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SUMMARY

Helminths, allergens, and certain protists induce type 2 immune responses, but the underlying
mechanisms of immune activation remain poorly understood. In the small intestine, chemosensing
by epithelial tuft cells results in activation of group 2 innate lymphoid cells (ILC2s), which
subsequently drive increased tuft cell frequency. This feed-forward circuit is essential for intestinal
remodeling and helminth clearance. ILC2 activation requires tuft cell-derived interleukin-25
(IL-25), but whether additional signals regulate the circuit is unclear. Here we show that tuft cells
secrete cysteinyl leukotrienes (cysLTs) to rapidly activate type 2 immunity following
chemosensing of helminth infection. CysLTs cooperate with IL-25 to activate ILC2s, and tuft cell-
specific ablation of leukotriene synthesis attenuates type 2 immunity and delays helminth
clearance. Conversely, cysLTs are dispensable for the tuft cell response induced by intestinal
protists. Our findings identify an additional tuft cell effector function and suggest context-specific
regulation of tuft-ILC2 circuits within the small intestine.
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INTRODUCTION

Parasitic helminth infection remains a significant global health issue, but the earliest sensing
and signaling events that initiate “type 2” anti-helminth immunity are still poorly defined.
Uncovering these pathways could inform vaccine design and identify targets for drugs that
manipulate type 2 immune responses. Recently, three groups identified tuft cells as key
initiators of type 2 immunity in the small intestine (SI) (Gerbe et al., 2016; Howitt et al.,
2016; von Moltke et al., 2016). Tuft cells are rare epithelial cells found at mucosal barriers
throughout the body. SI tuft cells employ a chemosensing pathway to recognize helminths
such as Nippostrongylus brasiliensis, Heligmosomoides polygyrus, and Trichinella spiralis,
as well as certain species of Tritrichomonad protists. Upon ligand sensing, tuft cells signal to
and activate group 2 innate lymphoid cells (ILC2s) in the underlying lamina propria to
initiate inflammation. Tuft cells are the sole source of intestinal interleukin 25 (I1L-25),
which they express constitutively (von Moltke et al., 2016). IL-25 activates ILC2s to
produce the hallmark type 2 cytokines IL-13, IL-5 and IL-9 that propagate the type 2
response. IL-13, in particular, is important for tissue remodeling and is required for helminth
expulsion (Urban et al., 1998). Among its many cellular targets, 1L-13 signals directly on
undifferentiated epithelial cells to bias their differentiation towards the tuft and goblet cell
fates, resulting in a feed-forward loop of ILC2 activation and tuft and goblet cell hyperplasia
(hereafter referred to as the tuft-1LC2 circuit). Given the 3-4 day turnover of intestinal
epithelium (Barker, 2013), activation of the tuft-ILC2 circuit rapidly remodels the SI to
promote helminth expulsion.

While progress has been made in elucidating the specific signals that activate Sl tuft cells
(Lei et al., 2018; Nadjsombati et al., 2018; Schneider et al., 2018), less is known about how
such signals are converted into an effector response. The chemosensing pathways expressed
in tuft cells converge on the calcium-gated membrane cation channel TRPMDb, and type 2
immune responses are profoundly delayed or absent in 7rpm5-deficient mice colonized with
helminths or Tritrichomonads (Howitt et al., 2016; Nadjsombati et al., 2018). By analogy to
taste receptor cells (Chaudhari and Roper, 2010), sodium influx through TRPMS5 is
presumed to depolarize tuft cell membranes, but the effector functions mobilized
downstream of TRPMD5 to activate the tuft-ILC2 circuit remain unknown. TRPM5 may
regulate the release of IL-25 (Luo et al., 2019), the only intestinal tuft cell effector molecule
identified to date; however based on our understanding of ILC2 activation (discussed below)
we predict that physiologic levels of IL-25 are not sufficient to fully activate ILC2
responses.

ILC2s are tissue resident cells widely distributed throughout the body, and they express a
specific set of surface receptors that attunes them to signals produced in the local
environment (Ricardo-Gonzalez et al., 2018). ILC2s of the Sl are particularly responsive to
IL-25 signaling due to their high expression of the IL-25 receptor (Schneider et al., 2018).
ILC2s resemble T helper 2 (Th2) CD4* T cells in their dependence on the lineage-defining
transcription factor GATAS3 and expression of hallmark cytokines IL-13 and IL-5. Indeed,
the chromatin landscapes of ILC2s and effector Th2 cells are nearly identical, suggesting
that the same transcription factors are likely to regulate cytokine production in both cell
types (Shih et al., 2016; Van Dyken et al., 2016). During T cell activation, T cell receptor
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(TCR) signaling simultaneously induces the AP-1, NF-xB, and NFAT transcription factors
that cooperatively drive effector gene expression. ILC2s are in part defined by their lack of a
TCR, and we and others demonstrated that lung ILC2s must therefore integrate multiple
signaling pathways to replicate TCR signaling and achieve optimal activation (Lund et al.,
2017; von Moltke et al., 2017). In the lung, cysteinyl leukotrienes (cysLTs) represent an
important signal due to their ability to induce nuclear translocation of NFAT, which
synergizes with IL-33-induced AP-1 and NF-xB to yield maximal cytokine production.
Whether cysLTs are required for immunity to intestinal helminths, and which cells might
produce them in this context, has not been investigated.

Leukotrienes are lipid signaling molecules generated by the conversion of arachidonic acid
to LTA, via the enzyme 5-lipoxygenase (5-LO) (Haeggstrom and Funk, 2011) (Figure 1A).
LTA, is rapidly converted into LTB,4 by the enzyme LTA4 hydrolase, or into LTC,4 by LTC4
synthase. Following secretion, LTC, is further converted into LTD,4 and LTE,4, together
comprising the cysLTs. Whereas LTB, is primarily a chemoattractant, cysLTs are
inflammatory mediators, with LTC4 and LTD,4 having well-defined roles in promoting
allergic pathology in the airways (Peters-Golden and Henderson, 2007). Leukotrienes are
not preformed, but rather are synthesized and secreted on demand within minutes. In many
cases, leukotriene synthesis is initiated by intracellular calcium flux that activates cytosolic
phospholipase A2 (Uozumi et al., 1997). Once outside the cell, LTC4 and LTDy are rapidly
converted to the more stable LTE4 (Keppler et al., 1989).

Leukotriene synthesis is canonically thought to be restricted to hematopoietic cells, but tuft
cells also express genes required for the synthesis of leukotrienes, including Pla2g4a, Alox5,
and L tc4s (Bezencon et al., 2008; Haber et al., 2017). Indeed, expression of these genes is
one defining feature of a core tuft cell signature conserved across multiple tissues
(Nadjsombati et al., 2018). We therefore hypothesized that tuft cells might generate
leukotrienes to amplify type 2 inflammation in the SI.

RESULTS

Cysteinyl leukotrienes are a nhon-redundant signal for intestinal ILC2 activation

Leukotrienes drive ILC2 activation in the lung during allergy and helminth infection
(Doherty et al., 2013; von Moltke et al., 2017), but less is known about their role in the SI.
Given the tissue-specific imprinting of ILC2s (Ricardo-Gonzalez et al., 2018), we wanted to
test if leukotrienes also regulate SI ILC2s. SI ILC2s express both the LTC4 and LTDg4
receptors CYSLTR1 and CYSLTR2, similar to lung ILC2s (Figure 1B; gating strategies in
Figures SIA-S1B). LTB, binds to two receptors, the high-affinity LTB4R1 and lower-
affinity LTB4R2. SI ILC2s also express Ltb4r1 (Figure 1B), whereas Ltb4r2and the LTE,
receptor Oxgr1 are low or absent (data not shown). To confirm these findings functionally,
we performed an Jn vitro activation assay using SI ILC2s sorted from the //155mart13 (513)
cytokine reporter mouse (Liang et al., 2011). In these mice, surface expression of non-
signaling human CD4 allows for quantification of 1L-13 protein expression by flow
cytometry. LTC,4 and LTD,4 robustly activated SI ILC2s in a dose-dependent manner, in
accordance with high expression of their receptors, whereas LTB,4 and LTE4 had minimal
effect in this assay (Figure 1C; gating in Fig S1C). LTC4-induced activation was abolished in
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the presence of the CYSLTR1-specific inhibitor montelukast (Figure S1D). In contrast, the
CYSLTR2 inhibitor HAMI3379 only suppressed ILC2 activation by LTC,4 at micromolar
doses, likely reflecting inhibition of CYSLTR1 at high concentrations (Wunder et al., 2010).
As in the lung, CYSLTR1-mediated sensing of LTC4 and/or LTD, therefore appears to be
the dominant mechanism of leukotriene-driven SI ILC2 activation.

CysLTs are known to cooperate with IL-33 to induce maximal lung ILC2 activation (Lund et
al., 2017; von Moltke et al., 2017). Whereas 1L-33 is the predominant innate cytokine found
in the lung and lung ILC2s express the IL-33 receptor (Barlow et al., 2013), SI ILC2s are
highly responsive to the cytokine IL-25, produced exclusively by tuft cells (von Moltke et
al., 2016). We therefore hypothesized that cysLT signaling might also cooperate with IL-25
to drive ILC2 activation. To test this, we repeated /n vitro stimulation of SI ILC2s, this time
using sub-optimal doses of LTCy, IL-25, or both (Figures 1D-E and S1E). At these low
concentrations, LTCy4 or IL-25 alone minimally induced ILC2 activation. When LTC,4 and
IL-25 were used in combination, however, an additive effect was evident in both the
frequency of responding cells and the amount of 1L-13 expressed per cell. A similar effect
was also observed with the combination of LTC,4 and IL-33 (Figures 1F-G).

During lung ILC2 activation, cysLTs are non-redundant due to their ability to induce nuclear
translocation of NFAT, which cooperates with IL-33-induced NF-xB and AP-1 (von Moltke
etal., 2017). Specifically, signaling through CYSLTRL1 induces a calcium flux that activates
calcineurin, resulting in NFAT dephosphorylation and translocation to the nucleus (Lynch et
al., 1999; von Moltke et al., 2017). IL-25 has also been shown to induce NF-xB and AP-1,
but a role for NFAT induction has not been reported (Maezawa et al., 2006; Wong et al.,
2005). Stimulation of SI ILC2s with LTC4 resulted in NFAT nuclear translocation, which
was inhibited by the calcineurin inhibitor cyclosporin A (Figures 1H-I). Conversely,
stimulation with IL-25 or IL-33 alone had no effect on NFAT localization. Thus, cysLTs are
a non-redundant signal for SI ILC2 activation and cooperate with 1L-25 and/or IL-33 to
maximize effector cytokine production.

