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The hallmark features of type 2 mucosal immunity include in-
testinal tuft and goblet cell expansion initiated by tuft cell
activation. How infectious agents that induce type 2 mucosal
immunity are detected by tuft cells is unknown. Published micro-
array analysis suggested that succinate receptor 1 (Sucnr1) is spe-
cifically expressed in tuft cells. Thus, we hypothesized that the
succinate-Sucnr1 axis may be utilized by tuft cells to detect certain
infectious agents. Here we confirmed that Sucnr1 is specifically
expressed in intestinal tuft cells but not in other types of intestinal
epithelial cells, and demonstrated that dietary succinate induces
tuft and goblet cell hyperplasia via Sucnr1 and the tuft cell-
expressed chemosensory signaling elements gustducin and Trpm5.
Conventional mice with a genetic Sucnr1 deficiency (Sucnr1='")
showed diminished immune responses to treatment with polyeth-
ylene glycol and streptomycin, which are known to enhance
microbiota-derived succinate, but responded normally to inocula-
tion with the parasitic worm Nippostrongylus brasiliensis that also
produces succinate. Thus, Sucnr1 is required for microbiota-induced
but not for a generalized worm-induced type 2 immunity.
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he intestinal epithelium comprises mature cells of two major

lineages: absorptive enterocytes and secretory cells (1). Most
mature differentiated cells in the intestinal epithelium are
enterocytes; secretory cells constitute only a minor fraction. Se-
cretory cells belong to four different classes: enteroendocrine
cells, goblet cells, Paneth cells, and tuft cells (also known as
brush cells) (1). Enteroendocrine cells function as hormone-
secreting cells in response to macronutrients, goblet cells pro-
duce a protective mucus layer, and Paneth cells secrete niche
factors to maintain intestinal stem cell homeostasis and also
produce antimicrobial peptides (1). Despite being discovered
decades ago (2-5), the function of tuft cells in the small intestine
was only recently uncovered: They mediate host defense against
parasitic infection or other pathogens by regulating an intestinal
type 2 innate lymphoid cell (ILC2)-epithelial response circuit,
and hence are involved in immune function (6-8).

Tuft cells express a number of taste-signaling elements, in-
cluding transient receptor potential cation channel subfamily M
member 5 (TrpmS5), gustducin, and phospholipase B2 (Plcf2) (7,
9-13). These signaling elements play critical roles in mediating the
responses of tuft cells to parasitic infections (7). A hallmark fea-
ture of such infection is tuft and goblet cell hyperplasia (6-8, 14,
15). In wild-type mice, infections by helminth parasites or proto-
zoans can induce tuft and goblet cell hyperplasia (6-8). In mice
lacking gustducin or Trpm5, these responses are not observed
(7). The transcription factor Pou2f3 is required for develop-
ment of type II taste cells as well as tuft cells in the gut (8, 16).
Mice deficient in Pou2f3, and therefore lacking tuft cells, can-
not mount a tuft cell-mediated type 2 immune response toward
infecting pathogens, similar to Trpm5~~ and gustducin™~ mice (8).
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Expulsion of the intestinal worm parasite Nippostrongylus brasi-
liensis from the gut is significantly delayed in Pou2f3~'~ mice
compared with wild-type mice (8). The current model suggests tuft
cells detect parasitic infection via taste-signaling elements and se-
crete the proinflammatory cytokine IL-25, which subsequently
triggers mucosal type 2 responses via IL-13—producing ILC2s and
IL-13 receptor alpha-expressing intestinal epithelial progenitor cells
(6-8, 17, 18). Given the importance of gustducin and Trpm5 for
parasite type 2 immunity, which are downstream transduction
elements for G protein-coupled taste receptors (GPCRs) (19,
20), we reasoned that activation of tuft cell-expressed GPCRs
may cascade on the gustducin-TrpmS5 pathway and trigger type
2 immunity, resembling the response to parasitic helminth or
protozoan infections.

Previous microarray analysis of tuft cells suggested that succi-
nate receptor 1 (Sucnrl), a GPCR with succinate as its cognate
agonist (21), is expressed in tuft cells (11). As a metabolite of the
Krebs cycle and microbial propionate synthesis, succinate is known
to be secreted by certain parasites, bacteria, and inflamed tis-
sues in pathological conditions (22-29). Thus, we hypothesized
that the succinate—Sucnrl axis is utilized by tuft cells to detect
infectious agents.

