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Intestinal tuft cells are a morphologically unique cell type, best characterized by striking microvilli that form an apical tuft.
These cells represent approximately 0.5% of gut epithelial cells depending on location. While they are known to express
chemosensory receptors, their function has remained unclear. Recently, numerous groups have revealed startling insights
into intestinal tuft cell biology. Here, we review the latest developments in understanding this peculiar cell type’s structure
and function. Recent advances in volumetric microscopy have begun to elucidate tuft cell ultrastructure with respect to its
cellular neighbors. Moreover, single-cell approaches have revealed greater diversity in the tuft cell population than previously
appreciated and uncovered novel markers to characterize this heterogeneity. Finally, advanced model systems have revealed
tuft cells’ roles in mucosal healing and orchestrating type 2 immunity against eukaryotic infection. While much remains
unknown about intestinal tuft cells, these critical advances have illuminated the physiological importance of these previously
understudied cells and provided experimentally tractable tools to interrogate this rare cell population. Tuft cells act as luminal

Introduction

For close to a century, tuft cells (also known as brush or caveolated
cells) have been identified in numerous epithelial tissues, includ-
ing the gallbladder (1-5), stomach (4, 6-8), lung alveolus (9-13),
and intestine (14-19). Decades of investigation have revealed little
regarding the function of this mysterious cell type, until recently
(20-24). This review focuses on recent breakthroughs into the
biology and function of intestinal tuft cells (25-28). Tuft cells rep-
resent approximately 0.5% of epithelial cells in the murine small
intestine and colon but are slightly more prevalent in the distal
part of the small intestine, compared with the proximal (29). Tuft
cells originate from Lgr5* stem cells, similar to other differentiated
intestinal epithelial cells (26), and are marked by doublecortin-like
kinase 1 (DCLK1) (30). As DCLK1" tuft cells were often observed
in the quiescent “+4” position of the intestinal crypt, they were
originally considered a reserve stem cell pool (31-33). However,
Gerbe et al. demonstrated that DCLK1* tuft cells are a separate
and distinct fifth intestinal epithelial cell lineage (30).

This review explores new insights into intestinal tuft cell struc-
ture enabled by advances in electron microscopy techniques. Fur-
thermore, more sensitive, single-cell sequencing approaches have
provided new understanding of the intestinal tuft cell gene sig-
nature, which may expand our current knowledge regarding tuft
cell heterogeneity and function. Finally, we discuss recent reports
on the role of intestinal tuft cells in (a) recovery of the intestinal
epithelium from damage, and (b) induction of a type 2 immune
response to eukaryotic intestinal colonization.
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https://doi.org/10.1172/)C1120330.

sensors, linking the luminal microbiome to the host immune system, which may make them a potent clinical target for
modulating host response to a variety of acute or chronic immune-driven conditions.

Tuft cell morphology

Early studies describing tuft cells in rodent models noted the
distinctive apical bristles that formed a highly organized brush
border, giving these cells their eponymous tufted morphology (1,
2,11, 28, 34). The distribution and dimensions of tuft cell micro-
villi, summarized in Table 1, are profoundly different from those
of neighboring enterocytes (35, 36). Unlike enterocytes, tuft cells
do not possess a terminal web at the base of apical microvilli and
possess a thinner fucose-rich glycocalyx above their apical mem-
brane (15, 21, 28). The shape of the main tuft cell body may vary
depending on the organ (1, 21). Intestinal tuft cells have a cylin-
drical cell body that narrows at the apical and basal ends (37, 38),
whereas alveolar tuft cells are flatter (9-13), and gallbladder tuft
cells are cuboidal in shape (4, 5). These differences may reflect
different environments or indicate organ-specific functions, but
may also be experimental artifacts due to varying sectioning or
fixation techniques.

Lateral projections from the tuft cell’s basolateral membrane
associate with neighboring cell nuclei (1, 2). As early as 1979,
Luciano and Reale presented evidence of microvilli at the lateral
cell border that appeared to continue into the cytoplasm of adja-
cent cells (1). However, limitations of conventional transmission
electron microscopy could not provide the resolution necessary to
characterize these protrusions, recently termed “cytospinules” by
Hoover et al. (Figure 1 and ref. 36). Each tuft cell possesses 3-4
such projections, and a cytospinule can pierce the lateral mem-
brane of a neighboring cell, making direct contact with its nuclear
membrane (36). While the point of connection appears electron
dense and its exact purpose remains unclear, it may be postulated
that this tuft cell-to-neighboring cell contact serves as a direct
means of communication or cargo transport.
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Intracellular tuft cell structure

Transmission electron microscopy studies in the epithelial lining
of the rat submandibular gland were among the first to charac-
terize the tuft cell intracellular landscape (39-42). These studies
identified a filamentous bundle emanating from the apical micro-
villi and terminating at the ER (21, 39, 40). The filamentous bun-
dle was interspersed with transparent vesicles and electron-dense