ILC2 homeostasis in the proximal small intestine is leukotriene-independent and minimally
requires IL-25 and IL-33

We recently identified tuft cells as the sole source of IL-25 in the SI and found they express
this cytokine constitutively (von Moltke et al., 2016). In that study we also found that ~20%
of SI ILC2s from uninfected mice expressed I1L-13, which was absent in IL-25-deficient
mice. We therefore concluded that IL-25 is constitutively secreted and signals to SI ILC2s
homeostatically. Subsequently, tuft cells were shown to be activated by Tritrichomonad
protists that are common across vivariums (Howitt et al., 2016; Nadjsombati et al., 2018;
Schneider et al., 2018); we determined in retrospect that the mice used in our original study
were likely colonized by these protists as well. This finding prompted us to reevaluate the
role of homeostatic I1L-25 signaling using naive, Tritrichomonad-free mice.

We compared IL-13 reporter expression in cells isolated from the proximal SI of naive
wildtype, //257/=, S5tZ7/~ and Alox5™~ mice. St2 constitutes part of the 1L-33 receptor and is
required for IL-33 signaling. A/ox5encodes 5-lipoxygenase, the enzyme that catalyzes the
first step in all leukotriene synthesis (Figure 1A). We also included 770m5~'~ mice to assess
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the role of the TRPM5-dependent tuft cell chemosensing pathway during homeostasis.
Defining ILC2s in the Sl lamina propria as CD45*;Lineage(Lin)~; KLRG1* cells (gating in
Figure S1A), we found that IL-13 expression was generally low, especially when compared
to previous measurements made in Tritrichomonad-colonized mice (Figure S2A) (von
Moltke et al., 2016). IL-13 expression was comparable across genotypes, though some
variability between mice was evident. We did note, however, that KLRG1 staining intensity
appeared reduced in /257~ and 7rom5~'~ mice. We therefore reexamined IL-13 expression
in ILC2s identified as CD45";Lin~;IL-17RB*. Again we found minimal 1L-13 expression
across all groups, but confirmed that KLRG1 MFI was indeed decreased in /257~ and
Trom5~ mice (Figures 2A—C; gating in Fig S2B), suggesting some tuft cell-dependent
regulation of ILC2s in the absence of any currently known tuft cell agonists.

To get a more complete picture of ILC2 activation states in naive mice, we sorted
CD45*;Lin™;IL-17RB* cells from the proximal SI lamina propria of wildtype, Alox57-,
112571, and St27I~ Tritrichomonad-free mice and performed bulk RNA sequencing (Table
S1). We again found no evidence of a homeostatic role for leukotrienes: wildtype and
Alox571~ mice clustered together by PCA and only 24 genes, including Alox57~, were
identified as differentially expressed (FDR <.05, row mean > 10) (Figures 2D-E). We did
see more differences in the //25 (142 genes) and St2- (88 genes) deficient ILC2s, but here
too the homeostatic role of these cytokines was limited (Tables S2—4). In particular, the fold-
change in gene expression was generally small, although we cannot rule out more significant
post-transcriptional changes (Figure 2F). K/rgZ mRNA, for example, was downregulated
only 0.8 fold in //257= ILC2s, but clearly decreased at the protein level (Fig 2C). Also
notable was the lack of effector cytokines on the list, with the exception of Areg, which was
downregulated only in $£27/~ ILC2s. Among the genes that were differentially expressed, we
were surprised to see very little overlap between //25- and St2-deficient ILC2s, despite
related signaling pathways downstream of ST2 and the 1L-25 receptor. Several NF-xB and
AP-1 related genes were uniquely downregulated in the absence of St2, suggesting
homeostatic and/or developmental defects that would be interesting to explore further.
Overall, however, these results demonstrate that at homeostasis, leukotrienes do not
modulate ILC2 gene expression in the proximal SI whereas IL-25 contributes minimally, but
detectably.

Cysteinyl leukotrienes drive rapid ILC2 activation following helminth infection

ILC2s are tissue-resident cells that rapidly respond to local cues to initiate type 2
inflammation. To probe the earliest signaling events driving SI ILC2 activation we used
helminth infection. H. polygyrus naturally infects mice through the oral route and transits
directly to the proximal Sl to establish infection, allowing us to deliver activating signals to
the Sl in a precisely timed manner. Sixteen hours after oral gavage with H. polygyrus L3
larvae, ILC2s in the proximal Sl exhibited upregulated 1L-13 expression (Figures 3A-B).
This response was abolished in TRPM5-deficient and I1L-25-deficient mice, placing tuft cell
sensing of H. polygyrus upstream of ILC2 activation, as previously described (Howitt et al.,
2016; von Moltke et al., 2016). Infection did not alter tuft cell //25expression at this time
(Figure 3C; gating in Figure S3A). While IL-33 elicited in response to parasite damage has
previously been shown to drive type 2 immunity in the SI (Molofsky et al., 2015), I1L-33
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signaling was not required for this initial tuft cell-dependent anti-helminth response (Figure
3B).

We found that A/ox5~/~ mice also had impaired ILC2 activation at this early time point,
indicating that leukotrienes are required for ILC2 activation /7 vivo (Figure 3B). Consistent
with /n vitro findings, administration of the CYSLTR1 antagonist montelukast resulted in a
similar defect in ILC2 activation, demonstrating that LTC4 and/or LTD, serve a non-
redundant function (Figure 3D). While there was no difference in the number of lamina
propria ILC2s between wildtype and A/ox5~ mice at steady state (Figure S3B), we
observed reduced proliferation of ILC2s early during A. polygyrus infection in Alox5/~
mice (Figure 3E). We were unable to isolate viable cells from infected tissue at later time
points, so we examined mesenteric lymph nodes as a proxy. After four days of H. polygyrus
infection, ILC2 number and activation were marginally increased compared to uninfected
mice, whereas the response during N. brasiliensis infection was much more pronounced
(Figures S3C—F). In both cases, ILC2 number and activation were decreased in Alox5"~
mice. Collectively, these results demonstrate that cysLTs are rapidly induced in the SI
following helminth sensing by tuft cells and are required for optimal ILC2 activation.

Tuft-1LC2 circuit activation and worm clearance are delayed in the absence of cysteinyl

leukotrienes

ILC2 activation following helminth infection is regulated by tuft cells through the feed-
forward tuft-1LC2 circuit (von Moltke et al., 2016). As ILC2 activation was impaired in the
initial response to H. polygyrus infection in Alox5~ mice, we predicted that induction of
the tuft-ILC2 circuit itself would also be disrupted. At homeostasis there was no difference
in the number of tuft cells between wildtype and A/ox5~'~ mice, consistent with similar
basal ILC2 activity (Figures 4A-B). Four days after H. polygyrus infection, however,
wildtype mice developed tuft cell hyperplasia in the proximal S, a response that was absent
in Alox57~ mice. Impaired tuft cell hyperplasia was also evident later during infection
(Figure 4C). This response required signaling through CYSLTRL, further implicating LTC4
and LTDy as the relevant mediators; however, we cannot rule out non-redundant
contributions of other 5-LO-dependent leukotrienes (e.g. LTB,4 from tuft cells or other lipids
generated by transcellular biosynthesis) (Figure 4D). IL-25, but not IL-33, signaling was
required for the early tuft cell response (Figure 4E).

H. polygyrus establishes chronic infection in mice, making it a poor model for assessing the
role of type 2 responses in worm clearance. To gauge whether leukotriene signaling
contributes to restriction of helminths, we turned to N. brasiliensis, a rat-adapted helminth
that causes a self-limiting infection in mice. In this model A. brasiliensis L3 larvae are
injected subcutaneously, briefly transit through the lung, and reach the proximal Sl around
day 2-3 post-infection where they mature into adult worms. Accordingly, we first detected
tuft cell hyperplasia in the proximal SI, with the distal Sl displaying delayed Kinetics in
comparison (Figure 4F). At day 5 post-infection tuft cell numbers were noticeably increased
in the proximal Sl of N. brasiliensis-infected wildtype mice. As with H. polygyrus, Alox5'~
mice failed to induce tuft cell hyperplasia both at this early time point in the proximal Sl
(Figures 4G-H) and in the distal SI 7 days after infection (Fig 41). Results were replicated in
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littermate controls, indicating that microbiome differences do not mediate observed
differences (Figure S4A).

Intestinal organoids are three-dimensional cultures that contain all intestinal epithelial cell
types and are commonly used to study epithelial biology /n vitro (Sato et al., 2009). Using
this system, we found that A/ox5~/~ intestinal stem cells have no intrinsic defect in their
ability to differentiate into tuft cells following IL-13 stimulation (Figure S4B) and that
cysLTs do not induce tuft cell expansion directly (Figure S4C). Further, the infection-
induced increase in intestinal epithelial turnover, as assessed by /n vivo BrdU pulse-chase,
was marginally increased in A/ox5'~ mice, confirming that the defect in tuft cell
hyperplasia is not caused by a general delay in epithelial differentiation (Figure S4D).
Arachidonic acid metabolism generates leukotrienes but can also produce prostaglandins,
which have previously been implicated in anti-helminth immunity (Tait Wojno et al., 2015).
To rule out a contribution of arachidonic acid being shunted into the prostaglandin pathway
in the absence of 5-LO (Figure 1A), we treated leukotriene-deficient mice with ibuprofen to
inhibit the cyclooxygenase enzymes that mediate prostaglandin synthesis; however, this had
no effect on tuft cell numbers (Figure S4E).

Intestinal remodeling and increased goblet cell mucus secretion constitute part of the “weep
and sweep” response that develops to promote worm expulsion. After 7 days of .
brasiliensis infection, Alox5~~ mice had fewer goblet cells than wildtype mice and these
were smaller in size, indicating reduced mucus production (Figures 4J-L). The failure of
Alox57~ mice to efficiently induce the tuft-ILC2 circuit also resulted in sustained worm
burdens at day 7, a time when wildtype mice begin to clear infection (Figure 4M). Despite
this defect, both wildtype and A/ox5~~ mice cleared infection by day 14, indicating that
additional leukotriene-independent mechanisms of control exist. Nonetheless, these data
collectively suggest a model in which cysLTs are rapidly induced in the SI following tuft cell
sensing of helminths, and that this signal, along with IL-25, drives ILC2 activation to
kickstart the tuft-1LC2 feed-forward circuit.