Significance

Tuft cells in the intestine are known to act as sentinels for in-
fectious agents [e.g., helminths (worms) and bacterial micro-
biota] and express taste-signaling elements. In this work, the G
protein-coupled receptor Sucnr1 was shown to be expressed
specifically in tuft cells but not in other intestinal epithelial
cells. Dietary succinate and perturbations in the microbiota
activate tuft cells, and subsequently type 2 immunity, via tuft
cell-expressed Sucnr1. Modulating this pathway using dietary
succinate or specific Sucnr1 agonists may be a strategy for
fighting bacterial and parasitic infections or other type 2 immune-
related metabolic disorders such as obesity.
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Results

The Succinate Receptor Sucnri1 Is Specifically Expressed in Intestinal
Tuft Cells. We began to search for the putative tuft cell-expressed
receptor(s) responsible for detecting infectious agents by mining
the microarray data of intestinal tuft cells (11). The succinate
receptor Sucnrl (also referred to as Gpr91) is expressed in tuft
cells as a GPCR. To validate the expression of Sucnrl in intestinal
tuft cells, TrpmS5-GFP—positive cells [the expression of green
fluorescent protein (GFP) is driven by the Trpm5 promoter, and
GFP is used as a surrogate marker for tuft cells] were isolated by
fluorescence-activated cell sorting (7, 11) (Fig. 14), and quanti-
tative real-time PCR (qPCR) was performed using primer sets for
established tuft cell markers as well as a Sucnrl primer set (Fig.
1B). Nontuft intestinal epithelial cells (GFP-negative cells) were
used as control. Sucnrl and other established tuft cell markers
[e.g., Dclkl, Gnat3 (encoding gustducin), 1125, Plcb2, Trpm5] were
robustly expressed in tuft cells compared with nontuft intestinal
epithelial cells. To directly visualize the expression of Sucnrl in
tuft cells and determine if Sucnrl is found in other intestinal ep-
ithelial cells, we performed in situ hybridization of the jejunum
tissue of wild-type mice using a Sucnrl RNA probe (Fig. 1C). A
few cells in the jejunum tissue of wild-type mice were stained
positively with the Sucnrl probe, but none were detected in mice
deficient for Pou2f3, which results in the specific absence of tuft
cells in the intestinal epithelium without affecting other types of
intestinal epithelial cells (Fig. 1C) (8). Together, these data show
that Sucnrl is expressed selectively in tuft cells and not in other
types of intestinal epithelial cells; this is also consistent with the
recent finding that Sucnrl is a tuft cell signature gene, demon-
strated by profiling 53,193 individual epithelial cells from the small
intestine and organoids of mice (30).

