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Abstract

Aeroallergen sensing by airway epithelial cells triggers pathogenic immune responses leading

to type 2 inflammation, the hallmark of chronic airway diseases such as asthma. Tuft cells

are rare epithelial cells and the dominant source of IL-25, an epithelial cytokine, and cysteinyl
leukotrienes (CysLTs), lipid mediators of vascular permeability and chemotaxis. How these two
mediators derived from the same cell might cooperatively promote type 2 inflammation in the
airways has not been clarified. Here, we showed that inhalation of the parent leukotriene Cy4
(LTC4) in combination with a subthreshold dose of IL-25 led to activation of two innate immune
cells: inflammatory type 2 innate lymphoid cell (ILC2) for proliferation and cytokine production,
and dendritic cells (DCs). This cooperative effect led to a multiple fold greater recruitement of
eosinophils as well as CD4* T cell expansion indicative of true synergy. While lung eosinophilia
was dominantly mediated through the classical CysLT receptor CysLT1R, type 2 cytokines and
activation of innate immune cells required signaling through CysLT1R and partially CysLTR.
Tuft cell-specific deletion of L#c4s, the terminal enzyme required for CysLT production, reduced
lung inflammation and the systemic immune response after inhalation of the mold aeroallergen
Alternaria; this effect was further enhanced by concomitant blockade of IL-25. Our findings
identified a potent synergy of CysLTs and IL-25 downstream of aeroallergen-trigged activation
of airway tuft cells leading to a highly polarized type 2 immune response and further implicate
airway tuft cells as powerful modulators of type 2 immunity in the lungs.
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One Sentence Summary:

Tuft cells produce LTC,4 and IL-25 which cooperate to induce allergen-driven airway
inflammation.

INTRODUCTION:

Type 2 immunity is a host defense mechanism engaged to expel helminths and to repair
epithelial cell damage from viruses, allergens and particulate matter. Aeroallergens subvert
this system by activating epithelial cells for release of cytokines (IL-25, IL-33 and TSLP)
and danger associated molecular patterns (DAMPs). DAMPs and epithelial cell cytokines
act in concert to stimulate tissue resident DCs, macrophages, and innate type 2 lymphoid
cells (ILC2s) to direct and propagate type 2 inflammation, leading to chronic airway
inflammatory diseases such as asthma and chronic rhinosinusitis (1, 2). Besides the classical
epithelial cell cytokines, multiple studies suggest that DCs and ILC2s are also activated by
lipid mediators (3-5) and neuropeptides (6—-8). While genetic and immunologic studies have
defined barrier epithelial cell pathways that amplify mucosal inflammation, the events that
initiate pathogenic immune recognition are poorly understood.

Airway solitary chemosensory cells are unique epithelial cells that resemble taste bud cells
in their expression of taste signaling molecules and are referred to as tuft cells (9). Unlike
the chemosensory cells in taste buds, tuft cells are scattered as solitary cells in the epithelium
of the upper and large lower airway and are largely absent in the lung except for in the
setting of post-viral remodeling (10, 11). Tuft cells in the trachea are commonly referred

to as cholinergic brush cells (12, 13), while a similar population in the nasal respiratory
mucosa is termed solitary chemosensory cells (SCCs) (14). A much more abundant subset
of chemosensory-like epithelial cells in the olfactory mucosa are named microvillar cells
(MVCs) (15). Tracheal brush cells, nasal respiratory SCCs and nasal olfactory MVCs

share a core transcriptional profile with tuft cells from other tissue compartments —
intestinal, thymic and gallbladder tuft cells — suggesting they belong to one large family of
chemosensory tuft cells (16). Their shared markers include the Ca2* triggered cation channel
TRPMB5, the epithelial cytokine IL-25, the enzyme choline acetyltransferase (ChAT) and

the transcription factor Pou2f3 (13-17). Notably, the transcripts encoding the lipoxygenase
(Alox5, Alox5ap and Ltc4s) and cyclooxygenase (Ptgs1 and Hpgds) pathway enzymes are
core transcriptional features of all tuft cells (9, 16, 18, 19). Tuft cells generate cysteinyl
leukotrienes (CysLTs) ex vivoin response to the mold aeroallergen Alternaria and the

dust mite allergen Dermatophagoides pteronyssinus (16). Furthermore, tuft cell-deficient
Pou2f3™~ mice have reduced eosinophilic lung inflammation after A/ternaria inhalation,
demonstrating a role of tuft cells in directing innate type 2 immunity in the airways (16).
However, the mechanism through which tuft cell-derived CysLTs regulate allergen-triggered
type 2 immunity in the airways has not been defined.