Tuft cells synthesize cysteinyl leukotrienes

ILC2 activation following helminth infection requires IL-25, produced exclusively by tuft
cells in the SI (von Moltke et al., 2016). Accordingly, IL-25 deficiency impairs worm
clearance following helminth infection (Fallon et al., 2006). When compared head-to-head,
we found the clearance defect is more severe in tuft cell-deficient Pou2f3/~ mice than
112571~ mice (Figure 5A), suggesting the existence of additional tuft cell effector functions.
As published tuft cell transcriptomes include enzymes required for the synthesis of cysLTs
(Bezengon et al., 2008; Haber et al., 2017; Nadjsombati et al., 2018), we hypothesized that
tuft cells themselves might secrete leukotrienes.

To confirm previous transcriptomic data, we sorted tuft cells and non-tuft epithelium from
the Sl using the Flare25 reporter mouse and performed gPCR (Figure 5B; gating in Figure
S5A). Tuft cells highly and specifically expressed Alox5and Alox5ap, encoding 5-
lipoxygenase (5-LO) and 5-lipoxygenase activating protein (FLAP), respectively, core
components of the leukotriene synthesis pathway. Tuft cells additionally expressed PlaZg4a,
a calcium-dependent phospholipase that liberates arachidonic acid from cell membranes;

Immunity. Author manuscript; available in PMC 2020 September 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McGinty et al.

Page 8

Ltc4s, required for the synthesis of all cysLTs; and Lza4h, the enzyme that generates LTB,.
We confirmed expression of 5-LO at the protein level by microscopy (Figure 5C). 5-LO
signal colocalized with the tuft cell marker DCLK1 and was not detected in non-tuft
epithelial cells. Virtually all tuft cells had detectable 5-LO, regardless of infection status
(Figures S5B). Consistent with previous studies of 5-LO (Haeggstrom and Funk, 2011), we
found the protein localized to both the nucleus and the cytosol in naive mice. We also
observed instances of 5-LO translocating to the nuclear membrane in tuft cells of infected
mice (Figure 5D), indicative of active leukotriene synthesis (Rouzer and Kargman, 1988;
Wong et al., 1988). Additional 5-LO-expressing cells, likely of myeloid origin, were found
in the lamina propria, but staining intensity was consistently highest in tuft cells. Human
duodenal tuft cells, identified by pEGFR staining (McKinley et al., 2017), also consistently
expressed 5-LO protein (Figures 5E and S5C).

To assess the capacity of tuft cells to generate cysLTs, we made twodimensional monolayers
from primary epithelial cells (Liu et al., 2018; Thorne et al., 2018). Because the ligand that
mediates helminth sensing is not yet known, we used ionomycin to simulate the intracellular
Ca?* flux that occurs downstream of chemosensing in tuft cells and activates TRPM5
(Deckmann et al., 2018; Hofmann et al., 2003; Prawitt et al., 2003). This was sufficient to
induce cysLT production and secretion into the supernatant (Figure 5F). The response was
entirely dependent on tuft cells, as cysLT production was absent in monolayers from
PouZf3-deficient mice that lack tuft cells but maintain all other epithelial lineages. Our
ability to detect cysLTs was also partially TRPM5-dependent, demonstrating regulation of
tuft-cell-derived leukotrienes by the chemosensing pathway. Wildtype and TRPM5-deficient
cultures contained equivalent tuft cell numbers (data not shown). We further found that
stimulation with N. brasiliensis excretory/secretory product (NES) induced cysLT secretion
in a tuft cell-dependent manner (Figure 5G). Together these results confirm that tuft cells
secrete cysLTs downstream of chemosensing.

Helminth infection results in cellular damage and release of endogenous ligands that can
drive innate immune responses. For example, ATP was recently shown to be released from
intestinal tissue isolated from H. polygyrus-infected mice (Shimokawa et al., 2017) and to
activate airway tuft cells (Ualiyeva et al., 2020). We therefore considered whether danger-
associated molecular pattern (DAMP) signaling might induce cysLT production. Using
previously published tuft cell transcriptomic data (Nadjsombati et al., 2018) we identified
ATP (P2rx1and P2rx4) and adenosine (Adoral) receptors expressed by intestinal tuft cells.
Unlike airway tuft cells, intestinal tuft cells do not express P2ry2. Stimulation of epithelial
monolayers with either ATP or adenosine, however, failed to induce cysLT secretion (Figure
S5D). We additionally tried to measure 1L-25 protein secretion by ELISA following
stimulation of monolayers with ionomycin or helminth products, but could not detect a
signal in any condition. Thus, the specific helminth ligand(s) that elicit cysLT and perhaps
IL-25 secretion by tuft cells remains to be determined.
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Tuft cells are the physiologic source of leukotrienes for induction of anti-helminth
immunity in the small intestine

Our data demonstrate that TRPM5-dependent sensing of helminths and cysLT signaling are
both required for ILC2 activation and intestinal remodeling, and that tuft cells synthesize
cysLTs. These findings suggest a model in which tuft cells respond to infection by
synthesizing and secreting cysLTs that signal to ILC2s in the underlying lamina propria to
initiate the feed-forward tuft-ILC2 circuit. Canonically, however, the hematopoietic
compartment is thought to be the dominant source of leukotrienes, with mast cells,
eosinophils, basophils, and macrophages being among the chief producers (Kanaoka and
Boyce, 2004).

To identify the relevant source of leukotrienes /n vivo, we generated reciprocal bone marrow
chimeras using wildtype and A/ox5~/~ mice and infected these with A, brasiliensis for 7
days. Wildtype mice reconstituted with A/ox5-deficient bone marrow retained their ability to
mount a type 2 response following infection, as measured by tuft cell expansion in the S,
whereas leukotriene-deficient hosts reconstituted with wildtype bone marrow failed to
mount a response (Figure 6A). This defect was also observed in wildtype hosts reconstituted
with bone marrow from Cys/tr1™~Cysltr2"~ mice (Figure 6B). These experiments identify a
radio-resistant cell population as the relevant intestinal source of leukotrienes during
helminth infection and implicate LTC,4 and/or LTDy4 as the primary mediators acting on bone
marrow-derived cells.

To test the contribution of tuft cell-derived leukotrienes to the anti-helminth response, we
generated Alox5-floxed mice to allow for cell-specific abrogation of leukotriene production
(Figure S6A). We crossed these mice to the Vi/linI-cre strain to delete 5-LO expression in
the intestinal epithelium, which we confirmed by immunofluorescence (Figure S6B).
Epithelium-specific 5-LO deletion impaired the development of tuft cell hyperplasia in the
proximal Sl 5 days after infection with N. brasiliensis, indicating a defect in IL-13 signaling
in these mice (Figures 6C-D). Similar results were observed in the distal Sl after 7 days of
N. brasiliensis infection (Figure 6E) and in the proximal Sl 4 days following infection with
H. polygyrus (Figure 6F). Within the intestinal epithelium, 5-LO expression is restricted to
tuft cells. Nevertheless, to target tuft cells more specifically we generated and validated
Pou2f3-creE"2-eGFP mice (Figures S6C—E). Tamoxifen-treated Alox5M: pou2f3-creErt2
mice also showed impaired tuft cell expansion 5 days after . brasiliensis infection. Both the
Vil-cre* and Pou2f3-creEM2* strains phenocopied globally-deficient A/ox57~ mice, despite
expression of 5-LO in many non-epithelial cells (Figures 6C—E). Consistent with these
results and the bone marrow chimera experiments, deletion of 5-LO in mucosal mast cells
using Cpa3-cre or macrophages and granulocytes using LysM-cre had no effect on the
development of tuft cell hyperplasia.

While leukotrienes are required for airway type 2 responses, including ILC2 activation,
deletion of tuft cells or 5-LO expression within tuft cells had no impact on the lung response
following N. brasiliensis infection (Figures S6F—H), further underscoring the tissue-specific
regulation of ILC2 activation and downstream inflammation. This finding also suggests that
defects in Sl type 2 responses following N. brasiliensis infection are tissue-intrinsic and not
due to changes in the immune response during the lung phase of infection.
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Returning to the S, we further noted impaired goblet cell hyperplasia and hypertrophy in
Alox5: ViLcre® and Pou2f3-creEr2* mice, which again phenocopied the defect found in
Alox57'~ mice (Figures 6G-I1). Consequently, mice lacking synthesis of leukotrienes in tuft
cells failed to resolve helminth infection by 7 days-post infection (Figure 6J). Collectively,
we identify tuft cells as the physiologically relevant source of cysLTs induced in the SI
immediately following helminth infection and implicate cysLTs as a key effector that, in
combination with IL-25, triggers the tuft-ILC2 circuit. We note that tuft cell-deficient
Pou2f3'~ mice clear . brasiliensis infection even more slowly than Alox5/= /257~
double-deficient mice, suggesting that additional tuft cell effector functions remain to be
discovered (Figure 6K).

Cysteinyl leukotrienes are dispensable for protist-induced type 2 immunity

In addition to sensing helminth infection, tuft cells in the Sl are activated by the microbial
metabolite succinate, secreted by certain Tritrichomonad protists and unidentified bacterial
species that colonize the distal ileum and cecum (Lei et al., 2018; Schneider et al., 2018).
We previously demonstrated that succinate administered in drinking water is sufficient to
induce a type 2 immune response via the tuft-ILC2 circuit in the distal SI (Nadjsombati et
al., 2018). Here we found that ILC2s isolated from the distal SI of wildtype and Alox57~
mice had equivalent IL-13 expression following shortterm succinate treatment (Figures 7A-
B). Accordingly, we found no differences in distal tuft cell hyperplasia after seven days of
succinate treatment in Alox57~ or Alox5Vfl - ViL-cre* mice (Figures 7C-E).

We considered whether the neuropeptide neuromedin U (NMU), recently shown to activate
ILC2s in an NFAT-dependent manner (Cardoso et al., 2017; Klose et al., 2017; Wallrapp et
al., 2017), might contribute to ILC2 activation in this context; however the response towards
succinate was also independent of NMU receptor (NMURZ) signaling (Figure 7F).

Given that tuft cells in the distal SI have higher Sucnri expression and are more responsive
to succinate than tuft cells in the proximal SI (Nadjsombati et al., 2018; Schneider et al.,
2018), we hypothesized that the capacity to generate cysLTs might also vary between these
sites. We found no difference in expression of genes related to leukotriene synthesis in tuft
cells sorted from the proximal and distal Sl, nor did we find changes in expression of 5-LO
protein (Figures 7G—H). While epithelial monolayers derived from the distal SI were
capable of generating cysLTs /n vitro, succinate stimulation was insufficient to drive this
response (Figure 71). Colonization of Alox5V and Alox5Vf -Vil-cre* mice with the
succinate-producing protist 7ritrichomonas musculis resulted in equivalent tuft cell
hyperplasia seven days later (Figures 7J-K). Tuft cell-derived cysLTs therefore appear to be
dispensable for the innate response directed against succinate-producing protists yet required
for the response directed against helminths. These data suggest that tuft-ILC2 circuits in the
Sl are regulated in a context-dependent manner and that innate type 2 immune responses are
qualitatively different for distinct classes of organisms, even within the same tissue.