Dietary Succinate Is Sufficient to Induce Tuft and Goblet Cell
Hyperplasia. If the tuft cell-expressed Sucnrl receptor is re-
sponsible for detecting succinate produced by pathogens or other
sources, then ingestion of exogenous succinate would be expected
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Fig. 1. Specific expression of the Sucnr1 receptor in intestinal tuft cells.
(A) Fluorescence-activated cell-sorting-based isolation of tuft cells (Trom5-GFP-
positive cells; green) and nontuft epithelial cells (GFP-negative cells; red). GFP:
excitation, 488 nm; emission, 513 nm. Autofluorescence: excitation, 561 nm;
emission, 585 nm. Numbers indicate percentages of cells in that population.
(B) Expression of Sucnr1 and other tuft cell marker genes (Dclk1, Gnat3, 1125,
Plcb2, Trpm5) in Trpm5-GFP-positive tuft cells and GFP-negative nontuft cells
(control) was determined by real-time quantitative PCR. Data (mean + SEM)
are biological replicates (n = 3). **P < 0.01, ***P < 0.001 (Student’s t test).
(C) In situ hybridization shows the presence of Sucnr1-expressing cells in the small
intestine (jejunum) in wild-type (WT) but not in Pou2f3~~ mice. [Scale bars,
100 pm (low-magnification images) and 20 pm (Inset).]
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to activate mucosal type 2 immunity, resulting in tuft and goblet
cell expansion, goblet cell enlargement (production of mucus),
and an increase in IL-13-expressing ILC2s. Dietary succinate
(100 mM) was added to the drinking water of wild-type mice for
7 d, a time consistent with the turnover rate of gut epithelial cells
(~5 d) (31) and the peak of tuft cell hyperplasia in response to
parasitic infection (day ~7 of infection) (6). Mice drank normally
(81 Appendix, Fig. S1) and had no apparent changes in body
weight or behavior after consuming succinate. Immunostaining
was performed with the antibody against the tuft cell marker
Dclkl to determine if feeding succinate induced tuft cell hyper-
plasia (32). There was a significant increase in the number of tuft
cells in the small intestine of mice drinking water supplemented
with succinate compared with plain water (Fig. 2 4 and B). Par-
asitic helminth infections lead to tuft cell as well as goblet cell
hyperplasia (6-8). To determine if succinate treatment, like par-
asitic helminth infection, also impacts goblet cell homeostasis,
Alcian blue staining of the intestine of succinate-treated mice was
used to detect goblet cells. As expected, the number and en-
largement of goblet cells, features of a type 2 response, signifi-
cantly increased after succinate treatment (Fig. 2 C-E and SI
Appendix, Fig. S24). To further validate our immunostaining re-
sults, we performed qPCR analyses of the jejunum of mice treated
with succinate using primers for intestinal epithelial cell markers.
gPCR data revealed a significant increase in the expression of
genes encoding tuft cell markers (e.g., Sucnrl, Dclkl, Gnat3,
1125, Plcb2, Trpm5) (6-8) (Fig. 2F). The expression of Muc2 (a
goblet cell marker) appeared slightly up-regulated, but this did
not reach statistical significance, presumably due to the small
sample size (n = 5 for water control and n = 6 for succinate
treatment; SI Appendix, Fig. S2B). No changes in the expression
of genes encoding Geg (an enteroendocrine L-cell marker), Lyz!
(a Paneth cell marker), or Cdx2 (a general intestinal epithelial
marker) were detected (SI Appendix, Fig. S2B). Since IL-13,
predominantly produced by lamina propria ILC2s (33), medi-
ates tuft cell hyperplasia, qPCR was performed to determine
if the expression of 1113 is elevated in succinate-treated mice.
As expected, 113 was significantly increased after succinate
feeding (Fig. 2G), consistent with the model that tuft cells,
ILC2s, and epithelial progenitor cells comprise a response
circuit that mediates epithelial remodeling associated with
type 2 immunity (6).

To confirm the specificity of the succinate activity, wild-type mice
were given monomethyl succinate (MMS; 100 mM), an analog of
succinate that does not activate Sucnrl, in the drinking water (21).
Mice readily drank MMS-containing water (S Appendix, Fig. S1).
MMS did not induce a prototypical mucosal type 2 response, since
no tuft cell hyperplasia was observed (Fig. 2 4, B, and F).

Sucnr1, Gustducin, and Trpm5 Are Required for a Succinate-Induced
Type 2 Response. Given the effect of succinate on mucosal type
2 responses and the expression of the succinate receptor
Sucnrl in intestinal tuft cells, we hypothesized that succinate
would most likely activate the Sucnrl receptor to trigger type
2 responses. To confirm if the effect of succinate on mucosal
immunity is mediated by the Sucnrl receptor, we examined type
2 responses of Sucnrl”~ mice (28) in response to dietary suc-
cinate. Heterozygous Sucnrl™~ mice were used as controls.
Heterozygous Sucnrl*’~ mice that drank succinate-containing
water for 7 d, like wild-type mice, showed a typical type 2 re-
sponse, including tuft cell expansion (Fig. 3 A and B), increased
goblet cell numbers (Fig. 3 C and D), and goblet cell enlarge-
ment (Fig. 3 C and E). In similarly treated Sucnrl™ mice,
neither tuft cells (Fig. 3 A and B) nor goblet cells increased in
number (Fig. 3 C and D), and no goblet cell enlargement was
noted gFig. 3 C and E). No such difference was noted between
Sucnrl™~ and Sucnrl™~ mice not treated with succinate (Fig. 3
B, D, and E). Collectively, these data suggest that the Sucnrl re-
ceptor mediates the activity of succinate.