CysLTs are named for their canonical generation by leukocytes recruited or activated in
the setting of established inflammation (20). CysLTs in the inflamed airways derive from
sensitized macrophages (21), IgE-coated mast cells (22), recruited eosinophils (23), and
basophils (24), and platelet-leukocyte aggregates (25). Following receptor-mediated CaZ*
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flux, phospholipase A2 (PLA2a) releases phospholipids at the outer nuclear membrane

to generate free arachidonic acid. The first enzyme of the lipoxygenase pathway, 5-
lipoxygenase (5-LO), oxidizes arachidonic acid in the presence of 5-LO activating protein
(FLAP) to generate leukotriene A4 (LTA,), which is subsequently converted to LTC4

by leukotriene C,4 synthase (LTC4S) (26). LTCy is rapidly exported extracellularly and
converted within minutes to LTD,, which in turn is rapidly metabolized to LTE, (20).
CysLTs exert their effects through three G-protein coupled receptors. CysLT1R has high
affinity for LTD4 (Kd ~ 1 nM), binds LTC, with lesser affinity, and can transduce signals
to LTE,4 (27, 28). CysLT,R binds LTC,4 and LTD,4 at equimolar concentrations (29) and is
resistant to currently available pharmacotherapy targeting CysLT;R. CysLT3R (OXGR1 or
GPR99) is a high affinity receptor for LTE,4 (30). CysLTs potently augment type 2 immune
responses and their role as mediators of bronchoconstriction, vasodilatation and chemotaxis
in established allergic inflammation has been well documented (31).

There is an important role for CysLTs in the initial phase of airway immune responses as
mediators generated upon allergen sensing by DCs (32), macrophages (33) and epithelial
cells (16). These “innate” CysLTs hold emerging biological relevance as drivers of the
polarization of the innate immune response. CysLTs condition DCs to prime Th2 cells after
initial house dust mite inhalation (34) and synergize with IL-33 for ILC2 activation in the
airways through CysLT,R-mediated NFATc translocation relevant to the Alternaria model
of innate airway inflammation (3-5). Similar to CysLTs, IL-25 targets both ILC2s and DCs
in the naive airways. IL-25 specifically induces the expansion of a subtype of inflammatory
ILC2s characterized by high expression of KLRG1 (7, 35). In addition, 1L-25 directly targets
lung-resident DCs leading to CD4* Th2 cell recruitment independent of ILC2 activation
(36, 37). Tuft cells are critically positioned at the luminal side of the airway epithelium at
the interface of contact with allergens. Tuft cells are the dominant source of IL-25 in the
naive airways (13, 38) and generate CysLTs upon allergen sensing (16). Tuft cells direct
both innate and adaptive phase eosinophilic lung inflammation(16). Thus, we wondered
whether the central role of tuft cells in driving airway immunity may derive in part from the
cooperative effect between these mediators, as has been reported in the intestine (39).

Here, we demonstrated that the two principal inflammatory mediators of tuft cells —

LTC4 and IL-25 — synergize to initiate type 2 inflammation in the naive airways.
Subthreshold doses of 1L-25 and LTC,4, when administered in combination intranasally,
induce proliferation of innate immune cells, type 2 cytokine production and recruitment of
eosinophils several fold over either of the mediators alone. Tuft cell-targeted deletion of
the terminal CysLT biosynthetic enzyme, Ltc4s, in Chat“eL tc4s™" mice led to a reduction
in allergen-induced type 2 lung inflammation. Finally, blocking 1L-25 in Chat“"eL tc4s""
mice further reduced the lymph node response to allergen, demonstrating the contribution
of these two tuft cell mediators to developing adaptive immunity. Thus, tuft cells are unique
epithelial effector cells capable of inducing airway type 2 inflammation through synergistic
cytokine and lipid mediator signaling.
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RESULTS:

Exogenous LTC4 amplifies IL-25 induced lung inflammation

The role of tuft cells as initiators of type 2 inflammation was initially attributed to their
production of IL-25 (13, 38, 40). CysLTs are one of the major products of airway tuft
cells after aeroallergen activation ex vivo (16). The interactions between tuft cell-derived
IL-25 and CysLTs in the airways remain unknown. We therefore investigated the effect of
these pro-inflammatory mediators on lung inflammation /n vivo (Fig. 1A). LTC4 alone (at
a concentration of 1.6 nmol) triggered only mild inflammation in naive mice, consistent
with previous studies (41) (Fig. 1B, C). A dose-response of intranasal IL-25 revealed

that decreasing the concentration below the 500 ng previously used for lung inflammation
studies (7, 36) resulted in a precipitous loss of potency to induce eosinophilic inflammation
(Fig. S1A). Specifically, 100 ng of IL-25 induced 15-fold lower eosinophilia than 500 ng
(Fig. S1A).

When combined with LTC, low dose 100 ng IL-25 led to a 2-fold increase of CD45*

cells in the lung over either mediator alone (Fig. 1B). This was associated with a notable
inflammatory infiltrate in the peribronchial and perivascular space (Fig. S1B). Eosinophils
were the most abundant inflammatory cells in the perivascular infiltrate in the lung (Fig.
S1C). The combination of IL-25 and LTC, led to a 47-fold increase of eosinophils compared
to IL-25 alone and 59-fold change compared to LTC,4 alone (Fig. 1C) suggestive of a
synergistic effect of the two tuft cell mediators, multiple fold increase rather than cumulative
effect. To determine if this effect is driven by innate immune cells, we first assessed the
ILC2 compartment (Fig. S1D) for changes in response to IL-25 and LTC,4, we detected a
population of KLRG1* ICOS* Thy1.2* ILC2s, similar to the previously described IL-25
dependent inflammatory ILC2s (35) (Fig. 1D). Inhaled low dose 1L-25 was insufficient to
induce this ILC2 subset, but the addition of LTC, led to a 4-fold increase in inflammatory
KLRG1*ILC2 numbers compared to IL-25 and 6-fold increase compared to LTC,4 alone
(Fig. 1E). The ILC2 expansion was specific to inflammatory KLRG1*ILC2s, as we did not
detect a significant change in the number of any of the subsets of KLRG1~ILC2s (Fig.
S1E). To determine if the expansion of ILC2s was driven by recruitment or proliferation,
we evaluated Ki67 expression in the lung. Ki67* cells accounted for 80% of the KLRG1*
ILC2s (Fig. S1F) and their numbers increased 5-fold compared to I1L-25 alone and 18-

fold compared to LTC, alone (Fig. 1F, G) with a smaller but significant increase in
Ki67*KLRG1ILC2s (Fig. S1G). Intracellular staining for IL-4, IL-5 and I1L-13 confirmed
a significant increase in type 2 cytokine generation by ILC2s (Fig. 1H, | and Fig. S2A).
Consistent with the selective effect of LTC4/IL-25 synergy on KLRG1* ILC2s, we found
that this ILC2 subset exhibited the most prominent increase in ILC2 cytokine production
(Fig. 1H, I and Fig. S2A, B).

Whole lung protein evaluation further confirmed a polarization of the immune response:
LTC4 + IL-25 augmented type 2 cytokine production over PBS or either mediator alone,
with significant increases of three type 2 cytokines in lung homogenates — IL-4 (6-fold),
IL-5 (18-fold) and IL-13 (8-fold compared to IL-25 alone) (Fig. S2C). In addition to type
2 cytokines, we detected a significant increase in lung IL-6 and a small but significant
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augmentation of TNF-a in whole lung homogenates (Fig. S2D). The type 1 cytokine

IFN-y was undetectable and I1L-17 family member cytokines were not induced (Fig. S2E).
Intriguingly, while neither LTCy4 nor IL-25 alone influenced the lung levels of IL-33 protein,
when administered together, they caused lung IL-33 to double (Fig. S2F), suggesting

that this pathway might act as a “primer” for increased local production of multiple
inflammatory cytokines.