Table 1. Dimensions of enterocyte and tuft cell microvilli in
mouse and human small intestine

Cell type Murine small intestine* Human small intestine®
Enterocyte 0.132 um (SD + 0.010 um) 0.09 pm (25th-75th percentile:
x 0.975 pm (SD + 0101 pm) 0.09-010 ym) x 1.0 pm
(25th-75th percentile: 0.8-1.1 um)
Tuft cell 0.187 um (SD + 0.024 um) 0.12 um (25th-75th percentile:
x 2,289 um (SD + 0.222 um) 0.11-0.17 um) x 1.7 um (25th-75th

percentile: 14-2.0 pum)

ASmall intestinal tuft cells (n = 3 animals, 3 tuft cells/animal) analyzed
using serial block-face scanning electron microscopy and automated tape-
collecting ultramicrotome scanning electron microscopy. Width (thickness)
and height (length) of microvilli from tuft cells and adjacent enterocytes
were measured for comparison (36). ®8Small intestinal tuft cells (n = 6) from
more than 300 human biopsy specimens analyzed by transmission electron
microscopy. Width (thickness) and height (length) of microvilli from tuft
cells and adjacent enterocytes were measured using a micrometer (35).
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Figure 1. Structural characteristics of intesti-
nal tuft or caveolated cells. Intestinal tuft cells
are easily distinguishable from neighboring
enterocytes by their unique apical brush border
and oval-shaped cell body. The apical microvilli
connect the extracellular environment of the
lumen to the intracellular cytoplasm via a
filamentous bundle. Vesicles carrying unknown
cargo are interspersed within the filamentous
bundle, which terminates at a tubular network
at the apex of the tuft cell nucleus. Lateral
membrane projections or cytospinules emanate
from the tuft cell and pierce the membrane of
adjacent enterocytes. Cytospinules have been
shown to directly contact the nuclei of tuft cell
neighbors, possibly serving as a means of cell-
to-cell communication.

spheres containing indeterminate cargo (21, 39, 40). More recent
studies using volumetric electron microscopy offered increased
resolution into the cytoplasmic contents of intestinal tuft cells (36,
43). Using a ChAT:GFP::Pyy-Cre:TdTomato transgenic mouse,
Hoover et al. identified choline acetyltransferase® (ChAT") tuft
cells in the intestine (44) that were distinguishable from peptide
YY-secreting (PYY-secreting) enteroendocrine cells (36, 43).
Volumetric electron microscopy analysis of the filamentous bun-
dle confirmed the presence of tubules running from the base of
the apical microvilli to the ER (36). Electron-dense vesicular bod-
ies of greater than 30 nm in diameter were interspersed within the
filamentous bundle, possibly serving as a means of cargo transport
between the ER and apical membrane (36). However, the cargo
carried within those vesicles remains poorly characterized.

Tuft cells express chemosensory proteins, such as TRPM5
and o-gustducin, which suggests that tuft cells are innervated by
neighboring neurons. Structural studies have long attempted to
characterize the relationship between these two cell types (36,
43, 45-49). Studies in the rat submandibular gland noted that
terminal nerve processes were often in close contact with tuft cells
(20-25 nm in separation) (39, 40). Several studies in the mouse
intestine also demonstrated close proximity between tuft cells and
nerve cells (49). However, volumetric electron microscopy analysis
by Hoover et al. did not identify any direct point of contact between
tuft cells and nearby nerve cells (36). Transmission electron micros-
copy of human duodenojejunal tissue confirmed that human and
mouse tuft cells share similar features, including the tufted micro-
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villar morphology, filamentous core, and lateral membrane projec-
tions (35). Interestingly, this human-based study observed direct
contact between unmyelinated fibers of a mature neuron and the
basolateral surface of a nearby tuft cell (35). While synaptic vesicles
containing electron-dense granules were clearly apparent in the
terminal axons, no evidence of a synapse was observed (35). How-
ever, in 300 human biopsy specimens, only six tuft cells were char-
acterized and only a single tuft cell was associated with a naked
terminal axon (35). As tuft cell rarity limits many structural studies,
whether direct tuft cell-to-nerve cell contacts are a critical compo-
nent of tuft cell biology remains an open question.