DISCUSSION

Tuft cells have recently emerged as key initiators of type 2 immunity in the SI. Expression of
a conserved chemosensing pathway enables tuft cells to sense luminal contents and activate
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the tuft-1LC2 circuit, leading to a protective immune response. Although production of
IL-25 has been identified as a critical effector function, the greater delay in helminth
clearance in tuft cell-deficient mice versus those lacking only 1L-25 suggests additional
mechanisms of immune regulation by tuft cells. In this study we demonstrate that tuft cells
inducibly produce cysLTs following helminth infection and show that these leukotrienes
cooperate with 1L-25 to drive ILC2 activation. These findings are consistent with the recent
report of cysLT production by airway tuft cells, although the receptor(s) and ligand(s)
driving the response in these two tissues are distinct (Ualiyeva et al., 2020).

CysLTs are inflammatory lipids to which SI ILC2s appear particularly responsive. Indeed,
we observed cysLT-dependent ILC2 activation just 16 hours after helminth infection. Our
finding that cysLTs and IL-25 cooperate to drive ILC2 activation is consistent with the
emerging model that ILC2s must integrate multiple transcriptional pathways for activation,
analogous to those engaged during T cell TCR signaling (Lund et al., 2017; McGinty and
von Moltke, 2020; von Moltke et al., 2017). CysLTs are non-redundant due to their ability to
induce NFAT nuclear translocation, which cooperates with IL-25-induced NF-xB and AP-1.
We had hoped to test if exogenous cysLTs are sufficient to activate intestinal ILC2s /n vivo,
as they are /n vitroand in the lung (von Moltke et al., 2017), but we did not detect ILC2
activation at low doses and higher doses were toxic due to pleiotropic effects. Therefore, we
cannot make any definitive conclusions.

In addition to cysLTs, recent work also demonstrated that the neuropeptide NMU can
activate ILC2s in an NFAT-dependent manner (Cardoso et al., 2017; Klose et al., 2017,
Wallrapp et al., 2017). We consider it likely that cysLTs and NMU serve both redundant and
non-overlapping roles in the Sl, as is often the case in type 2 immunity (Neill et al., 2010;
Vannella et al., 2016). Leukotriene deficiency delays helminth clearance, but infection is still
eventually resolved, indicating that redundant mechanisms indeed exist. Additional studies
are required to disentangle the contexts in which individual signals are most relevant. Given
the central role tuft cells play in sensing helminth infection and initiating immune responses,
however, we consider tuft cell-derived cysLTs as the likely earliest source for an NFAT-
inducing signal driving ILC2 activation. Other sources of cysLTs may contribute later during
the response.

In some respects, it is counterintuitive that a single cell type produces two ILC2 activating
ligands. The selective mobilization of NF-xB and NFAT by IL-25 and cysLTs, respectively,
can enable unique states of ILC2 activation. For example, cysLTs, but not IL-25 or I1L-33,
can drive I1L-4 production by ILC2s (Doherty et al., 2013; Pelly et al., 2016). We suspect
there are also important temporal aspects to the regulation of ILC2s by leukotrienes and
IL-25. Specifically, we found little evidence of leukotriene signaling at homeostasis, while
deletion of //251ed to homeostatic changes in ILC2s, even in Tritrichomonad-free mice. The
homeostatic status of tuft cells and ILC2s in wild mice and in humans remains uncertain, but
to the extent that succinate sensing is involved, our findings suggest this would lead to 1L-25
but not cysLT signaling. Once released, 1L-25 has a much longer half-life than LTC,4 and
LTDy, further distinguishing the kinetic functions of these two signals. In sum, while IL-25
may provide both homeostatic and induced activation, cysLTs are well suited for rapid “on/
off” regulation of the tuft-ILC2 circuit.
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We have focused here on regulation of the tuft-ILC2 circuit, but many other leukotriene
receptor-expressing cells populate the small intestine and may also respond to tuft cell-
derived cysLTs (Béck et al., 2011). Given the rapid extracellular degradation of LTC,4 and
LTDyg, any responding cells would need to reside near or migrate in close proximity to tuft
cells. Neurons, Th2 effector cells, intraepithelial lymphocytes, endothelial cells, and the
smooth muscle surrounding lacteals are all candidates that warrant further investigation.
IL-25 might also have additional targets aside from ILC2s. Most notably, tuft cells
themselves express the IL-25 receptor and may therefore engage in autocrine signaling
(Bezencon et al., 2008).

How IL-25 and cysLTs are secreted from tuft cells remains to be determined. TRPM5 is
required for transduction of all tuft cell-activating signals identified to date, but its exact role
remains elusive. In type 2 taste cells TRPMDS activation results in cellular depolarization and
release of neuromediators that propagate the taste sensation (Chaudhari and Roper, 2010).
TRPMb5 may therefore regulate release of pre-formed IL-25 stored in tuft cells, as was
suggested by one recent study (Luo et al., 2019) and by our finding that the MFI of KLRG1
on ILC2s was similarly decreased in naive /257~ and 7rpm5~~ mice. An alternative, but
not mutually exclusive, model is that some 1L-25 is secreted constitutively. Tuft cells
constitutively express //25 (Bezengon et al., 2008; von Moltke et al., 2016) and we found no
evidence of transcriptional induction on a per cell basis following helminth infection. Given
the canonical signal peptide encoded by //25mRNA, IL-25 protein should be delivered into
the endoplasmic reticulum during translation, but how it is further trafficked remains
uncertain. We had hoped to explore mechanisms of IL-25 secretion using our monolayer
system or the scraped villi technique reported by Luo ef a/. but could not detect IL-25 under
any conditions using commercially available IL-25 ELISAs. Clarification of the timing and
mechanism of IL-25 secretion must therefore await development of improved /n vitro tuft
cell culture conditions and enhanced reagents for detection of IL-25 protein.

Similarly, it remains unclear how the TRPM5-dependent chemosensing pathway interacts
with leukotriene production. Our /n vitro data demonstrate a requirement for TRPMS5 in the
generation of cysLTs in response to calcium flux, but we were not able to distinguish
between defects in synthesis versus secretion, or perhaps both. Further experiments will be
required to dissect the precise interplay between chemosensing, TRPM5, and leukotriene
generation.

Perhaps the most unexpected finding of this study was the differential requirement for
cysLTs in the response to helminths versus succinate-producing protists. Tuft cell ligands
may vary, but effector output has generally been considered stereotyped, at least within the
Sl. Indeed, all tuft cell-dependent immune responses identified in the Sl to date also require
IL-25. We find that tuft cell-derived cysLTs, on the other hand, are required to drive the
innate anti-helminth response but are dispensable for the response directed against
succinate-producing protozoans. The nature of innate type 2 responses in the Sl therefore
appears to be qualitatively different for distinct organisms. Succinate-producing protists like
7. musculis colonize the distal SI and cecum and are common across vivariums. While such
protists modulate immunological tone, they do not seem to impair host fitness nor do they
themselves seem to be affected by a strong type 2 response (Chudnovskiy et al., 2016;
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Escalante et al., 2016; Howitt et al., 2016; Nadjsombati et al., 2018; Schneider et al., 2018).
Generating inflammatory leukotrienes could therefore be considered a disproportionate
response to a harmless commensal. Parasitic helminths, on the other hand, inflict significant
damage, compete for nutrients, and generally decrease host fitness. A more robust
inflammatory response might be appropriate in this context.

How this differential regulation is achieved at the cellular level remains to be determined
since all tuft cells express the enzymes required for cysLT synthesis. Is succinate signaling
alone insufficient to drive cysLT generation within tuft cells, as we observed /n vitro? Or are
cysLTs actually produced in response to succinate /7 vivo but are redundant for ILC2
activation in this context? Does tuft cell sensing of helminths rely on the recognition of one
ligand that drives simultaneous production of IL-25 and cysLTs, or are there multiple signals
that independently drive production of each effector? We favor the hypothesis that tuft cell
effector output is in part stimulus-specific. Differential regulation of effectors would enable
nuanced control over the immunological tone of the SI and consequently physiologic
adaption appropriate to the type of organism sensed (e.g. parasite vs. commensal). Testing
such hypotheses will likely require identification of additional tuft cell activating ligands and
the receptors through which they signal, as well as additional effector molecules through
which tuft cells orchestrate the innate type 2 response.

Lastly, how well murine tuft cell biology reflects that of humans remains to be determined.
We found that human tuft cells in healthy duodenal tissue consistently expressed 5-LO
protein, and others recently demonstrated that human intestinal tuft cells express the
accessory protein FLAP (Schiitz et al., 2019), together suggesting that these cells are primed
to synthesize leukotrienes. In this regard it is notable that the commonly prescribed asthma
and allergy medication montelukast, a CYSLTR1 inhibitor, is administered as an ingestible
tablet. What effect, if any, this drug has on intestinal physiology or immunity is not clear but
may prove relevant when considering type 2-associated pathologies in the intestine.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Jakob von Moltke (jmoltke@uw.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Miice aged 6-12 weeks were used for all experiments. Mice were age-matched
within each experiment, but pooled results include both male and female mice of varying
ages. C57BL/6J mice were bred in house or purchased from Jackson Laboratories. B6.
Alox57~ (B6.129S2-Alox5MIFun/j) B6. Trom5~~ (B6.129P2-Trpm5tmiDgen; gy
B6.Cysltrt1~ (C57BL/6N-Cysltr1tmiYkn gy B6. Villini-cre (B6.Cg-Tg(Vill-
cre)1000Gum/J), and B6.LysM-cre (B6.129P2-Lyz2tM1(cre)lfo/3) mice were purchased from
Jackson Laboratories. B6.Pou2f3"~ (Pou2f3 tm1.1(KOMP)Vlcg, Project ID #VG18280)
were rederived from sperm stored in the Canadian Mouse Mutant Repository.

B6. /[25\are25/Flare25 anq B, //786martl3/Smartl3 mice were generated as previously described
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(Liang et al., 2011; von Moltke et al., 2016). B6.//257/~ mice were generously provided by
A. McKenzie via R. Locksley. B6.//1r/17/~ (5t27) mice were generously provided by S.
Akira via R. Locksley. B6.Cpa3-cre (B6.Tg(Cpa3-cre)3Glli) mice were generously provided
by A. Piliponsky. Nimurm1-1(KOMP)VIcg mice were generously provided by V. Kuchroo.
Alox57=, 11257=, St27=, and Trom5~'~ mice were crossed to the B6. //738mart13/Smarti3 [ine,
112571~ and St27'~ mice were further crossed to the B6.Arg1YARG reporter line (Reese et al.,
2007). CysltrI™~ (Maekawa et al., 2002) and Cys/tr2”!~ (Beller et al., 2004) mice were
crossed to generate a double-deficient line and bone marrow was generously provided by N.
Barrett. All mice were maintained in specific pathogen-free conditions at the University of
Washington and were confirmed to be free of 7. musculisand T. rainier by microscopy and
gPCR, except those specifically colonized with 7. musculis as noted.