Consistent with the observed increase in IL-13, the combination of LTC4 and IL-25 induced
lung remodeling with significant goblet cell hyperplasia (Fig. 1J, K). Unexpectedly, despite
the clear induction of lung IL-13, the number of DCLK1™* tuft cells assessed in whole
tracheal mounts did not change (Fig. S2G). To determine if tracheal tuft cells proliferate in
response to 1L-13 as reported for nasal respiratory tuft cells (43), we administered 1L-13
intraperitoneally and assessed the tuft cell numbers by DCLK1 immunoreactivity 5 days
later. We found a clear increase of tracheal tuft cells after IL-13 intraperitoneal injections
(Fig. S2H, ). Thus, the dissociation of 1L-13 dependent goblet cell hyperplasia from the
lack of tuft cell proliferation in the early time points of LTC4+1L-25 synergy likely reflects
distinct pathways that regulate goblet cell and tuft cell remodeling in the airways.

In addition to the induction of ILC2-dependent pathways, the cooperative effect of 1L-25
and LTC4 also induced CD4* T cell proliferation, leading to increased numbers in the lung
(Fig. 1L and S1H). However, we detected no changes in the number of CD8* T cells or
macrophages, and only a marginal increase in neutrophils (Fig. S11-K).

Finally, the IL-25/LTC, increase in lung eosinophilia and inflammatory ILC2 expansion was
associated with an expansion of pulmonary DCs (Fig. S1L), particularly the CD301b* subset
with 6 fold increase compared with 1L-25 and 11-fold increase compared with LTC,4 (Fig.
1M). This is consistent with the reported expression of both CysLT receptors and the IL-25
receptor on DCs and their role in DC activation (42). This provided further evidence that
LTC4 and IL-25 activate multiple innate immune cells (ILC2s and DCs) to create an effect
that is multiple fold beyond the effect of either mediator alone indicative of true synergy.

To determine if all three CysLTs (LTCy4, LTD4 and LTE,4) can cooperate with 1L-25, we
administered each alone and in combination with IL-25. Although all three products could
potentiate the effect of IL-25 and increase the number of ILC2s (Fig. S3A), LTC,4 was the
dominant CysLT to promote the aggregate response of CD301b* DC expansion (Fig. S3B),
eosinophil (Fig. S3C), and CD4* T cell recruitment (Fig. S3D).

Together, these data demonstrated that two pro-inflammatory and airway remodeling
pathways can be triggered by the tuft cell mediators IL-25 and LTC,4. The presence

of LTC, dramatically reduced the I1L-25 dose required to induce robust type 2
inflammation. Furthermore, tuft cell mediators at low dose, likely similar to those generated
physiologically, acted in synergy to activate multiple immune cell subsets including ILC2s
and DCs to effectively skew innate inflammation to a type 2 phenotype.

Sci Immunol. Author manuscript; available in PMC 2022 June 24.
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The synergy of LTC4 and IL-25 is cooperatively mediated by CysLT{R and CysLT,R.

To define the CysLT receptors responsible for mediating the cooperative effect of I1L-25

and LTCy, we evaluated the response in three strains of mice, each lacking one of the

three CysLT receptors. This allowed us to account for both the direct effect of LTC4

on CysLT{R and CysLT5,R and of the biosynthetic products LTD4 and LTE,4. We found
abrogation of lung inflammation and eosinophil recruitment in Cys/tr”~ mice (Fig. 2A,

B) with marginal reduction of eosinophil counts in Cys/tr2”~ or Cysltr3™~ mice (Fig. 2A,
B). While the percent of KLRG1*ICOS*Thy1* ILC2s was unaffected, the total number

of these inflammatory 1LC2s was reduced in both Cys/tr1™~and Cysltr2”~ mice (Fig.
2C-E) consistent with an effect of CysLTs on ILC2 proliferation. Inflammatory CD301b*
DCs were reduced in Cys/tr1™~, with a non-significant trend toward reduction in Cys/tr2”~
mice (Fig. 2F). Finally, type 2 cytokines were significantly reduced in both Cysltr17~

and Cys/tr2~ mice, with a predominant reduction in Cys/trI”~ mice (Fig. 2G). While
CysLT1R deletion significantly abrogated the effect of LTC,4 and I1L-25 on lung eosinophil
recruitment and partially reduced the expansion of ILC2s, deleting both LTC,4 receptors and
the IL-25 receptor IL17RB is likely required to completely abolish the effect of the potent
LTC4/IL-25 synergy. Collectively, our data highlighted the complexity of the CysLT system
and implicated two receptors in the effects of LTC,4 on target cells.