Tuft cells have also been shown to share common structural fea-
tures with chromogranin A-expressing (CHGA-expressing), chemo-
sensory enteroendocrine cells in the small and large intestine (19, 43,
50-52). Enteroendocrine cells regulate nutrient sensory functions in
the intestine and secrete a wide variety of neuropeptides, including
PYY and cholecystokinin (CCK) but, like tuft cells, are epithelial in
origin (51, 53, 54). Like tuft cells, these cells are characterized by a
tightly organized apical brush border but, unlike tuft cells, they pos-
sess a basal projection known as a neuropod (43). Neuropod projec-
tions are thought to associate with processes from enteric glia in the
lamina propria (43), although direct contact is yet undocumented.
Nonetheless, intestinal enterochromaffin cells were observed to
form synaptic-like connections with nerve fibers (52). Therefore,
based on structural studies, tuft and enteroendocrine cells may
share some common physical characteristics that implicate these
cell types in a sensory role within the intestinal epithelium (26, 52-
54). As discussed below, tuft cells may also share a gene signature
and progenitor cell with enteroendocrine cell subsets, further sup-
porting the possibility of a relationship between the two cell types.

Small intestinal tuft cell specification

Investigations of intestinal epithelial specification initially clas-
sified tuft cells into the secretory lineage along with goblet,
Paneth, and enteroendocrine cells (55-57). Atonal homolog 1
(Atohl) is a basic helix-loop-helix transcription factor known as
the master transcription factor regulator for secretory lineage spec-
ification (56, 58, 59). In one study, Villin®*k2-mediated intestine-
specific knockout of Atohl eliminated MUC2" goblet, lysozyme*
Paneth, and DCLK1* tuft cells (26). However, other groups utilizing
similar Villin®* drivers or a stem cell-driven Lgr5<CFPIRES CrERTZmod el
demonstrated that tuft cells are preserved after Atohl loss (53, 60).
In addition, a recent study further challenged the dependency of
small intestinal tuft cell specification on Atohl. Herring et al. used
p-Creode, a novel computational trajectory-mapping algorithm, on
single-cell data to determine that small intestinal tuft cells do not
share a trajectory with the AtohI-dependent secretory lineage (61).
They further demonstrated that Atohl knockout using a Lrig]¢ERT2
stem cell-specific driver resulted in significantly increased small
intestinal tuft cell numbers, despite the absence of secretory goblet
and Paneth cells (61). These findings suggest that tuft cell specifica-
tion may be more complex than previously supposed and could be
driven by environmental factors.

Interestingly, tuft cell specification depends on genes canoni-
cally involved in taste signaling (Table 2). Pou domain class 2
(Pou2f3) is a homeodomain transcription factor necessary for the
specification of sweet, umami, and bitter taste cells (48, 62-64).
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Pou2f3-null mice have a deficient taste response but also lack tuft
cells in epithelial tissues, including the intestine (62-64). The
taste signal transduction proteins TRPMS5 (45, 48, 49, 65-67) and
a-gustducin (48, 66, 68-70) are expressed in DCLK1* cells, and
Trpm5-null mice have decreased numbers of intestinal tuft cells
(67). Numerous groups have demonstrated that DCLK1" tuft cells
express the Wnt target gene Sox9, although experiments in the
Villin®* Sox9"# model make little mention of the effect of Sox9
loss on tuft cell distribution (26, 55, 71). Prostaglandin synthesis
pathway members, cyclooxygenases COX-1 and COX-2, colocal-
ize with tuft cell markers (26, 29, 61). Acetylated tubulin and
phosphorylated-EGFR (p-EGFR[Y1068]), are enriched at the api-
cal tuft region (29, 47, 61). Expression of the Lgr5 stem cell marker
has been observed in tuft cells (29, 72). Recent studies on small
intestinal tuft cells during acute helminth infection in the intes-
tine confirmed expression of multiple type 2 immunity-related
proteins, such as IL-25 (51, 67, 73, 74). Utilizing multiplex immu-
nofluorescence, Herring et al. confirmed that p-STAT6, which is
necessary for type 2 immunity (67, 75, 76), and DCLK1 colocal-
ize in the small intestine, whereas colonic tuft cells, which are not
known to participate in type 2 immune responses, are p-STAT6
negative (61). McKinley et al. identified broad tuft cell hetero-
geneity between the small intestinal and colonic tuft cell popu-
lation based on multiple marker expression (29). These results
suggest that multiple tuft cell states can result in response to
multiple, diverse environmental cues.

Tuft cell gene signature

Recent developments in single-cell RNA sequencing (scRNA-Seq)
have revealed further insights into tuft cell heterogeneity. Haber
et al. applied droplet-based scRNA-Seq to characterize the tran-
scriptome of the mouse small intestinal epithelium. Clustering
analysis of scRNA-Seq data identified two distinct populations
of mature tuft cells, categorized as tuft-1 and tuft-2 (74). Whereas
both groups expressed Dclkl, the tuft-2 cluster was enriched
for immune-related genes, including Ptprc, which encodes the
pan-immune marker CD45 (74). This unexpected finding was
confirmed through single-molecule FISH, where some DCLKI1-
expressing tuft cells coexpressed Ptprc mRNA (74). The tuft-1
cluster was enriched for neuronal genes, including PtgsI, which is
plausible since tuft cells express COX-1 and COX-2 (26, 29, 61, 74,
77). Perhaps indicative of their newly discovered role in mount-
ing a type 2 immune response against parasitic helminths, tuft-1
and tuft-2 cells expressed the type 2 cytokine /25 and the type 2-
related cytokine receptors Il17rb, Il4ra, and Il13ra (74). In contrast,
only tuft-2 expressed significant levels of the type 2-promoting
cytokine Tslp (74).