METHOD DETAILS

Generation of Alox5-flox Mice—B6.A/ox5f mice with loxP sites flanking the 6! exon
of Alox5were generated by homologous gene targeting in C57BL/6 embryonic stem cells.
Exon 6, which contains critical iron-binding residues, was selected for deletion to replicate
the targeting strategy used for B6.129S2-Alox5™M1Fun/J mice. A 2.0 kb 5’ homology arm
containing the 5’ loxP site and spanning exon 6 of A/ox5was assembled using overlap
extension PCR and cloned into pKO915-DT (Lexicon Genetics) using EcoRI and Xhol.
Next, a 2.0 kb 3’ homology arm was amplified and inserted into the pK0915-DT vector
containing the 5* homology arm using Sacll and Smal. Lastly, a pre-assembled selection
cassette containing frt-flanked neomycin and a 3’ loxP site was sub-cloned into the
homology arm-containing pKO915-DT vector using Ascl. The selection cassette was
screened for insertion in the proper orientation and the final construct was linearized with
Notl and transfected by electroporation into C57BL/6 embryonic stem cells (PRXB6T).
Cells were grown on irradiated feeders with the aminoglycoside G418 in the media, and
neomycin-resistant clones were screened for 5’ and 3’ homologous recombination by PCR.
Two positive clones were selected for injection (Gladstone Institutes, San Francisco) into
albino C57BL/6 blastocysts to generate chimaeras. Male pups with highest ratios of black-
to-white coat color from a single clone were selected to breed with homozygous
Gt(Rosa26)FLPYFLPL females (Jackson Laboratories catalog # 009086) to excise the
neomycin resistance cassette. Deletion of neomycin was confirmed by PCR. A/ox5/!
genotyping primers were as follows: ASFL_F: TGTTTGGCTACCAGTTCCTGAATGG;
A5FL_R: AGCAGATGACAGTTGGGTGACTATG (460 bp wildtype band; 577 bp knock-in
band; no band after CRE-mediated excision).

Generation of Pou2f3-CreERT2.jres-EGFP Mice—A CreERT2-ires-EGFP followed by
FRT-flanked PGK-Neo cassette was inserted by a homologous recombination in place of the
initial ATG codon of Pou273 gene of C57BL/6J-derived ES cells. Chimeric mice were mated
with an FLP strain to remove the PGK-Neo cassette. After excluding the FLP allele by
mating with C57BL/6J, heterozygous Pou2f3-CreERT2-ires-EGFP mice were obtained.

Mouse Infection and Treatment—AH. polygyrusand N. brasiliensis larvae were raised

and maintained as previously described (Johnston et al., 2015; Liang et al., 2011). Mice
were infected by oral gavage with 200 H. polygyrus L3 or subcutaneously with 500 A.
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brasiliensis L3 and euthanized at the indicated time points to collect tissues for staining or to
count worm burden. In experiments using Pou2f3-CreE"2-eGFP mice, animals were
administered 2.5mg tamoxifen by oral gavage at days 0, 2, and 5 post-infection. Worm
burden was enumerated across the entire small intestine. For /n vivo CYSLTRZ1-inhibition
experiments, mice were injected intraperitoneally with 10mg/kg montelukast (Cayman
Chemical) one hour prior to oral gavage with H. polygyrus. For ibuprofen experiments mice
were given 1mg/ml ibuprofen ad libitum in drinking water starting one day prior to infection
and continuing through the course of the experiment. For BrdU incorporation experiments
mice were injected intraperitoneally with 1mg BrdU at the indicated time point and tissue
harvested 24 hours later.

Succinate Treatment and Protist Colonization—For succinate experiments mice
were given 150mM sodium succinate hexahydrate (Alfa Aesar) ad libitum in drinking water
for the indicated amount of time. For protist colonization experiments, wildtype mice
vertically colonized with Tritrichomonas musculis were used as a source of protists.
Colonization of naive mice was performed as previously described (Nadjsombati et al.,
2018). Briefly, cecal contents were collected, washed in PBS, filtered through a 70um
strainer, and washed again. Total protist numbers were estimated using a hemocytometer.
Naive mice were colonized by oral gavage with 40-50 x10° protists. Intestinal tissue was
collected seven days later for analysis.

Tissue Fixation and Staining—~For tuft cell staining, intestinal tissues were flushed with
PBS and fixed in 4% paraformaldehyde for 4 hours at 4° C. Tissues were washed with PBS
and incubated in 30% (w/v) sucrose overnight at 4° C. Samples were then coiled into “Swiss
rolls” and embedded in Optimal Cutting Temperature Compound (Tissue-Tek) and sectioned
at 8 um on a Microm HM550 cryostat (Thermo Scientific). Immunofluorescent staining was
performed in Tris/NaCl blocking buffer (0.1 M Tris-HCL, 0.15 M NaCl, 5ug mI~1 TSA
blocking reagents (Perkin Elmer), pH 7.5) as follows: 1 h 5% goat serum, 1 h primary
antibody (aDCLKI, Abcam ab31704), 40 min goat anti-rabbit IgG F(ab’)2-AF594
secondary antibody (Invitrogen) and mounted with Vectashield plus DAPI (Vector
Laboratories). Tuft cell frequency was calculated using ImageJ software to manually
quantify DCLKZ1+ cells per millimeter of crypt-villus axis. Four 10x images of the swiss roll
were analyzed for each replicate and at least 30 total villi were counted. Mouse 5-LO
staining was performed as for DCLK1 above, with following modifications: 1 h 10% goat
serum at room temperature (RT), overnight rabbit anti-5-LO (Sigma Aldrich, SAB1410449)
at 4° C, 40 min goat anti-rabbit 1gG F(ab’)2-AF594, 1 h 10% rabbit serum at RT, 2 h
aDCLK1-AF488 (custom conjugation of ab31704) at RT. Human 5-LO staining was
performed as above, replacing a DCLK1-AF488 with anti-pEGFR-AF488 (Abcam
ab205827). Human duodenal tissue samples were collected during either Roux-en-Y or
whipple procedures on three different deidentified patients and obtained through Northwest
BioSpecimen. The University of Washington Institutional Review Board has determined that
the deidentified tissue specimens used in this study do not meet the federal regulatory
definition of research on human subjects.
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For BrdU staining slides were rehydrated in PBS, incubated in 2 M HCI for 1 hr, and then
neutralized in 0.1 M sodium borate for 10 min. Staining was performed as follows: 1 h Fc
Block at RT, overnight rabbit-anti-BrdU-AF594 (Abcam ab220076) and Fc Block at 4° C, 1
min wash in PBS, 10 min fix in 0.2% paraformaldehyde at RT. BrdU incorporation was
determined as the distance from the crypt to most distal BrdU™ cell per villus, counting at
least 25 villi per sample.

For goblet cell staining, tissues were flushed with PBS, fixed in 10% buffered formalin at 4°
C for 3 hours, coiled into “Swiss rolls” and returned to formalin. After 24 hours tissues were
moved to 70% ethanol for storage. Tissue processing, paraffin embedding, sectioning, and
staining were performed by the Pathology Research Services Laboratory at the University of
Washington. Alcian blue staining was used to identify goblet cells. Goblet cell frequency
was calculated as described above for tuft cells. Hypertrophy was quantified using ImageJ
software to measure the area of at least 80 goblet cells for each biological replicate.
Brightfield and fluorescent images were acquired on an Axio Observer Al inverted
microscope (Zeiss) and on an AR1 confocal microscope (Nikon).

Single-cell Tissue Preparation—For single cell epithelial preparations from small
intestines, tissues were flushed with PBS, opened, and rinsed with PBS to remove intestinal
contents. Intestinal tissue was cut into 2-5 cm pieces and incubated rocking at 37° C in 15ml
HBSS (Ca*2/Mg*2-free) supplemented with 5mM dithiothreitol (DTT, Sigma-Aldrich), 5%
fetal calf serum (FCS, VWR), and 10mM HEPES (Gibco). Tissues were vortexed vigorously
and supernatant was discarded. Tissues were then incubated rocking at 37° C in 15ml HBSS
(Ca*2/Mg*2-free) supplemented with 5SmM EDTA (Invitrogen), 5% FCS, and 10mM
HEPES. Tissues were vortexed thoroughly and released epithelial cells were passed through
a 70 pum filter. Tissues were then incubated in fresh EDTA/HBSS solution for 15 minutes,
vortexed, and filtered. Supernatants were pooled and washed once before staining for flow
cytometry.

For lamina propria preparations small intestinal tissue was processed as above to remove the
epithelial fraction. Tissues were then rinsed in 20ml HBSS (with Ca*2/Mg*2) supplemented
with 5% FCS and 10mM HEPES, shaking at 37° C for 20 minutes. Supernatants were
discarded and tissues were incubated in 5ml HBSS (with Ca*2/Mg*?2) supplemented with 3%
FCS, 10mM HEPES, 30 pg/ml DNase | (Sigma Aldrich), and 0.1 Wunsch/ml Liberase TM
(Sigma Aldrich), shaking at 37° C for 30 minutes. Tissues were vortexed and cells were
passed through a 70 um filter and washed. The resulting pellet was resuspended in 40%
Percoll (Sigma Aldrich), centrifuged for 5 minutes at 1500 rpm, and supernatant discarded.
Pelleted cells were then washed and stained for flow cytometry. Note: to preserve IL-17RB
staining, a modified protocol was used to isolate lamina propria cells for data in Figures 2
and S2. See “RNA Sequencing and Analysis” below for details.