ChAT-mediated targeted deletion of Ltc4s selectively ablates tuft cell generation of CysLTs.

To assess the epithelial and immune effector circuit regulated by CysLTs, we generated
Ltc4s™f mice to enable conditional deletion of Lc4s. We opted to use a ChATC™-driven
reporter to target airway tuft cells because of its ubiquitous expression in all subsets—
olfactory nasal, respiratory nasal and tracheal (12, 16, 44, 45). We first characterized

the distribution of Chat"étd Tomato cells in situ. Whole mount evaluation of the nasal
mucosa demonstrated a high concentration of ChATC"tdTomato* (tuft) cells in the olfactory
portion and scattered, solitary cells in the respiratory portion, consistent with the expected
distribution of tuft cells in the nose (Fig. S4A)(16, 44). In the lower airways, we found

rare ChATC"tdTomato* epithelial (tuft) cells limited to the trachea (Fig. S4A) similar to
what we observed in ChAT-eGFP mice (12, 13, 45). As previously reported, we found

no ChATC"tdTomato™ cells beyond the trachea in the naiive mouse airways (10, 44). By
FACS, we identified a distinct population of EpCAMN8NtdTomato™ cells in the nasal mucosa
that accounted for 1-2 % of live cells, similar to our previous findings for frequency

of nasal tuft cells (Fig. S4B, C)(16). We then sorted these cells and compared them to
EpCAMN9TdTomato™ cells from the same mice (Fig. 3A, B).

Since fluorescent reporter expression could interfere with the function of the target cells, we
used a strategy to isolate tuft cells from WT mice as we previously reported based on their
high EpCAM and low CD45 expression (16) (Fig. S4D). Because our previous studies and
current observations of the shape of tuft cells suggested that >95% of nasal tuft cells are
small globular cells (Fig. S4A)(16), we further restricted our gating to the FSC'oWSSClow
subset to exclude any non-tuft EpCAMNAN cells. To validate this subset transcriptionally, we
sorted EpCAMNINCDA5IOWESCIOW cells from L tc4s™ mice. We also sorted similarly sized
EpCAMNiGN and EpCAMINEM cells by bulk RNAseq to define the tuft cell transcriptome
expression in each subset.

Sci Immunol. Author manuscript; available in PMC 2022 June 24.
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To define the relationship of nasal tuft cells to tracheal tuft cells, we compared the
expression profile of EpCAMNINChATCetd Tomato cells from ChatC"etd Tomato mice and
EpCAMNINCDA510W and EpCAMNINCDA5™ cells from Lic4s™ mice to the tracheal

tuft cell signature defined by scRNAseq (9). EpCAMNINChATCTomato™* cells and
EpCAMNIINCD45!oW cells were highly enriched for tuft cell-specific transcripts while
EpCAMNYNCDA5 likely represent a less pure mix of tuft cells and epithelial cells (Fig. 3A,
Fig. S4F). Although CD45 expression allows for the isolation of a relatively pure population
of tuft cells, not all tuft cells express CD45. Both strategies to isolate tuft cells yielded

cell populations that highly expressed the tuft cell-specific genes 7rom5, Avil, and Pou2f3
and enzymes in the CysLT biosynthetic cascade, including Alox5, Alox5ap and Lic4s (Fig.
3A). Thus, the abundant nasal epithelial Chat-expressing cells were highly transcriptionally
similar to the rare tracheal tuft cells.