While characterizing the transcriptome of Bmil-GFP* stem
cells, Yan et al. utilized scRNA-Seq to reveal intriguing evidence
regarding similarities between tuft cells and Neurodl- and ProxI-
expressing enteroendocrine cells (51). In vivo studies demon-
strated that ProxI-expressing cells were capable of lineage-tracing
entire crypts during homeostasis and following irradiation-induced
injury (51, 78). Prox1-GFP* cells are enriched for enteroendocrine
secretory products, including Cck and Pyy, and tuft cell markers,
Dclkl and Trpm5 (51). Immunostaining of small intestinal tissue
confirmed that CHGA" enteroendocrine cells and DCLK1* tuft

jci.org  Volume128 Number5 May 2018

1713


https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5

1714

REVIEW

cells expressed ProxI, suggesting that some of these cells may act
as a quiescent stem cell pool, activated following tissue damage
(51, 54, 60). However, while some DCLK1* tuft cells expressed
Prox1, a subset of tuft cells was ProxI negative, indicating further
heterogeneity in the tuft cell population, with some resembling
enteroendocrine cells while others were less similar.

Colonic tuft cells

While the specification and function of small intestinal tuft cells
have been extensively studied, colonic tuft cells have been less
rigorously investigated, and it cannot be assumed that lessons
learned in the small intestine are transferrable to the large intes-
tine. Accordingly, Herring et al. computationally determined that
the specification programs controlling colonic and small intestinal
tuft cells may vary. As previously discussed, while Atohl-deficient
mice developed tuft cell hyperplasia in the small intestine, the large
intestine was largely absent of DCLK1" tuft cells when Atohl was
ablated (61). This result suggests that Atohl may be necessary for
tuft cell specification in the colon, while its role in small intestinal
specification is less clear. Colonic tuft cells may also be capable of
responding to perturbation of the luminal environment, as McKin-
ley et al. demonstrated that colonic tuft cells increased in germ-
free mice upon introduction of microorganisms, although the
effect was transient (29). These lines of evidence suggest much
remains to be understood regarding possible variation in specifica-
tion and function of tuft cells in the small intestine versus the colon.

Tuft cells in intestinal epithelial damage response
Recent work has begun to shed light on tuft cell function and we
will focus primarily on the role of these cells in (a) recovery of the
intestinal epithelium from damage, and (b) induction of a type 2
immune response against eukaryotic intestinal colonization.

A well-established model of intestinal epithelial damage is
total body irradiation of more than 8 Gy, which triggers double-
stranded DNA breaks followed by destruction of crypt units and
villus atrophy (79, 80). During the recovery process, the small
intestinal epithelium undergoes a tightly controlled program of
cell death and proliferation, which occurs in two distinct waves 6
and 24 hours after irradiation (77). The effects of high irradiation
are nonlethal and reversible, with wild-type animals recovering
normal intestinal morphology within 1 to 2 weeks through a stem
cell-driven process (77, 79).

Although deleting Dclkl using a Villin®* Dclkl"# model did
not produce a discernible phenotype at homeostasis, irradiated
animals without epithelial DclkI rarely survived beyond five days,
whereas irradiated control mice recovered as expected (77). In
the intestine, Villin®* Dclk1# animals failed to recover normal
crypt-villus architecture and barrier function after irradiation,
demonstrative of a defective regenerative process, although ini-
tial crypt proliferation was unimpaired, as determined by BrdU
incorporation (77). Irradiated Villin®”* DclkI”f intestinal tissue
showed time-dependent downregulation of the stem cell markers
Lgr5 and Bmil compared with wild-type animals (77). Whereas
the previous study investigated epithelial loss of Dclkl, Westpha-
len et al. interrogated the role of DCLKI* tuft cells in epithelial
regeneration, using a DclkI®ERT%* Rosa26P™ model to specifically
ablate Dclkl-expressing cells (60). Similar to the previous study,
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total body irradiation induced significant morbidity in induced
DclkI€ERT2/+ Rosa26P™ animals within 7 days, with significant
crypt aberration and increased number of apoptotic cells (60).
However, DCLKI1 expression is not limited to epithelial cells, as
DCLK1 and a closely related splice variant, DCX-like, play a role
in neuronal migration during brain development (81-83). There-
fore, ablating DCLKI-expressing neurons or neural progenitor
cells in the intestinal stroma may have a deleterious effect on
intestinal integrity, independent of tuft cell function. Using quan-
titative imaging, McKinley et al. demonstrated that tuft cells are
resistant to mucosal atrophy after acute fasting, while the num-
ber of other intestinal epithelial cell types can be reduced by up to
one-third of their original abundance (29). The persistence of tuft
cells in this setting could indicate a potential functional relevance
for this cell type in tissue recovery. Thus, DCLKI1* tuft cells have
been shown to contribute to epithelial regeneration following
damage. It was initially hypothesized that DCLK1* tuft cells may
act as a damage-activated reserve stem cell pool.