For lung preparation tissue was dissociated by gentleMACS (Miltenyi Biotec) using
program lung_01. Tissue was then incubated in HBSS (with Ca*2 and Mg*2) supplemented
with 0.2mg/ml LiberaseTM (Roche) and 25 pg/ml Dnase | (Sigma) for 35 minutes shaking
at 37° C, and subsequently run on gentleMACS using program lung_02. Cells were then
filtered through a 70 um strainer, washed, and stained for flow cytometry.
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Flow cytometry and cell sorting—Single cell suspensions were prepared as described
and stained in DPBS + 3% FBS with antibodies to surface markers for 20 min at 4° C,
followed by DAPI (Roche) for dead cell exclusion. For intracellular cytokine staining cells
were first washed in DPBS and stained with Zombie Violet fixable viability dye
(BioLegend) for 20 min at 4° C and subsequently stained with antibodies to surface markers
for 20 min at 4° C. Cells were then fixed and permeabilized using the FoxP3 Transcription
Factor Staining Buffer kit (eBioscience) following manufacturer’s instructions. Cells were
further stained with antibodies to intracellular proteins for 30 minutes at room temperature.
Samples were FSC-A/SSC-A gated to exclude debris, SSC-FI/SSC-W gated to select single
cells and gated to exclude dead cells. Samples were run on an LSR |1 (BD Biosciences) or
Aurora (Cytek) and analyzed with FlowJo 10 (Tree Star). For cell sorting, single cell
suspensions were prepared and stained as described and sorted on an Aria Il (BD
Biosciences).

Quantitative RT-PCR—For ILC2 gPCR, 10,000 small intestinal CD45*Lin"KLRG1*
cells and 10,000 lung CD45*Lin"Thy1.2*ST2* cells from C57BL/6J mice were sorted into
Buffer RLT (Qiagen) using an Aria Il (BD Biosciences). Lineage dump included the markers
CD3, CD4, CD5, CD8, CD11b, CD19, FcER1, and NK1.1. 10,000 tuft cells were sorted as
CD45"EpCAM* RFP* from small intestinal epithelium of !25Flare25/Flare25 mice or as
CD45~ EpCAM*CD24*SiglecF*from small intestinal epithelium of C57BL/6J mice.
Previous RNA sequencing confirmed that these two gating strategies yield identical tuft cell
transcriptional profiles. RNA was isolated using the Micro Plus RNeasy kit (Qiagen) and
reverse transcribed using Superscript Vilo Master Mix (Life Technologies). cDNA was used
as template for quantitative PCR with Power SYBR Green reagent on a StepOnePlus cycler
(Applied Biosystems). Transcripts were normalized to Rps17(40S ribosomal protein S17)
expression.

RNA Sequencing and Analysis—In order to maintain IL-17RB staining that was lost
with extended lamina propria tissue processing described above, single cell suspensions
were prepared from the proximal small intestine of naive mice using a modified protocol.
All data in Figure 2 and Figure S2 were generated using this modified digestion protocol.
Before tissue collection, mice were anesthetized with ketamine/xylazine. Next, the small
intestine was nicked at the stomach and transected at the cecum and flushed with 20 mL
37°C HBSS (no Ca*2/Mg*2) + 10 mM HEPES. The mice were then perfused through the
heart with 40 mL of 30 mM EDTA + 10 mM HEPES in HBSS (no Ca*2/Mg*2). Five
minutes after initiating perfusion, the first 5 cm of the proximal SI were harvested, fileted
open, transferred to 35 mL ice cold HBSS (no Ca*2/Mg*2) + 10 mM HEPES and shaken
vigorously for 30 seconds to release epithelial cells. Intestinal pieces were stored in HBSS +
5% FCS on ice and then transferred into pre-warmed digest buffer composed of 5ml HBSS
(with Ca*2/Mg*2) supplemented with 3% FCS, 10mM HEPES, 30 pg/ml DNase | (Sigma
Aldrich), and 0.1 Wunsch/ml Liberase TM (Sigma Aldrich), shaking at 37° C for 30
minutes. Tissues were vortexed and cells were passed through a 70 pm filter and washed.
The resulting pellet was resuspended in 40% Percoll (Sigma Aldrich), centrifuged for 5
minutes at 1500 rpm, and supernatant discarded. Pelleted cells were then washed and stained
for flow cytometry and sorting.
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500 ILC2s were sorted as CD45*Lin~IL-17RB™ directly into lysis buffer from the SMART-
Seq v4 Ultra Low Input RNA Kit (Takara) and cDNA was generated following
manufacturer’s instructions. Four biological replicates were collected for each genotype.
Each biological replicate represents one mouse. Next-generation sequencing and analysis
was performed by the Benaroya Research Institute Genomics Core. Sequencing libraries
were generated using the Nextera XT library preparation kit with multiplexing primers,
according to manufacturer’s protocol (Illumina), and library quality was assessed using the
Tapestation (Agilent). High throughput sequencing was on HiSeq 2500 (Illumina),
sequencing dual-indexed and single-end 58 base pair reads. All samples were in the same
run with target depth of 5 million reads to reach adequate depth of coverage.

Sequencing was inspected by FASTQC (v0.11.3) and yielded a median read depth of 8.7
million reads per sample. The following analytic pipeline was managed on the Galaxy
platform (Boekel et al., 2015). Reads were trimmed by 1 base at the 3’ end, and then
trimmed from both ends until base calls had a minimum quality score of at least 30 (Galaxy
FASTQ Trimmer tool v1.0.0). Sequence alignment was performed using STAR aligner
(v2.4.2a) with the GRCm38 reference genome and gene annotations from Ensembl release
91. Gene counts were generated using HTSeg-count (v0.4.1). Quality metrics were compiled
from PICARD (v1.134), FASTQC (v0.11.3), and HTSeqg-count. Raw input from HTseg-
count was normalized in DESeq2. Uniquely mapped Ensembl IDs (genes and non-coding
RNAs) with a mean normalized read count <10 were excluded. The gene ArgZ was not
included in the analysis as the ArgZY2'9 reporter allele appeared to interfere with sequencing
reads in the /257~ and St2/~ strains. The resulting datasets were deposited in the Gene
Expression Omnibus (GEO: GSE144956).

ILC2 Stimulation Assay—Small intestinal lamina propria ILC2s were isolated from
/175martl3 reporter mice and sorted as described. Sorted cells were plated at 4000-5000
cells per well in a 96 well plate and incubated overnight in 10 ng/ml IL-7 (R&D Systems)
and basal media composed of high glucose DMEM supplemented with non-essential amino
acids, 10% FBS, 100 U/mL penicillin, 1000mg/mL streptomycin, 10mM HEPES, 1mM
sodium pyruvate, 100uM 2-mercaptoethanol, and 2mM L-glutamine. The next morning
media was replaced with fresh media and 10 ng/ml IL-7 and cells were stimulated with the
indicated agonist. After a six-hour incubation at 37 °C, cells were stained with 1 pl/well of
PE-conjugated anti-human CD4 for 20 minutes at 4 °C. Cells were washed, resuspended in
DAPI, and analyzed on an LSRII (BD Biosciences).

NFAT Imaging—ILC2s were sorted from the small intestine lamina propria and cultured
overnight in 10 ng/ml IL-7 (R&D Systems), as described above. The next morning cells
were treated for 30 min with 1uM cyclosporin A (CSA) where indicated, followed by 90
min treatment with 100nM LTCy,4, 100ng/ml IL-25, 100ng/ml IL-33, or 30ng/ml PMA and
500ng/ml ionomyecin. Cells were then affixed to slides by Cytospin and treated for 5 min
with ice-cold methanol. Slides were stained as follows: 30 min block with 10% goat serum,
1 h rabbit-anti-NFATC2 (NFAT1: clone D43B1, Cell Signaling Technology), 40 min goat
anti-rabbit 1gG F(ab’)2-AF594 secondary antibody (Invitrogen). Cells were counterstained
with DAPI and imaged on an Axio Observer Al inverted microscope (Zeiss).
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Bone Marrow Chimeras—Congenically-marked donor bone marrow cells were isolated
from leg bones from mice of the indicated genotype. Bones were rinsed in 70% ethanol,
rinsed three times in PBS, and then ground using a pestle. Extracted cells were washed in
PBS and filtered through a 70 um strainer. Cells were spun down and resuspended in ACK
lysing buffer for five minutes to remove red blood cells. Cells were then washed in PBS and
resuspended in RPMI. Recipient mice were irradiated (1000 rads) and retro-orbitally
injected with 5x10° cells. Mice were placed on Baytril-medicated water for two weeks post-
transfer and rested for at least six weeks to allow for hematopoietic reconstitution. Chimeric
mice were infected with N. brasiliensis as described and intestinal tissue harvested on day 7
post-infection for enumeration of tuft cells. Chimerism was confirmed at time of harvest by
staining splenocytes with congenic markers CD45.1 and CD45.2.

Organoid Culture—Small intestinal crypt-derived organoids were grown as described
with modifications described below (Sato and Clevers, 2013). Briefly, proximal small
intestine was isolated and villi manually scraped off with a glass coverslip. Tissue was then
washed three times in cold PBS with vigorous shaking before 30 minute 4° C incubation in
2mM EDTA to release epithelial crypts, which were washed in PBS and filtered through a
70 pm strainer. Pelleted crypts were resuspended in Matrigel and plated at 400-500 crypts
per well in a prewarmed plate, incubated at 37 °C for 5 minutes to allow for Matrigel
solidification, and complete organoid media added. Organoid media was composed of
DMEM/F12 supplemented with 2mM glutamine, 100 U/mL penicillin, 200mg/mL
streptomycin, 10mM HEPES, 1X N2 supplement (Life Technologies), 1X B27 supplement
(Life Technologies), 500mM N-acetylcysteine, 50ug/ml mEGF, and replacing recombinant
R-spondin with supernatants from R-spondin expressing L-cells and replacing recombinant
Noggin with supernatants from Noggin expressing cells. Crypts were harvested from the
proximal (first 10cm) small intestine of naive C57BL/6J mice and plated on day 0. On day 1
and day 4, media was replaced and organoids were treated with 20 ng/ml recombinant IL-13
or 10nM of the indicated leukotriene. On day 7 organoids were harvested and resuspended in
Accutase (Corning). Organoids were sheared with a 28G insulin syringe, incubated for 1h at
room temperature, washed, and then stained for flow cytometry as described above. Tuft
cells were identified as CD45"EpCAM*SiglecF*CD24*.

