, which are likely the 

first to encounter inhaled noxious bitter stimuli or bacteria, use ACh to rapidly decrease the 

breathing rate and minimize further inhalation [3]. However, once stimuli get to the trachea 

tuft cells instead use ACh to coordinate the mucociliary mechanism of physical removal 

[30**,31*]. Future studies should test whether formylated peptides induce mucociliary 

clearance in the respiratory epithelium or regulate breathing in the trachea.

The outcome of tuft cell activation may also depend on the degree of innervation. Most 

respiratory tuft cells are closely contacted by peptidergic nerve fibers, while just a quarter of 

tracheal tuft cells are similarly contacted, and olfactory tuft cells have little to no contact 

with neurons [3,4,52]. Accordingly, respiratory tuft cells signal directly on the trigeminal 

nerve to regulate breathing rate and neurogenic inflammation [3,5]. In the trachea, however, 

ACh instead acts locally in a paracrine fashion on the epithelium by regulating ciliary 

function [30**,31*]. Further study of olfactory tuft cells is needed to determine what ACh is 

doing in the complete absence of neuronal contacts, but neighboring epithelial cells flux 

Ca2+ in response to ACh, suggesting paracrine signaling [53].

Next Directions

Much remains to be learned about the role of tuft cells in immunity and other physiologic 

functions. We have highlighted some specific questions above, but broader areas of interest 

start with the on-going search for ligands and effector functions. Most notably, the ligand(s) 

and receptor(s) that mediate helminth sensing in the SI remain unknown, as does the 

receptor for formylated peptides in the trachea. Taste receptors have been implicated in 

helminth sensing, but they are poorly expressed at baseline, suggesting a different receptor 

mediates the initial detection [20*]. The possibility that tuft cells act as mechanosensors has 

not been explored, but their similarity to certain morphological features of hair cells in the 

ear and Merkel cells in the skin is striking [54–56]. On the effector side, it is unclear if tuft 

cells secrete ATP as their taste receptor cell cousins do. Also, the immune function, if any, of 

tuft cell-derived acetylcholine in the intestine is completely unknown, as is any function of 

tuft cells in the gall bladder and colon.

Specifically in the SI, it is unknown how IL-13/STAT6 signaling drives hyper-production of 

tuft cells from the stem cell compartment and why this only occurs in this one tissue. Indeed, 

the purpose of tuft cell hyperplasia is itself unknown. It also remains unclear why succinate 
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sensing predominates in the distal SI and is dispensable during helminth infection. Why are 

tuft cells monitoring microbial metabolism and what are the consequences if this sensing is 

lost?

Conclusion

We have learned much about tuft cells in recent years and the list of their chemosensory and 

effector functions is rapidly expanding. While some generalizations can be applied to tuft 

cells in all tissues, the differences are perhaps more striking. The ligands that activate tuft 

cells and the effector functions they use to shape the physiology of their surrounding tissue 

differ widely between organs and even within different regions of the same organ. Clearly, 

these are versatile cells that have been precisely tuned to their microenvironment.

This review has focused on the immune function of tuft cells, but there is also a growing 

literature reporting the association of tuft cells with tissue repair and carcinogenesis 

[36**,57]. Perhaps the coming years will reveal that these seemingly disparate functions are 

in many ways related. Tissue repair and type 2 immunity are already closely linked and a 

role in carcinogenesis may similarly be related to a broader role for tuft cells in maintenance 

and restoration of tissue homeostasis.
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Highlights

• Tuft cells reside in the epithelium of airway, intestinal, and urogenital tissues

• Tuft cell receptors and effector functions are tuned in a tissue-specific manner

• Tuft cells detect noxious substances and ligands from bacteria, helminths, or 

protists

• Tuft cells modulate immune responses and neurologic function

• Tools to identify and study human tuft cells are improving

Billipp et al. Page 12

Curr Opin Immunol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Tuft cell ligands and effector functions are tissue-specific.
A) In the respiratory epithelium, tuft cells sense irritants, bacterial dysbiosis, and tissue 

homeostasis through bitter substances, quorum-sensing molecules, and ATP, respectively. 

These tufts cells are innervated, making ACh an effective effector molecule with which tuft 

cells can modulate breathing rate as well as neurogenic inflammation. Additionally, 

respiratory tuft cells can alter tissue immunity through ACh and CysLTs. B) Tracheal tuft 

cells sense bitter ligands and bacterial secreted formylated peptides. In the trachea, tuft cells 

are not as innervated but still use ACh to modulate tissue physiology, in this case through 

autocrine and paracrine signaling to epithelial cells to regulate mucociliary clearance. There 

is some evidence of tuft cell hyperplasia in the trachea downstream of LTE4 and IL-25, but 

the mechanism is not fully elucidated. C) The ligands and receptors by which tuft cells in 

the SI sense luminal helminths are still unknown. Nevertheless, SI tuft cells are critical for 

the initiation of rapid type 2 immune responses to luminal helminths. These helminths 

primarily reside in the proximal SI, but the type 2 immune response and resulting tuft and 

goblet cell hyperplasia is seen throughout the SI. D) In the distal SI, tuft cells sense 
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Tritrichomonas protists and bacterial dysbiosis though the metabolite succinate. Tuft cells in 

this portion of the SI seem to be particularly poised to sense succinate, as they express 

higher levels of Sucnr1 compared to tuft cells in the proximal SI. Accordingly, tuft cell 

hyperplasia following succinate treatment is most prominent in the distal SI, although still 

occurs throughout the SI. Abbreviations: Acetylcholine (ACh); Choline acetyltransferase 