To verify if tuft cells exhibit a stem cell gene signature,
Chandrakesan et al. developed a Dclkl1®***™? Rosa26-YFP mouse
line, where YFP was a reliable marker for DCLK1* tuft cells (84).
Sequencing of sorted YFP* cells showed enrichment of the stem
cell gene Bmil and pluripotency factors Sox2 and Kif4, but not
Lgr5, in comparison with non-YFP-expressing intestinal epithe-
lial cells (84). These cells also expressed cell cycle inhibitors,
including Cdknla/p21, but are de-enriched for the cell cycle driver
Cdkl, suggesting that they may act as a quiescent stem cell popu-
lation that is activated upon genotoxic insult (84). May et al. had
previously demonstrated that individual, FACS-isolated DCLK1*
cells can produce spheroids in vitro (32). These spheroids, when
implanted into immunocompromised mice, developed nodular
structures, which expressed intestinal epithelial secretory and
absorptive fate markers (32). While this would imply DCLKI1* crypt
cells are capable of acting as stem cells, studies in the mammary
epithelium have demonstrated that in vitro culture and trans-
plantation may reprogram non-stem cells into a multipotent cell
state, potentially confounding the in vivo relevance of this experi-
ment (85, 86). Moreover, Westphalen et al., using a DclkIcERT2
Rosa26-LacZ reporter mouse line, did not observe an increase in
lineage-tracing events following irradiation- or dextran sodium
sulfate-induced small intestinal injury, arguing against a reserve
stem cell role for DCLK1* cells (60). Furthermore, Nakanishi et
al. showed that postmitotic DCLK1" tuft cells do not lineage-trace
under homeostatic conditions, and only cancer cells that gain
DclkI expression can act as cancer stem cells (87). Thus, while
DCLKI* tuft cells may modulate injury responses, they do not
appear to be a damage-activated quiescent stem cell population.

Although DCLK1" intestinal tuft cells may not act as stem
cells upon epithelial injury, they may play a crucial role in mucosal
recovery. Irradiated Villin®”* Dclk1"# animals exhibited dramatic
reduction in the expression of pluripotency factors, including Oct4
and KIf4, and self-renewal pathways, including Notch and Akt/
mTOR (77, 88). However, bulk lysate analysis precluded a consen-
sus on whether these factors are downregulated in DCLK1* cells
or in actual stem cells through a non-cell autonomous mechanism
(77, 88). In support of the latter, Villin®?* Dclkl”f animals showed
lower levels of epithelial COX-2 and serum prostaglandin E2
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(PGE2) 24 hours after irradiation (88). DCLK1" tuft cells highly
express COX-1 and COX-2, and these enzymes process arachi-
donic acid into secreted PGE2. Dclkl overexpression in colonic
epithelial YAMC cells increased levels of intracellular COX-2
and secreted PGE2 (88). Myoshi et al. recently showed that PGE2
induces stem and progenitor cell proliferation, promoting tissue
repair following epithelial damage (89). Without Dclkl, epithelial
cells were de-enriched for cell cycle regulators cyclin E1 and cyclin
D1 after damage (88). While the evidence remains circumstantial,
tuft cells may be a major source of PGE2 and, thereby, involved
in inducing stem cell proliferation and promoting postirradiation
tissue recovery in a non-cell autonomous manner (60, 79, 90).