Recently, it has been shown that gustducin and Trpm5, two key
taste-signaling components, orchestrate mucosal type 2 immunity
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in response to parasitic helminth or protozoan infections (7).
Disruption of the gustducin-Trpm5 pathway affected type 2 im-
mune responses (e.g., tuft cell expansion) in response to proto-
zoans. To determine if gustducin and Trpm5 mediate the mucosal
immunity-inducing activity of succinate, the type 2 responses of
gustducin (Gnat3)- and Trpm5-deficient mice to succinate treat-
ment were examined. Neither Gnat37~ (34) nor Tipm5~~ (35)
mice showed type 2 mucosal responses to succinate compared
with water. There was no increase in the number of tuft cells
(81 Appendix, Fig. S3 A and B) or of goblet cells (SI Appendix,
Fig. S3 C-E) in Gnat3”~ or Tipm5~~ mice after succinate
treatment. These data support a model in which gustducin and
TrpmS5 act downstream of the Sucnrl receptor after activation
with succinate.

Mice Deficient for Sucnr1 Show Normal Type 2 Responses to Infection
with N. brasiliensis. The feedback loop of tuft cells, ILC2s, and
intestinal epithelial progenitor cells is initiated by the release of
IL-25 from tuft cells in response to parasitic infections (6-8). We
postulated that the failure to induce type 2 responses in Sucnrl =/~
mice by succinate is due to the inability of tuft cells to sense
succinate, thus not releasing IL-25 to initiate the effector system
(e.g., intestinal remodeling by IL-13-producing ILC2s). Because
adult N. brasiliensis can produce succinate (29), it was postulated
that the Sucnrl receptor would be a trigger for a robust type
2 response. However, both Sucnrl™~ and Sucnrl™~ mice in-
oculated with N. brasiliensis expressed a strong type 2 response (S
Appendix, Fig. S4 A, B, and D-F), consistent with what has been
reported in wild-type mice (6-8). Worm burden at day 7 after
N. brasiliensis infection was comparable between Sucnrl*'~ and
Sucnrl™~ mice (SI Appendix, Fig. S4C). Thus, Sucnrl is not re-
quired for N. brasiliensis-induced type 2 immunity. Nevertheless,
the fact that Sucnrl ™~ mice mounted a strong type 2 immunity in
response to N. brasiliensis infection but not to succinate suggests
that Sucnrl™~ mice have an intact circuit for type 2 immunity
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and that the inability of succinate to induce type 2 responses in
Sucnrl™~ mice is due to the deficiency of Sucnrl in tuft cells.

Sucnr1 Is Required for Microbiota-Triggered Type 2 Immunity. Re-
cently, Ferreyra et al. (23) showed that conventional mice have
less succinate in the cecum than do antibiotic- (e.g., streptomy-
cin) or polyethylene glycol 3350 (PEG3350)-treated mice that
also showed disrupted intestinal motility (23). To determine if
this elevated level of succinate, produced by an altered micro-
biota, can lead to increased numbers and enlargement of tuft and
goblet cells in the small intestine, littermate Sucnrl +~ and
Sucnrl™~ mice were treated with streptomycin for 5 consecutive
days and assayed 2 d later. Both the cecum and the distal ileum
were collected for immune histochemical analysis. In Sucnrl ™~
mice, increased numbers of tuft cells were noted in the distal part
of the ileum but not in the cecum (Fig. 4 4 and C). The increase
in the number of tuft cells in the ileum was regional: Only the
distal part showed an increase (Fig. 4 A and C). Similar results
were noted for wild-type mice (SI Appendix, Fig. S5). In contrast,
there was no increase in tuft cell number in the distal part of the
ileum in any of the Sucnrl™~ mice treated with streptomycin
(Fig. 4 B and C). Similarly, a robust increase in the number of
tuft cells was observed in Sucnrl™~ but not in Sucnrl™~ mice
after PEG3350 feeding for 10 d (Fig. 4). Goblet cell expansion
and enlargement were also noted in Sucnrl '~ mice (SI Appen-
dix, Fig. S6) but not in Sucnrl™~ mice (SI Appendix, Fig. S6)
after treatment with either streptomycin or PEG3350. To con-
firm that streptomycin and PEG3350 alter the microbiome, 16S
rRNA gene sequencing was performed using DNA extracted
from cecal contents collected from treated and control mice.
Hierarchical cluster analysis of the sequence reads (Dataset S1)
showed that the cecal samples were clustered in a treatment-
dependent but genotype-independent way (SI Appendix, Fig.
S7), demonstrating that streptomycin and PEG3350 altered
microbiota composition. These data suggest that Sucnrl is
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required for microbiota-triggered type 2 immunity, presumably
via an elevated level of succinate.