We then crossed the £ tc4s™ mice to Chat“"® and Char“"td Tomato mice to specifically
delete Ltc4sin ChAT-expressing cells. Tuft cell numbers in the nose did not

differ significantly between WT mice and mice with conditional Lzc4s deletion in

tuft cells (Fig. S4C, E). Principal component analysis revealed that tuft cells from

WT mice (Chat“"etdTomato and L tc4s"™) and mice with L tc4s conditional deletion
(Chat®"td TomatoL tc4s™ and Chat®"eL tc4s™™) clustered together (Fig. 3B, S4F). This
highlighted the lack of significant transcriptional alterations in tuft cells or other EpCAM*
populations in the nose due to L#c4s conditional deletion. Focusing on tuft cells
specifically, we found that Lzc4swas the most differentially expressed gene in mice with
conditional expression of this gene (Fig. 3C, S4G). Lfc4s expression was 90% reduced

in EpCAMNSNChATCeTomato* tuft cells from CharCetdTomatol. tc4s™ mice and 95%
reduced in the tuft cell enriched EpCAMMINCDA5* cells of Char“"eL tc4s™ mice (Fig. 3D).
Despite the efficiency of Lfc4s deletion, we found very limited change in the homeostatic
transcriptional profile of tuft cells besides Ltc4s (Fig. 3C, S4G-H).

Cholinergic neurons are the best characterized Chat-expressing cells (46). Therefore, to
account for possible Chatand Ltc4s co-expression in the central and peripheral nervous
system, we interrogated published sScRNAseq datasets of the mouse central and peripheral
nervous system and detected no expression of Lzc4sin the main Chat-expressing populations
of the nervous system — motor neurons and visceral motor neurons (Fig. S5A). In the
nervous system, Lfc4swas only expressed in immune cell populations. Chat expression

in immune cell subsets is reported in CD8* and CD4™ T cells (47) and lung ILC2s (48).
Among hematopoietic cells in the airway mucosa, Lic4sis reported in macrophages, DCs,
eosinophils, basophils and mast cells (21-24, 32). To confirm that Lfc4s expression was
not affected in macrophages and DCs, we isolated both immune cell subsets from L tc4s™
and Chat®"eL tc4s™ mice (Fig. S5B). Macrophages expressed L fc4s at similarly high levels
as tuft cells with no reduction in Lzc4s expression in Chat“eL tc4s mice (Fig. 3E, S5C).
DC expression of L#c4swas lower than that of macrophages and tuft cells, and was not
significantly affected in Chat“"eL tc4s™ mice (Fig. S5C).

Next, to better define the specificity of Lc4s deletion, we evaluated the expression of Ltc4s
mMRNA in the trachea and nose using /n situ hybridization in combination with an antibody
cocktail to clearly mark the tuft cells in the airways (Fig. 3F). In the trachea, we detected

Sci Immunol. Author manuscript; available in PMC 2022 June 24.
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a high number of L#c4s mMRNA organized “puncta” in the epithelium and very rare Ltc4s
expressing cells in the submucosa (Fig. 3F). Far more Ltc4s" cells were detected in the nasal
epithelium than in the trachea, consistent with our observation of higher numbers of tuft
cells in the nasal mucosa (Fig. 3F, S4A). Organized nasal epithelial L{c4swas limited to tuft
cells (Fig. 3F). There was a dramatic reduction in epithelial Lfc4s mRNA in both the nose
and in the trachea of Char“eL tc4s"" mice (Fig. S5D). Since we detected few Lzc4s* cells
outside of the epithelium in the nose and trachea (Fig. 3F and S5E), we did not quantitate the
extraepithelial Ltc4sexpression. Taken together, our data indicated that ChATCe-mediated
deletion of Lfc4s effectively ablated expression of the Lzc4stranscript in tuft cells without
an appreciable effect on other epithelial, neuronal, or immune cell subtypes in the upper and
lower airways.