In addition to stem cell-driven epithelial recovery, Dclkl may
also play a critical role in the damage response phase. Villin®*
Dclk1"f crypts had a significantly higher number of TUNEL" cells
and were positive for the apoptotic markers caspase-3 and -9 (88).
While there are multiple mechanisms of postirradiation cell surviv-
al, DNA double-stranded break repair is predominantly mediated
by the ATM serine/threonine kinase (79). In support of this mech-
anism, markers of the ATM-dependent repair pathway, including
phosphorylated-ATM, yH2AX, and BRCA1, decreased in the small
intestine of irradiated Villin®* Dclk1"# mice (88). Coimmunopre-
cipitation using an anti-DCLKI1 antibody as bait demonstrated a
direct protein-protein interaction between DCLK1 and ATM (88).
Dclkl-overexpressing YAMC cells exposed to irradiation showed
increased phosphorylation of ATM and H2AX, suggesting an
enhanced DNA damage response, as well as increased colony
formation, a metric of cell survival (79, 88). Thus, DclkI-express-
ing cells may be important in both initial DNA damage-associated
crypt loss and subsequent stem cell-driven recovery. However, it
remains to be seen whether and how DCLK1" tuft cells categori-
cally orchestrate each of these processes. While Westphalen et
al. used a diphtheria toxin-based strategy to induce DCLKI*
tuft cell loss, Chandrakesan et al. relied on a Villin® system to
ablate DclkI in all intestinal epithelial cells, including stem and
progenitor cells. Furthermore, impaired barrier function in the
Villin® Dclkl” model may exacerbate the effects of irradiation-
induced damage, independent of DCLK1* tuft cells, thus com-
plicating the interpretation of these results (77, 88). The use of
more targeted cell ablation strategies may provide more definitive
evidence of tuft cell-specific functions.

Tuft cells in gastrointestinal helminth infection

In 2016, three separate publications demonstrated that tuft cells
play a critical role in mounting a type 2 immune response against
parasitic worm colonization of the intestine. Parasitic worms, or
helminths, are multicellular metazoans and present a significant
global infectious burden (64, 67, 73, 75). Helminth eggs or infec-
tious larvae pass into human hosts via contaminated soil or water
sources and often colonize the proximal small intestine, namely
the duodenum and jejunum (73, 75). The rodent metazoan parasite
Nippostrongylus brasiliensis is a robust model for studying helminth
infection. N. brasiliensis are delivered via subcutaneous injection
in larval form and migrate through the circulatory system to the
lung, where they molt (64, 75). Eventually, they migrate to the tra-
chea and are coughed up, only to be swallowed by the mouse host
and delivered to the intestine. In the gastrointestinal tract, the
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parasite reaches sexual maturity and produces eggs that develop
into the adult form within a short period of time (75). Adult worms
are expelled from the intestine 1 to 2 weeks following the initial
infection. Host detection of parasitic worms induces a rapid type
2 immune response and subsequent remodeling of the intestinal
epithelium via goblet cell hyperplasia (64, 67, 73). Goblet cells
produce the anti-helminth molecule resistin-like 13 (RETN1p) in a
type 2-dependent manner which, together with increased mucus
production and smooth muscle hypercontractility, contributes to
worm expulsion (23, 64, 75).

Each of the three groups independently detected expansion
of the intestinal tuft cell population following helminth coloni-
zation. Gerbe et al. and von Moltke et al. utilized N. brasiliensis
and Heligmosomoides polygyrus, which are cleared by a type 2
immune response. Howitt et al. observed the same phenotype
with these two worm types as well as Trichinella spiralis and the
mouse protist Tritrichomonas muris. In all three studies, hyper-
plastic tuft cells in infected mice expressed canonical tuft cell
markers, including DCLK1, SOX9, and COX-1, confirming that
these were bona fide tuft cells and not an alternative, damage-
induced cell type (64, 67, 73). The investigators tested the neces-
sity of intestinal tuft cells in driving worm expulsion using ani-
mal models deficient in tuft cell number or function (64, 67,
73). As previously mentioned, Pou2f3-null mice lack intestinal
tuft cells and tuft cell hyperplasia was absent in Pou2f3-null
mice following N. brasiliensis infection (22). While wild-type
animals recovered by day 9 or 10 after infection, Pou2f3-null
mice had significant worm burden at postinfection day 42 and
worms were detected in distal regions of the intestine, beyond
their normal areas of adherence (64). Neither gustducin- nor
Trpm5-null mice exhibited significant tuft cell expansion in
the presence of T. muris compared with infected wild-type
animals (67). Therefore, functional chemosensation within
intestinal tuft cells appears necessary for detecting eukaryotic
infection and mounting an effective immune response.