Discussion

Succinate, Inflammation, and Immunity. Although tuft cells were
first described about 50 y ago, their function has only recently
been recognized (2, 5). It has been assumed that intestinal tuft
cells serve as chemosensory cells for certain environmental or
dietary factors due to the presence of chemosensory signaling
elements (13). Recent work demonstrates that intestinal tuft
cells detect parasitic infection and trigger type 2 immunity by
secreting proinflammatory cytokine IL-25 (6-8). However, trig-
gers for this response to infection remain speculative. In the
current study, the succinate receptor Sucnrl was found to be
specifically expressed in intestinal tuft cells, and dietary and
microbiota-produced succinate activated tuft cells and type
2 immunity via Sucnrl. The activity of Sucnrl is mediated by the
downstream taste-signaling elements gustducin and Trpm5. We
demonstrated that the succinate—Sucnrl axis in tuft cells is uti-
lized by certain infectious agents to trigger type 2 immunity.
Sucnrl is not required for N. brasiliensis-induced type 2 immu-
nity, suggesting that tuft cells may use multiple receptor mech-
anisms for detecting infectious agents.

In addition to its role as an intermediary of the citric acid
cycle, succinate is known to act as an alarmin, initiating and
propagating danger signals from tissue injury or inflammatory
stimuli (28, 36). Thus, Sucnrl has been implicated in the
mechanisms governing diabetic retinopathy (37), cardiac hyper-
trophy (38), hepatic fibrosis (39), and necrosis (28), broadening
its role in immune regulation. Succinate also acts as an endog-
enous danger signal to stabilize hypoxia-inducible factor la
(HIF-1a), which subsequently regulates gene expression of IL-1p
and other HIF-la—dependent genes that leads to protein succi-
nylation (40). Consistent with its role in immune regulation, we
observed that tuft cell-expressed Sucnrl also serves as a sur-
veillance signal for detection of certain organisms in the intestine
that produce succinate and trigger host response. Succinate
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activates Sucnrl at millimolar or submillimolar ranges (21), and
the type 2 immune responses were strongly evident when 100 mM
succinate was ingested but barely detectable when 10 or 1 mM
succinate was ingested (SI Appendix, Fig. S8). Recent work
from De Vadder et al. (41) showed that dietary succinate is
absorbed rapidly by intestinal epithelial cells and converted to
glucose. The levels of succinate and other short-chain fatty acids
were not altered in the cecum after succinate feeding, suggesting
rapid metabolism of succinate in the small intestine. Thus, even
when succinate was provided at a relatively high dose, due to its
rapid metabolism by the gut, intestinal tuft cells were most likely
stimulated by succinate at only a much lower dose. Additionally,
succinate could potentially be metabolized by succinate-consuming
microbes (42). These data suggest that the development of potent
and stable Sucnrl agonists could be used as a therapeutic tool
to trigger type 2 immunity for protection or expulsion of infectious
agents from the gut. There is also a possibility that succinate may
alter the microbiota, and this may subsequently lead to an in-
direct effect on type 2 immunity. This is unlikely given that suc-
cinate cannot trigger type 2 immunity in mice deficient for Sucnri,
Trpm35, or gustducin.

Intestinal tuft cells are specialized epithelial cells that express
taste-signaling machinery and act as an innate sensor for host
defense. Similar cells are found in many other tissues, such as the
upper respiratory tract, where they are generally referred to as
solitary chemosensory cells (SCCs) (43-46). SCCs are located in
critical positions for surveillance of bacterial infection by using
bitter taste mechanisms. The similarity between SCCs in the upper
respiratory tract and other bodily locations and intestinal tuft cells
raises the possibility that Sucnrl may also be utilized by SCCs to
detect bacterial infection. This warrants further investigation.