Cysteinyl Leukotriene ELISA—Intestinal monolayer cultures were generated for ELISA
experiments. Intact epithelial crypts were isolated from the small intestine following the
protocol described for organoid culture. After crypts were isolated, however, they were
resuspended in complete organoid media supplemented with 10uM Y27632 (Stemcell
Technologies) and 10uM SB431542 (Stemcell Technologies) and plated in warm plates pre-
coated with Matrigel. Plates were coated with Matrigel by adding 100 pl of 2% Matrigel in
cold DMEM to each well in 48-well plates and incubating at least 30 minutes at 37 °C.
Matrigel media was aspirated before plating crypts in organoid media. After plating, cells
were incubated overnight at 37 °C to allow adherence and media containing unattached cells
was replaced the next day, followed by an additional hour of incubation. Media was then
aspirated, test stimuli added, and cells incubated for 30 minutes at 37 °C. Supernatants were
collected and used to perform ELISA using the Cysteinyl Leukotriene Express ELISA kit
(Cayman Chemical) following manufacturer’s instructions.
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N. brasiliensis Excretory-Secretory Product (NES) Preparation—To generate
NES, Lewis rats were infected subcutaneously with 5000 N. brasiliensis L3. Mature (L5)
worms were collected from the entire small intestine 7 days post infection. Worms were
washed 10 times in Wash Solution | (PBS with 200 U mL~1 Pen-Strep), followed by a 40
minute incubation in Wash Solution 1 at room temperature. Worms were allowed to
equilibrate in Wash Solution 11 (RPMI 1640 with 200 U mL~1 Pen-Strep) for 1 hr at 37°C,
before being transferred to a tissue culture flask in NES culturing media (RPMI 1640, with
100 U mL~1 Pen-Strep, 2mM L-Glutamine and 1% glucose) and cultured at 37°C.
Supernatant was collected at 24, 48, and 72 hr and filtered prior to use as NES.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed using randomly assigned mice without investigator
blinding. All data points reflect biological replicates (i.e. mice), except in Figures 11, S4B-
C, 5F-G, S5D, and 71 where they represent technical replicates. No data were excluded.
Statistical analysis was performed as noted in figure legends using Prism 7 (GraphPad)
software. Graphs show mean + SEM.

DATA AND CODE AVAILABILITY

RNA-seq data are available at the NCBI Gene Expression Omnibus under accession number
GEO: GSE144956.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cysteinyl leukotrienes are a non-redundant signal for intestinal IL C2 activation
(A) Schematic of leukotriene synthesis. Enzymes in bold. Double lines represent ligand-

receptor interactions. (B) Gene expression in ILC2s sorted from the Sl lamina propria and
lung. (C) Frequency of IL-13 (S13)+ Sl ILC2s following 6 hour /n vitro culture with the
indicated leukotriene. Ten-fold dilutions from 10-0.1 nM are shown. (D,F) Frequency and
(E,G) mean fluorescence intensity (MFI) of IL-13 (S13)+ SI ILC2s following 6 hour /n vitro
culture with the indicated combinations of LTC,4 and IL-25 (D,E) or IL-33 (F,G). (H) SI
ILC2s were treated for 30 min with 1 pM cyclosporin A (CSA) where indicated, followed by
90 min treatment with 100nM LTCy, 100ng/ml IL-25, 100ng/ml IL-33, or 30ng/ml PMA and
500ng/ml ionomycin. Cells were stained with anti-NFATC2 (red) and DAPI (blue). Scale
bar: 20um. (1) Quantification of cells with nuclear NFATC2. At least 30 cells were counted
for each condition. In (B)-(G) each symbol represents an individual mouse pooled from two
or more experiments. In (1) symbols are technical replicates representative of three
independent experiments, bg, background. *p < 0.05, **p < 0.01, ***p < 0.001 by multiple t
tests (D-G). n.s., not significant. Graphs depict mean + SEM. See also Figure S1.
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Figure 2. ILC2 homeostasisin the proximal small intestine isleukotriene-independent and
minimally requiresIL-25and IL-33

(A) Quantification of 1L-13 (S13) expression by ILC2s (CD45*;Lineage™;IL-17RB™) in the
proximal (first 5cm) Sl of naive mice. (B) Mean fluorescence intensity (MFI) of KLRG1
expression by ILC2s. (C) Quantification of MFI in (B). (D-F) mRNA sequencing of ILC2s
of the indicated genotype sorted from the proximal Sl of naive mice. (D) PCA of top 500
differentially expressed genes (DEG). (E) Venn diagram depicting DEGs for each genotype
as compared to wildtype (FDR <.05, row mean >10). (F) Volcano plots depicting DEGs as
compared to wildtype (FDR <.05, row mean >10). Red = log2 fold change > 1, blue = log2
fold change < 1. In (A-D) each symbol represents an individual mouse pooled from two or
more experiments. Samples in D were analyzed in one sequencing run. *p < 0.05, **p <
0.01, ***p < 0.001 by one way ANOVA (A, C) with comparison to S13. n.s., not significant.
Graphs depict mean + SEM. See also Figure S2 and Tables S1-4.
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Figure 3. Cysteinyl leukotrienesdriverapid | L C2 activation following helminth infection
(A) Flow cytometry for IL-13 (S13) expression by ILC2s in the proximal (first 10cm) Sl 16

hours after infection with H. polygyrus (H.p.). (B) Quantification of 1L-13 (S13) expression
in (A). (C) /125 mRNA expression in tuft cells sorted from the proximal SI of naive Wt(B6)
mice and mice infected with H.p. for 16 hours. (D-E) Analysis of ILC2s from the proximal
SI. (D) IL-13 (S13)+ ILC2s in mice treated with montelukast (10mg/kg) 60 min prior to 16
hours infection with H.p. (E) ILC2 Ki-67 expression at the indicated time points following
infection with H.p. In (B)-(E) each symbol represents an individual mouse pooled from two
or more experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by one way ANOVA (B) with
comparison to infected S13, by Mann-Whitney (C-D), or by multiple t tests (E). n.s., not
significant. Graphs depict mean + SEM. See also Figure S3.
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Figure 4. Tuft-IL C2 circuit activation and helminth clearance are delayed in the absence of
cysteinyl leukotrienes

(A) Tuft cell frequency in the proximal (first 10cm) Sl of mice infected with H. polygyrus
(H.p.) for 4 days. DCLK1 (yellow) marks tuft cells. DAPI (blue) marks nuclei. Scale bar:
50um. (B) Quantification of tuft cells in (A). (C) Tuft cell frequency in the proximal Sl after
14 days of H.p. infection. (D-E) Tuft cell frequency in the proximal SI of the indicated
genotypes after 4 days of H.p. infection. (F) Tuft cell frequency in the proximal and distal
(last 10cm) SI of wildtype mice at the indicated time points post-N. brasiliensis (N.b.)
infection. (G) Representative images of proximal Sl on day 5 post- . 4. infection. Scale bar:
50um. (H) Quantification of tuft cells in (G). (1) Tuft cell frequency in the distal SI after 7
days of N.b. infection. (J) Goblet cells identified in the jejunum (10-20cm from stomach) by
alcian blue staining 7 days after infection with N.b. Representative images are shown. Scale
bar: 50um. (K-L) Quantification of goblet cell (K) number and (L) size in (J). (M) Worm
burden across the entire Sl at the indicated time points post-A.4. infection. In (B)-(E), (H)-
(1), and (K)-(M) each symbol represents an individual mouse pooled from two or more
experiments. In (F) each symbol represents the average of five mice pooled from two
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experiments, d.p.i., days post infection. *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-

Whitney (C, H, K-L), by multiple t tests (B, F, I, M), or by one way ANOVA (D-E) with
comparison to Wt(B6). n.s., not significant. Graphs depict mean + SEM. See also Figure S4.
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Figure5. Tuft cells synthesize cysteinyl leukotrienes
(A) Mice were infected with N. brasiliensis (N.b.) and Sl worm burden determined at the

indicated time points. (B) Gene expression in tuft cells (Flare25%) and non-tuft epithelial
cells (Flare25") sorted from the entire Sl. (C) Colocalization of 5-LO (white) and DCLK1
(red) in the proximal (first 10cm) Sl of a naive mouse. DAPI (blue) marks nuclei.
Representative images are shown. Scale bars: 5um. (D) Example of 5-LO localization in tuft
cells from the proximal Sl of a mouse infected with A.b. for 7 days. Scale bars: 5um. (E)
Colocalization of 5-LO (white) and pEGFR (green) in human duodenum. Images are

Immunity. Author manuscript; available in PMC 2020 September 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

McGinty et al.

Page 31

representative of three different patient samples. Scale bars: 5um. (F-G) Cysteinyl
leukotriene (cysLT) production in supernatants of intestinal monolayer cultures derived from
mice of the indicated genotype following stimulation with 1pg/ml ionomycin (F) or 100ul
NES (G) for 30 minutes. Dashed line represents limit of detection. In (A)-(B) each symbol
represents an individual mouse from two or more pooled experiments. In (F)-(G) each
symbol is a technical replicate and representative of three or more experiments, n.d., not
detected. *p < 0.05, **p < 0.01, ***p < 0.001 by two way ANOVA (A) with comparison to
Wt(B6) or by multiple t tests (B). n.s., not significant. Graphs depict mean + SEM. See also
Figure S5.
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Figure 6. Tuft cellsarethe physiologic source of leukotrienes for induction of type 2 immunity in
the small intestine

(A-B) Quantification of tuft cells in the distal (last 10cm) SI of chimeric mice of the
indicated genotypes 7 days after N. brasiliensis (N.b.) infection. (C) Representative images
of the proximal (first 10cm) SI 5 days post-A.b. infection. DCLK1 (yellow) marks tuft cells.
DAPI (blue) marks nuclei. Scale bar: 50um. (D) Quantification of tuft cells in (C). (E) Tuft
cell frequency in the distal S| after 7 days of A.b. infection. (F) Tuft cell frequency in the
proximal Sl after 4 days of H. polygyrus (H.p.) infection. (G) Mice were infected with N.b.
for 7 days and goblet cells identified in the jejunum (10-20cm from stomach) by alcian blue
staining. Representative images are shown. Scale bar: 50um. (H-1) Quantification of goblet
cell (H) number and (1) size in (G). (3-K) Worm burden in the Sl of A.4. infected mice at (J)
day 7 or at (K) the indicated time points post-infection. In (A)-(B), (D)-(F), and (H)-(K)
each symbol represents an individual mouse from two or more pooled experiments. In (D-E)
and (H-J) Wt(B6) and Alox57/~ are the same as in Figure 4, shown for comparison, d.p.i.,
days post infection. *p < 0.05, **p < 0.01, ***p < 0.001 by one way ANOVA (A-B, D-E, H-

Immunity. Author manuscript; available in PMC 2020 September 17.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

McGinty et al.