The type 2 cytokine IL-25 plays a critical role in the tuft
cell response to eukaryotic infection. Gerbe et al. identified an
increase in mucosal IL-25 by RNA-Seq and its tuft cell-specific
expression by immunohistochemistry at day 9 after infection.
von Moltke et al. utilized a knockin IL-25-RFP-expressing mouse
and showed constitutive IL-25 expression in intestinal tuft cells
but not in other intestinal epithelial cell types. Similarly, Howitt
et al. performed RT-qPCR on sorted tuft cells and showed I/25
enrichment compared with other epithelial subpopulations. All
three groups confirmed that tuft cells are not a critical source
of either TSLP or IL-33, two other type 2 cytokines known to be
important in helminth response, although bulk analysis of tuft
cells may have masked the subset-specific expression of Tslp
revealed by single-cell analysis (51). A Villin®* 1125725725 model
enabled IL-25 ablation from epithelial cells and these mice
lacked tuft cell hyperplasia on day 7 after N. brasiliensis infection
(73). Furthermore, IL-25 did not act directly on epithelial cells to
promote tuft cell expansion, based on in vitro intestinal organoid
experiments (64). While von Moltke et al. showed similar results
in in vitro studies, exogenously applied IL-25 increased tuft cell
numbers in vivo, confirming that IL-25 must indirectly stimulate
tuft cell hyperplasia, likely via immune cell subpopulations.
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Figure 2. Small intestinal tuft cells induce a type 2 immune response following eukaryotic colonization of the gut. At homeostasis, DCLK1* cells pro-
mote their own specification through release of IL-25, which stimulates ILC2s to produce IL-13. By an unknown mechanism, IL-13 stimulates stem cells and/
or transit-amplifying progenitors to differentiate into tuft cells. During eukaryotic colonization of the small intestine, tuft cells sense pathogens through
an ill-defined mechanism, possibly involving the mTORC1 complex and Raptor. Increased IL-25 release by tuft cells drives IL-13-dependent expansion of the
tuft cell lineage. Goblet cell hyperplasia and increased release of mucus as well as the anti-helminth molecule RETN1B contribute to worm expulsion from

the proximal gut.

Previous literature confirmed that the type 2 cytokines
IL-4 and IL-13 are involved in parasitic worm expulsion (75).
von Moltke et al. demonstrated that exogenous administration
of IL-4 in vivo and in ex vivo enteroid culture induces tuft cell
expansion. However, [I14*2/"2animals, which are IL-4 deficient,
still have a hyperplastic tuft cell phenotype following worm
infection (73). Furthermore, Gerbe et al. observed that IL-4
levels were not significantly different between N. brasiliensis-
infected wild-type and Pou2f3-null mice, despite the absence of
tuft cells in the latter condition. These results implied that IL-4
is sufficient but not necessary for tuft cell expansion and its
downstream immune response. In contrast, when Gerbe et
al. and von Moltke et al. examined the effects of worm infec-
tion in an [/4ra-null model, which displays disrupted IL-4
Number5  May 2018
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and IL-13 signaling, they observed no tuft cell expansion (64,
73). Similarly, I[13¢%/ Gt(Rosa26)STorFlox:DTA/+ ganimals, which
have disrupted IL-13 signaling, do not have tuft cell hyperpla-
sia upon infection (73). In contrast to IL-4 levels, IL-13 levels
decreased in N. brasiliensis-infected Pou2f3-null animals, com-
pared with infected wild-type mice (64). Furthermore, in vivo
and ex vivo addition of IL-13 was sufficient to induce tuft cell
expansion (64, 67, 73), implying IL-13 is necessary and suffi-
cient for inducing tuft cell expansion by acting directly on the
epithelium. Lineage-tracing experiments by von Moltke et al.
indicated that, similar to homeostatic conditions, infection-
induced hyperplastic tuft cells are still specified via the Lgr5*
stem cell population rather than by clonal expansion of the
existing tuft cells or by transdifferentiation (73). These results
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Table 2. Intestinal tuft cell markers and their proposed role in
tuft cell function

Marker* Proposed function® Reference

Acetylated tubulin Structural 47

(K18 Structural 47,53

ChAT Chemosensory 43,44

o-gustducin Chemosensory 48,68

TRPM5 Chemosensory, Type 2 48, 49,53, 67
immune response

POU2F3 Chemosensory, Type 2 64
immune response

11-25 Type 2 immune response 64,67,73,74

p-STAT6 Type 2 immune response 61,67

COX-1, COX-2 Prostaglandin synthesis, 26, 29, 49, 53, 61,77
damage recovery

DCLK1 Quiescent stem cell, 30-32,53
damage recovery

HOPX Unknown 29,61

GFI1B Unknown 53

S0X9 Unknown 26, 29, 61

p-EGFR(Y1068) Unknown 29,61

ABased on antibody staining of intestinal tuft cells. BProposed role of
protein marker within intestinal tuft cells, based on recent published
literature.

suggest that IL-13 acts on stem or progenitor cell populations
to drive tuft cell lineage expansion.