Diet plays a significant role in shaping the microbiome. For
instance, high-fat diet has been shown to reduce the formation of
butyrate but increase succinate, inflammation, liver fat, and
cholesterol in rats (47). The ability of succinate to trigger type
2 immunity in the small intestine may contribute to diet-induced
inflammation. On the other hand, IL-25 treatment in obese mice
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Fig. 4. Altered microbiome triggers tuft cell expansion in the distal ileum.
Littermate or age-matched Sucnr1*'~ and Sucnr1~'~ mice were either treated
with streptomycin (gavage) for 5 consecutive days and then the distal ileum
and cecum were collected 2 d later, or provided with a drinking bottle
containing 10% PEG3350 for 10 d and the distal ileum and cecum were
collected at day 10. (A and B) Representative images of the distal ileum
(dashed lines) and cecum of Sucnr1*’~ (A) and Sucnr1~~ (B) mice immunos-
tained with anti-Dclk1 antibody (red) and counterstained with DAPI (blue),
showing tuft cell expansion in the distal ileum in Sucnr1*~ mice but not in
Sucnr1™~ mice after treatment with either streptomycin (Middle) or
PEG3350 (Bottom). Tissues from mice drinking only water were used as
controls (Top). (A and B, Left) Low magnification. (A and B, Right) High
magnification of boxed areas. (Scale bars, 100 pm.) (C) Immunohistochemical
quantification of tuft cells (Dclk1%) cells in the distal ileum (n = 7 for Sucnr1*/~
with H,O treatment and n = 6 for other groups). ****P < 0.0001; NS, not
significant (Student’s t test). All data are biological replicates. Data are
mean + SEM.

fed a high-fat diet results in body weight loss, loss of adipose
tissue mass, and improved glucose metabolism (48), mainly due
to increased infiltration of ILC2s, type I and type II natural killer
cells, eosinophils, and alternatively activated macrophages into
the visceral adipose tissue (48). Given that succinate is able to
trigger IL-25-mediated type 2 immunity, it is tempting to spec-
ulate that dietary succinate may have similar metabolic effects
for improved glucose metabolism and reduced adipose tissue. In
concordance with this notion, dietary succinate has been shown
to improve glucose homeostasis. De Vadder et al. (41) attribute
the effect of dietary succinate to intestinal gluconeogenesis, as
succinate is efficiently converted into glucose in the intestinal
mucosa. Whether the effect of succinate on IL-25 biology also
contributes to the beneficial effects of succinate on glucose ho-
meostasis remains to be determined. However, given the link
between succinate, IL-25, and glucose homeostasis, it is likely
that tuft cell-expressed Sucnrl may also contribute to the effect
of succinate on glucose homeostasis.

Streptomycin and PEG3350 treatments lead to succinate
spikes in the cecum (23). Tsukahara and Ushida (24) showed
that in pig large intestine, succinate accumulates during antibi-
otic-associated diarrhea and that there are changes in the con-
stitution of succinate-producing flora. We did not observe any
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increase in the number of tuft cells in the cecum but noted sig-
nificant tuft cell expansion in the distal ileum adjacent to the
cecum. One possibility is that the succinate spike, produced
by the microbiota, especially under anaerobic conditions, may
spread into the distal ileum; therefore, this effect would be local
and occur only in the ileal region next to the cecum. Alterna-
tively, it is plausible that the microbiota in the distal ileum may
also be altered by antibiotic or PEG3350 treatment. Previously, it
has been shown that treatment with PEG3350 resulted in a sig-
nificant increase in the relative abundance of members of the
families Bacteroidaceae and Peptostreptococcaceae and a sig-
nificant decrease in the relative abundance of members of the
families Peptococcaceae, Eubacteriaceae, and Anaeroplasmata-
ceae compared with samples before treatment (49). Our 16S
gene-sequencing analysis of cecal microbiota showed that both
streptomycin and PEG3350 altered microbiota in a treatment-
specific way and that there were no apparent differences in
microbiota between SucnrI™~ and Sucnrl™~ mice. Consistent
with data reported by Kashyap et al. (49), PEG3350 also led to
an increase in the abundance of Bacteroidaceae. Nevertheless,
because of profound changes in the composition of the micro-
biota, the exact microbiota species producing succinate after
PEG3350 or streptomycin treatment is unknown, and this war-
rants further investigation. That there was no increase in tuft cell
number in the cecum after streptomycin or PEG3350 treatment
or infection with N. brasiliensis (6) suggests that tuft cells in the
cecum and presumably in the colon may function differently.