To probe more specifically for an effect of Lzc4s deletion on the expression of other
eicosanoid biosynthetic enzymes, we compared the transcriptional profile of tuft cells,
epithelial cells, macrophages, and DCs across control (Chat“"¢tdTomato and L tc4s™"
mice and mice with tuft cell-specific deletion of Ltc4s (Chat“"etdTomatoL tc4s"

and Chat“"eL tc4s™"™). Expression of cyclooxygenase (Ptgsl, Plgs2, Hpgds, Ptgis) and
lipoxygenase (Aloxbap, Alox5, Alox5ap, Lta4h) enzymes in tuft cells was not affected

by Ltc4s deletion (Fig. 3G). Furthermore, the expression of //25and its receptor, //17rb,
was not reduced by the tuft cell-specific deletion of Lfc4s (Fig. 3G). The homeostatic
expression of eicosanoid biosynthetic enzymes in EpCAM® cells in the nose (Fig. 3G) or
in nasal macrophages or DCs also remained unaltered (Fig. S5C). Finally, we investigated
whether Alternaria-induced activation of tuft cells might trigger /n vivo reprogramming of
the eicosanoid biosynthetic transcriptome or other tuft cell mediators, as a similar response
is reported in macrophages sensitized to house dust mite (21). To this end, we administered
a single intranasal A/ternariainhalation to Chat“"etd Tomato and Chat“"etd TomatoL tc4s™
mice and assessed the tuft cell transcriptional profile 1 day or 3 days after allergen
challenge (Fig. S6A). Surprisingly, we found no differential expression changes in any of
the eicosanoid biosynthetic transcripts, //25, 1/17rbor Chat (Fig. S6B). Thus, the plasticity
of the eicosanoid machinery described in macrophages (21) did not appear to extend to the
tuft cell on the transcriptional level. Collectively, we found that ChATC"-mediated deletion
of Ltc4s specifically targets Lic4sexpression of tuft cells, with minimal effect on the tuft
cell transcriptional profile and with no appreciable effect on Lfc4s expression of neighboring
immune cells.

To confirm that the Lfc4stranscript deletion leads to a specific impairment of CysLT
generation, we isolated nasal tuft cells from ChatC"e, Ltc4s™"" and Chat"eL tc4s™ mice
and assessed their responses to CaZ* ionophore and the physiologic tuft cell stimulus ATP
using an ex vivo stimulation assay (16) (Fig. S7A). Tuft cells isolated from both Charc"e
and Lzc4s™f mice generated high levels of CysLTs in response to Ca%* ionophore (A23187),
and this response was almost entirely absent in tuft cells from Chat“"eL tc4s"" mice (Fig.
4A). CD45* cells isolated from Ltc4s™"" and Chat“"eL tc4s™"" mice stimulated with Ca2*
ionophore generated CysLTs at comparable levels, confirming the specificity of Lic4s
deletion to tuft cells (Fig. 4B). Stimulation with ATP similarly elicited CysLT generation

in tuft cells isolated from Ltc4s™" but not from ChatC"eL tc4s™ mice (Fig. 4C). Consistent
with the RNAseq data demonstrating preserved cyclooxygenase biosynthetic transcripts, tuft
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cells from ChatC"eL tc4s™f mice stimulated with both CaZ* ionophore and ATP generated
PGD; at levels comparable to tuft cells sorted from Lzc4s"" and Chat“"® mice (Fig. 4D, E).

To determine how allergen sensitization in the presence or absence of tuft cell Ltc4s affects
the eicosanoid biosynthetic capacity in the airways, we administered a single dose of
Alternariato naive mice, sorted tuft cells and immune cells 36 hours later and stimulated
them ex vivo with Ca2* ionophore. The tuft cell CysLT generating capacity did not change
after Alternaria challenge and the Chat“"® mediated L tc4s deletion consistently ablated
CysLTs derived from tuft cells (Fig. S7B). We found an inconsistent trend towards higher
PGD, generation in tuft cells sorted from Alternaria-challenged mice, which might be
affected by Ltc4s deletion (Fig. S7C).