Th2 lymphocytes and innate lymphoid cells type 2 (ILC2s)
both secrete IL-13, so that either or both cell populations could
be the primary mediator of tuft cell expansion in response to
eukaryotic infection (75). Th2 and ILC2 cell specification is
controlled by transcription factor Gata3 but, unlike Th2 cells,
ILC2s lack antigen receptors (23, 64, 75). Elimination of both
cell populations in immunodeficient RAG2;IL2Ry-null mice
attenuated tuft cell hyperplasia following T. muris infection (67).
T. muris-infected Rag2-null and N. brasiliensis-infected Rag-null
mice, which lack Th2s but not ILC2s, had significant tuft cell
expansion, confirming that Th2 cells are largely dispensable for
this phenotype (64, 67). Tuft cell hyperplasia was not observed in
infected Il17ra-null and I12rg-null mice, which lack all innate lym-
phoid cells, or infected II5¢ Gt(Rosa26)STOr Flox=DTA/STOPFloxzDTA
mice, which lack IL-5* ILC2s, confirming that ILC2s are neces-
sary to facilitate IL-25-induced tuft cell expansion, at least in
these models of acute eukaryotic infection (73). Together, these
studies established a feedback model, summarized in Figure 2,
in which tuft cells, through the release of IL-25, induce ILC2
recruitment or expansion and IL-13 release, stimulating tuft and
goblet cell hyperplasia.

While tuft cell taste receptors have been proposed to sense
luminal infection, it is unclear how these signals are transduced in
vivo, either through intracellular or intercellular means, to induce
tuft cell hyperplasia. A recent report suggested a possible role for
the mTOR complex 1 (mTORC1), a critical nutrient-sensing pro-
tein complex that drives cell proliferation and growth (91, 92). The
mTORCI complex includes the proteins mTOR, mLST8/GfL,
PRAS40, DEPTOR, and Raptor, a scaffold protein necessary for

REVIEW

mTORCI activation. Epithelial cell-specific Raptor ablation using
Villin®ER12/+ Raptor? animals resulted in intestinal tuft cell loss,
indicating that mMTORCI is necessary for homeostatic tuft cell lin-
eage commitment (92). Previous studies have demonstrated that
mTORCI plays a role in specification of other intestinal epithelial
cell types, as mTORCI activation promotes goblet and Paneth cell
specification (93, 94). Furthermore, tuft cell loss is accompanied
by decreased epithelial IL25 mRNA and stromal IL13 mRNA
expression, and lack of tuft cell expansion and type 2 immune
response to T. muris infection (92). p-STAT6, which is required for
type 2 immunity (75, 76), was decreased in infected Villin®ErT2/+
Raptor™® animals, likely due to inadequate IL-13 levels (92).
Consequently, worm burden was significantly higher in infected
Villin®<ERT2+ Raptor? mice versus wild-type animals (92). In
contrast to in vivo findings, ex vivo enteroids generated from
Villin®ER12/+ Raptor® mice lacked a tuft cell defect or difference
in IL-4 signaling (92). Thus, Raptor is unlikely to act in a cell
autonomous fashion to direct tuft cell differentiation, but might
be involved in intercellular communication. Thus, the direct
mechanism linking luminal sensing to tuft cell response remains
an important unanswered question for understanding how this
chemosensory cell directs the clearance of eukaryotic parasites
from the intestine.

Concluding remarks

While intestinal tuft cells have been poorly understood, a
spate of recent articles has provided important insights into
their structure and function. Technological strides in electron
microscopy and scRNA-Seq have offered increased resolution
of tuft cell ultrastructure and heterogeneity, respectively. How-
ever, though there is a greater appreciation for the extracellular
structure of tuft cell cytospinules, it remains unclear what exact
purpose these projections serve. Are they a means of direct
cell-to-cell communication, and what, if any, are the functional
consequences of cytospinule disruption? Similarly, single-cell
analysis of small intestinal tuft cells has uncovered significant
transcriptomic heterogeneity across this population, but does
this diversity arise as a result of differential responses to lumi-
nal components or through intrinsic lineage-specification pro-
grams? Functionally, numerous publications have demonstrated
that tuft cells do not appear to be stem cells under homeostatic
or damage conditions, but is it possible that heterogeneity in
gene and protein expression promotes functional specialization
within this population?

Our current understanding of the tuft cell response to acute
eukaryotic infection indicates that these cells may rely on chemo-
sensory mechanisms to drive a type 2 immune response given the
dampened tuft cell hyperplasia observed in infected Trpm5- and
gustducin-null animals (67). However, the specific intracellular
circuitry connecting tuft cell sensing of the luminal environment
to intracellular response remains unclear. As tuft cells serve as a
critical link between intestinal infection and downstream immu-
nity, addressing these questions may have a significant clinical
impact. Tuft cell function could be better leveraged to clear gas-
trointestinal pathogens or increase host resistance to infection, or
even spur mucosal healing following epithelial damage. Stimula-
tion of tuft cell secretory products could be used to redirect one
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variety of immune response to another in the context of inflamma-
tory or allergic disease. Elucidation of tuft cell biology could pro-
vide new therapeutic strategies against a wide array of immune-

mediated conditions.
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