An Additional Tuft Cell-Expressed Receptor(s) Mediates N. brasiliensis-
Induced Type 2 Immunity. Type 2 immunity has been studied ex-
tensively in the context of helminth infection and allergies, but
bacterial and viral infections can also induce type 2 immunity (50).
Such diversity in stimuli suggests multiple pathways may orches-
trate the type 2 response (50). N. brasiliensis is an intestinal par-
asite that elicits robust type 2 immunity. About a 10-fold increase
in the number of tuft cells was detected 7 d after inoculation with
N. brasiliensis larvae in either Sucnrl™~ or Sucnrl™~ mice com-
pared with naive mice (SI Appendix, Fig. S4B), similar to what has
been described previously for wild-type mice (6, 8). In comparison,
dietary succinate appears to result in only about a 5-fold increase
in tuft cells in the jejunum (Figs. 2B and 3B). The observation that
N. brasiliensis induced an equally potent type 2 response in mice
deficient in or heterozygous for Sucnrl suggested that other tuft cell
receptors are primarily activated by infection with N. brasiliensis, and
those mechanisms remain to be determined.

Heligmosomoides polygyrus bakeri, Trichinella spiralis, and Tri-
trichomonas muris are all capable of inducing type 2 immunity
(6-8), but their effects appear to be distinct from N. brasiliensis,
which induces type 2 immunity in the entire small intestine (6).
Like N. brasiliensis adults, H. polygyrus bakeri inhabits the duo-
denum, but the type 2 immune response appears to be weaker
than that for N. brasiliensis (6-8). In contrast, the protozoan 7.
muris is present primarily in the distal intestine and appears to
induce type 2 immunity in the distal intestine, albeit weaker than
the effect produced by N. brasiliensis (7). All these data raise the
possibility that tuft cells may have distinct receptor mechanisms
for different pathogens to elicit type 2 immunity. Nevertheless,
there may be shared downstream pathways (e.g., gustducin,
Trpm5, and IL-25) that trigger mucosal responses.

Aside from helminths and protozoans, the microbiota may also
evoke innate immunity via the tuft cell-ILC2 circuit. For example,
microbiota-regulated IL-25 increases eosinophil number to provide
protection during Clostridium difficile infection (51). Our data show
that Sucnrl is required for type 2 immunity caused by perturbation
of the microbiota. Thus, Sucnrl contributes to the immune sur-
veillance function of tuft cells to detect certain pathogenic species
in the gut. Therefore, activating tuft cell-expressed Sucnrl may
provide beneficial host effects for protection against bacterial in-
fection and worm expulsion (presumably those eliciting weak type
2 responses on their own) or other metabolic syndromes.
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Materials and Methods

Mouse Strains. The Sucnri-deficient mice were a kind gift from Novartis
under a material transfer agreement (28) and were maintained at the
Monell Center. C57BL/6 mice were obtained from the Jackson Laboratory.
PouZ2f3-deficient mice were generated in the I.M. laboratory (8), and Trom5-
GFP, Trom5-deficient, and gustducin-deficient mice were generated in the
R.F.M. laboratory (7). All mutant mice were maintained on the C57BL/6 ge-
netic background. Both adult male and female mice (8 to 28 wk) were used.
Littermate mice were housed in single-sex groups unless otherwise specified.
All experiments were performed under National Institutes of Health
guidelines for the care and use of animals in research and approved by the
Institutional Animal Care and Use Committee of the Monell Chemical
Senses Center.

Treatment with Succinate, Streptomycin, and PEG3350. Littermates or age-
matched adult mice were provided with a drinking bottle containing 100 mM
succinate (pH 7.1) or 100 mM monomethyl succinate (pH 7.1) in water for 7 d
(individually housed during the treatment) (S/ Appendix, Fig. S1). The in-
testinal tissue (the same area as described in SI Appendix, Materials and
Methods) was harvested for immune histochemical analysis or gPCR analysis.
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Other mice were provided with a drinking bottle containing 10% PEG3350 for
10 consecutive days (housed in single-sex groups), and the distal ileum and
cecum were collected at day 10. Adult mice were given an oral gavage of
20 mg streptomycin in 200 pL distilled H,O on a daily basis for 5 d (23) (housed
in single-sex groups), and the distal ileum and cecum were harvested 2 d later.
Cecal contents were collected from mice treated with streptomycin or
PEG3350 and from control mice.

Details about immunostaining, histochemistry, infection with N. brasi-
liensis, cell sorting, RNA isolation and RT-qPCR for in vivo and in vitro tuft
cells, 165 metagenomics sequencing, in situ hybridization, and statistical
analysis are described in S/ Appendix, Materials and Methods. The primers
used for qPCR are listed in S/ Appendix, Table S1.
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