Page 33

J) with comparison to WT->WT or Alox5fl by Mann-Whitney (F), or by multiple t tests
(K). n.s., not significant. Graphs depict mean + SEM. See also Figure S6.
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Figure 7. Cysteinyl leukotrienes are dispensable for protist-induced type 2 immunity
(A) Flow cytometry for IL-13 (S13) expression by ILC2s in the distal (last 10cm) Sl after 36

hours of succinate treatment. (B) Quantification of 1L-13 (S13) expression in (A). (C) Tuft
cells in the distal Sl after 7 days of succinate treatment. DCLK1 (yellow) marks tuft cells.
DAPI (blue) marks nuclei. Scale bar: 50um. (D) Quantification of tuft cells in (C). (E-F)
Quantification of tuft cells in the distal SI of mice treated with succinate for 7 days. (G)
Gene expression in tuft cells sorted from the proximal (first 10cm) or distal Sl of naive
Wt(B6) mice. (H) 5-LO (white) and DCLK1 (red) in the proximal and distal SI of naive
mice. DAPI (blue) marks nuclei. Scale bar: 25um. (I) Cysteinyl leukotriene (cysLT)
production in supernatants of distal Sl epithelial monolayer cultures following 30 minute
stimulation with 500ng/ml ionomycin or 10mM succinate. Dashed line represents limit of
detection. (J) Tuft cells in the distal SI 7 days post-colonization with 7. musculis. Scale bar:
50um. (K) Quantification of tuft cells in (J). In (B), (D-G) and (K) each symbol represents
an individual mouse from two or more pooled experiments. In (1) symbols are technical
replicates representative of two independent experiments. *p < 0.05, **p < 0.01, ***p <
0.001 by Mann-Whitney (B, D-F, K) or by multiple t tests (G). n.s., not significant. Graphs
depict mean + SEM.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD326 (EpCAM) APC, clone G8.8 BioLegend Cat#118214, RRID:
AB_1134102

Human CD4 PE, clone RPA-T4 BioLegend Cat#300508, RRID:
AB_314076

CD45 BV605, clone 30-F11 BioLegend Cat#103155, RRID:
AB_2650656

CD45 BV650, clone 30-F11 BioLegend Cat#103151, RRID:
AB_2565884

KLRG1 PECy7, clone 2F1/KLRG1 BioLegend Cat#138416, RRID:
AB_2561736

CD3 Percp-cy5.5, clone 145-2C11 BioLegend Cat#100328, RRID:
AB_893318

CD4 Percp-cy5.5, clone RM4-5 BioLegend Cat#100540, RRID:
AB_893326

CD5 Percp-cy5.5, clone 53-7.3 BioLegend Cat#100624, RRID:
AB_2563433

CD8 Percp-cy5.5, clone 53-6.7 BioLegend Cat#100724, RRID:
AB_389326

CD11b Percp-cy5.5, clone M1-70 BioLegend Cat#101228, RRID:
AB_893232

CD11 b AlexaFluor 700, clone M1-70 BioLegend Cat#101222, RRID:
AB_493705

CD19 Percp-cy5.5, clone 1D3/CD19 BioLegend Cat#152406, RRID:
AB_2629815

FceRI Percp-cy5.5, clone MAR-1 BioLegend Cat#134320, RRID:
AB_10641135

NK1.1 Percp-cy5.5, clone PK136 BioLegend Cat#108728, RRID:
AB_2132705

Siglec F APC-Cy?7, clone E50-2440 BD Pharmingen Cat#565527, RRID:
AB_2732831

CD24 Percp-cy5.5, clone M1/69 BioLegend Cat#101824 RRID:
AB_1595491

Ki67 AlexaFluor 488, clone 16A8 BioLegend Cat#652417 RRID:
AB_2564236

Rabbit anti-DCAMKL1 Abcam Cat#ab31704, RRID:
AB_873537

F(ab”)2 goat anti-rabbit 1gG AF594 Invitrogen Cat#A11072, RRID:
AB_2534116

Rabbit anti-5-LO Sigma Aldrich Cat# SAB1410449 RRID:
AB_2819149

Thy1.2 (CD90.2) BV605, clone 53-2.1 Biolegend Cat#140318 RRID:

AB_2650924

ST2(111rlI1) biotin, clone DJ8

MD Bioscience

Cat#101001B RRID:
AB_947551

Rabbit anti-BrdU-AF594

Abcam

Cat#ab220076 RRID:

AB_2819150
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit anti-NFATC2 (NFAT1), clone D43B1 Cell Signaling Technology Cat#5861T RRID:

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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AB_10834808

Rabbit anti-pEGFR (Y1068), clone EP774Y Abcam Cat#ab205827 RRID:
AB_732110

Chemicals, Peptides, and Recombinant Proteins

Recombinant I1L-13 Peprotech Cat#210-13

Recombinant IL-25

R & D Systems

Cat#1399-1L-025

Recombinant 1L-33

R & D Systems

Cat#3626-ML-010

Recombinant IL-7

R & D Systems

Cat#h407-ML-005

Strepavidin PE/Dazzle Biolegend Cat#405248
Vectashield with DAPI Vector Laboratories Cat#H-1200
DNase | Sigma Aldrich Cat#D4513
LiberaseTM Sigma Aldrich Cat#5401127001
TSA Blocking reagent Perkin Elmer Cat#FP1020
DAPI Roche Cat#10236276001
Fc Block BD Biosciences Cat#553141
Accutase Corning Cat# 25058C1
Recombinant murine EGF Peprotech Cat# 31509A
Y27632 Stemcell Technologies Cat# 72302
SB431542 Stemcell Technologies Cat# 72232
Leukotriene C4 Cayman Chemical Cat# 20210
Leukotriene D4 Cayman Chemical Cat# 20310
Leukotriene E4 Cayman Chemical Cat# 20410
Leukotriene B4 Cayman Chemical Cat# 20110
Montelukast Cayman Chemical Cat# 10008318
BrdU BioLegend Cat# 423401
Sodium succinate hexahydrate Alfa Aesar Cat#41983

Critical Commercial Assays

FoxP3 Transcription Factor Staining Kit

ThermoFisher

Cat#00-5523-00

RNeasy Plus Micro Kit Qiagen Cat#74034
SuperScript VILO cDNA Synthesis Kit Invitrogen Cat#11766050
SMARTSseq V4 Ultra Low Input RNA Kit Takara Cat# 634894
Cysteinyl Leukotriene Express ELISA Kit Cayman Chemical Cat#10009291

Deposited Data

RNAseq data files

This paper

GEO: GSE144956

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Laboratory Cat# 000664
Mouse: B6.129P2-Trpm5tm1Dgen/g Jackson Laboratory Cat# 005848
Mouse: B6.129S2-Alox5™m1Fun/j Jackson Laboratory Cat# 004155
Mouse: B6.Cysltr1#m1 Y] Jackson Laboratory Cat#030814
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: B6.Cg-Tg(Vill-cre)1000Gum/J Jackson Laboratory Cat# 021504

Mouse: B6.129P2-Lyz2tmi(cre)ifo/ Jackson Laboratory Cat# 004781

Mouse: B6. /25 are25/Flare25 von Moltke et al., 2016 N/A

Mouse: B6. //135mart13/smart13 Liang et al., 2012 N/A

Mouse: B6.Arg1YARG/YARG Reese et al. 2007 N/A

Mouse: B6.Pou2f3"~ Provided by M. Anderson: Project N/A
1D #V(G18280

Mouse: B6.Tg(Cpa3-cre)3Glli Provided by A. Piliponsky N/A

Mouse: B6.//257- Provided by A. McKenzie, via R. N/A
Locksley

Mouse: B6.//1r/17- Provided by S. Akira, via R. N/A
Locksley

Mouse: Nmurl™t-1(KOMP)Vicg Provided by V. Kuchroo N/A

Mouse: B6.Cysltr1~ Provided by N. Barrett N/A

Mouse: B6.Cysltrz'~ Provided by N. Barrett N/A

Mouse: Alox5-flox This paper N/A

Mouse: Pou2f3-creErt2-eGFP This paper N/A

Oligonucleotides

Rps17gRT-PCR primers: 5’-CGCCATTATCCCCAGCAAG-3’,5’- | Von Moltke et al., 2017 N/A

TGTCGGGATCCACCTCAATG-3’

Cysltrl qRT-PCR primers: 5’- Von Moltke et al., 2017 N/A

TTGAGCCTCCACAGAACAATC-3’, 5’-
TTCCTACGACTTGGCATGTTTT-3’

Cysltr2 qRT-PCR primers: 5’-TGTCACCAGTGTCAGGAGTG-3’,
5-ACTTTTGAGGACTCAGCTCCAA-3’

https://pga.mgh.harvard.edu/
primerbank/

PrimerBank 1D# 19526902al

Ltb4r1 qRT-PCR primers: 5’-CTGATCTGCGCTCCGAACTAT-3’,
5’-TGCGCCCGATGTCAGAGTA-3’

https://pga.mgh.harvard.edu/
primerbank/

PrimerBank ID# 161760677C3

Ltb4r2 qRT-PCR primers: 5’-ATGTCTGTCTGCTACCGTCC-3’, \on Moltke et al., 2017 N/A
5’-AGCTCCATACTACGAAGCCAT-3’

Oxgrl qRT-PCR primers: 5’-CAGCCAGTGATTCGGATTTCC-3’, | Von Moltke et al., 2017 N/A
5’-GCTGGTCAGATACAGCAAGTC-3’

1125qRT-PCR primers: 5’-~ACAGGGACTTGAATCGGGTC-3’,5°- | Von Moltke et al., 2016 N/A

TGGTAAAGTGGGACGGAGTTG-3’

PlaZg4a qRT-PCR primers: 5’-
TGGTGGGATTCTCTGGTGTGA-3’, 5’-
GGAAAATCGGGGTGAGAGTACA-3’

https://pga.mgh.harvard.edu/
primerbank/

PrimerBank ID# 133891677c3

Alox5qRT-PCR primers: 5’-~ACTACATCTACCTCAGCCCATT-3’,
5’-GGTGACATCGTAGGAGTCCAC-3’

https://pga.mgh.harvard.edu/
primerbank/

PrimerBank 1D# 886333al

Alox5ap qRT-PCR primers: 5’-
AGCATGAAAGCAAGGCGCATA-3’, 5’-
GTACGCATCTACGCAGTTCTG-3’

https://pga.mgh.harvard.edu/
primerbank/

PrimerBank ID# 33563242al

Ltc4s qRT-PCR primers: 5’-ATGAAGGACGAAGTGGCTCTT-3’,
5’-CCTGTAGGGAGAAGTAGGCTTG-3’

https://pga.mgh.harvard.edu/
primerbank/

PrimerBank 1D# 20380551al

Lta4h qRT-PCR primers: 5’-
CTGACTTTGGACACAAAAGACCT-3’, 5-
AGATTTCCATCGGTGACCCTT-3’

https://pga.mgh.harvard.edu/
primerbank/

PrimerBank ID# 116734869C2

Software and Algorithms

GraphPad Prism 7

GraphPad Software

N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

FlowJo 10.4.2

Tree Star

https://www.flowjo.com/
solutions/flowjo/downloads
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