(ChAT); Cysteinyl leukotrienes (CysLTs); Leukotriene E4 (LTE4); Group 2 innate lymphoid 

cell (ILC2); Small intestine (SI); Succinate receptor (SUCNR1). Created with 

BioRender.com.
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Figure 2: Airway and small intestinal tuft cell signaling
A) Small intestinal tuft cells sense the presence of helminth worms via an unidentified 

receptor and ligand. Tuft cell-derived IL-25 and CysLTs activate lamina propria ILC2s to 

drive epithelial remodeling, eosinophilia, and worm clearance. The calcium-gated cation 

channel TRPM5, downstream of canonical taste transduction in taste cells, is also required 

for helminth sensing, though Gnat3−/− mice are not affected. Additionally, while some 

helminths can produce succinate as a metabolic byproduct, Sucnr1−/− mice have no defect in 

tuft hyperplasia in response to helminth infection. Following initial activation and IL-13 

signaling, tuft cells express TAS2Rs, which may sense “bitter” substances found in T. 
spiralis excretory-secretory products, and result in additional release of IL-25. G-alpha O/I 

subunits, as well as the G-gamma 13 subunit and PLCB2, have also been implicated in T. 
spiralis sensing and IL-25 release. Potentiating TRPM5 with stevioside is sufficient to cause 

release of IL-25. Specifically in the distal SI, tuft cells monitor the metabolite succinate, 
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which can be produced by Tritrichomonas protists as well as dysbiotic bacteria. Unlike 

helminth sensing, GNAT3 is required for the succinate response, as are PLCB2 and TRPM5, 

indicating a canonical taste transduction pathway. B) Airway tuft cells have been studied 

most thoroughly in the respiratory and tracheal epithelia. Respiratory tuft cells (and 

olfactory tuft cells) use the receptor P2Y2 to sense ATP released from cells via an unknown 

mechanism following treatment with Alternaria alternata or house dust mite. ATP signaling 

drives increased intracellular Ca2+ and release of CysLTs that recruit eosinophils and 

amplify type 2 inflammation. It remains unclear if tracheal tuft cells produce CysLTs. 

Respiratory tuft cells also express numerous TAS2Rs, which bind denatonium and the 

“bitter” QSMs produced by certain Gram-negative bacteria. Signaling activates the canonical 

taste transduction pathway, resulting in release of ACh that signals on peptidergic neurons to 

rapidly induce a drop in breathing rate and neurogenic inflammation. In the trachea, where 

tuft cells are less extensively innervated, sensing of bacterial formylated peptides, QSMs, or 

denatonium activate PLCB2, Ca2+ flux, and TRPM5-dependent ACh release. Via CHRMs, 

ACh signals in both a paracrine fashion on neighboring ciliated cells to increase ciliary beat 

frequency and in an autocrine fashion on tuft cells to enhance or suppress the magnitude of 

Ca2+ flux. While TAS2Rs are assumed to be required for sensing QSMs and denatonium, 

they are not involved in formylated peptide sensing; the actual receptor remains unidentified. 

Dashed arrows indicate unconfirmed pathways. Abbreviations: Acetylcholine (ACh); Acyl-

homoserine lactones (AHL); Arachidonate 5-lipoxygenase (ALOX5); Bitter taste receptor 

family (TAS2Rs); Choline acetyltransferase (ChAT); Cysteinyl leukotrienes (CysLTs); G 

Subunit Alpha Q/I/O (GNAQ/I/O); G Protein Subunit Alpha Transducin 3 (GNAT3); G 

Subunit Beta 1 (GNB1); G Subunit Gamma 13 (GNG13); Inositol 1,4,5-Trisphosphate 

Receptor Type 3 (ITPR); Leukotriene C4 synthase (LTC4S); Muscarinic ACh receptors 

(CHRMs); Phospholipase C Beta 2 (PLCB2); Pseudomonas quinolone signal (PQS); P2Y 

Purinoceptor 2 (P2Y2); Quorum-sensing molecules (QSMs); Small intestine (SI); Succinate 

receptor (SUCNR1); Transient Receptor Potential Cation Channel Subfamily M Member 5 

(TRPM5); Vesicular acetylcholine transporter (VAChT). Created with BioRender.com.
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Table 1.
Markers for human tuft cells.

DCLK1, the marker of choice for mouse tuft cells, is not a reliable marker for human tuft cells. Instead, recent 

studies have identified numerous proteins that appear to uniquely identify tuft cells among epithelial cells. 

Concurrent labeling with two or more markers provides the most definitive identification of tuft cells.

Gene Symbol Name Source

PTGS1 (COX1) Prostaglandin endoperoxide synthase 1 [44**,58]

HPGDS Hematopoietic prostaglandin D synthase [44**,58]

ALOX5AP (FLAP) Arachidonate 5-lipoxygenase activating protein [44**]

ALOX5 (5-LO) Arachidonate 5-lipoxygenase [21*]

CHAT Choline acetyltransferas [44**]

CCDC88A (GIRDIN) Coiled-coil domain containing 88A (**pY1798-specific antibody) [59]

EGFR Epidermal growth factor receptor (** pY1068-specific antibody) [21*,60]

SOX9 SRY-box transcription factor 9 [58]

AVIL advillin [44**]
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