We then assessed how the CysLT and broader eicosanoid generating capacity of Lic4s
sufficient and deficient tuft cells compares to that of nasal macrophages, lung alveolar
macrophages and Alternaria-recruited lung eosinophils by ELISA (Fig. S7TB-F), lipidomics
(Fig. 4F) and targeted lipid chromatography/mass spectrometry (LC-MS/MS). Tuft cells,
nasal and lung macrophages generated the same levels of CysLTs upon maximal stimulation
with Ca2* ionophore (Fig. 4F, S7B, D, E, G). CysLT production by recruited eosinophils
was much lower, although notably we did not specifically use eosinophil survival factors in
these assays (Fig. S7F, G), which might explain the discrepancy with published literature on
CysLT generation by eosinophils. Lic4s deletion in tuft cells affected the Alternaria-induced
reprograming of nasal but not lung macrophages (Fig. S7D, E). When we assessed the levels
of eicosanoids using lipidomics, we found that LTC,4 generation by tuft cells far exceeded
that of macrophages (Fig. 4F) while targeted LC-MS/MS demonstrated similar levels (Fig.
S7G) suggesting variability depending on the method used. Importantly, using two different
methods of verification, we found that the specificity of ELISA for CysLTs generated by tuft
cells was high (Fig. 4A, 4F, S7G). This likely reflects the high selective generation of LTC4
by tuft cells.

Tuft cells are the dominant source of Alternaria-triggered nasal CysLTs in mice with
deletion of the tuft cell-specific transcription factor PouZ2f3 (16). Here, intranasal Alternaria
administered Jn vivoto Ltc4s™"" mice induced generation and luminal release of CysLTs
into the nasal lavage fluid 30 min after inhalation while the level of CysLTs detected in the
nasal lavage 36 hours later was not different between PBS and A/ternaria challenged mice
(Fig. 4G). Nasal CysLTs were significantly reduced in Chat“"eL tc4s™ mice, confirming
that Lzc4s expressed in tuft cells is a critical contributor to the innate nasal LTC,4 generated
upon allergen recognition (Fig. 4G).

Collectively, these data demonstrated that Char"é-mediated deletion of L tc4s specifically
ablated the ability of tuft cells to generate CysLTs but did not alter their numbers,
transcriptional profile, or potential to sense environmental danger signals and respond with
generation of eicosanoids. Furthermore, our data conclusively defined LTC, as the dominant
tuft cell-derived eicosanoid and tuft cells as a major source of LTC, in the uninflamed nasal
mucosa.
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Alternaria-induced ILC2 and DC expansion depends on tuft cell-derived CysLTs.

To determine how tuft cell-derived CysLTs regulated the airway immune response to inhaled
allergens, we administered the aeroallergen A/ternaria intranasally to control mice (L fc4s™")
and mice with conditional deletion of L#c4sin tuft cells and evaluated the lung infiltrate

3 days later at a time point we had previously defined to be dependent on CysLTs (13)

(Fig. 5A). Alternaria-induced lung inflammation was reduced in Chat“"eL tc4s™"" mice

(Fig. 5B), and surprisingly, we found a decrease in the lin"Thy1* ILC2s, which in this
model are primarily IL-33 driven (49) (Fig. 5C, D). The accumulation of KLRG1*ICOS*
ILC2s was reduced in Alternaria-challenged ChatC"eL tc4s™"" mice (Fig. 5E). As observed

in our pharmacologic model, we found a reduction in the recruitment of DCs to the lung
(Fig. 5F). Thus, in an aeroallergen-triggered airway inflammation model where CysLTs are
produced early in the tissue response, the targeted deletion of CysLT generation in tuft cells
diminished the local activation and expansion of two critical innate immune cell types.

We considered the possibility that IL-25 generated in response to A/ternaria (50) might
activate tuft cells directly through IL17RB, which is highly expressed in tuft cells(Fig. 3G),
to induce CysLT generation (13, 16). To probe if IL-25 signaling might be disrupted in the
absence of endogenous CysLTs, we administered high dose of 1L-25 (500 ng sufficient to
induce /n vivo activation of ILC2s and DCs, Fig. S1A), to WT and mice with germline
deletion of Ltc4s (and account for all possible sources of LTC,). Intranasal 1L-25 induced
ILC2 expansion and activation as well as DC recruitment and tuft cell number increase in
the trachea, all of which were intact in Ltc4s™~ mice (Fig. S8A-C). To further probe if the
synergy of LTC,4 and IL-25 might be disrupted by tuft cell specific deletion of Lic4s, we
administered LTC,4 and IL-25 alone or in combination (as in Fig. 1A) to ChatCeL tc4s"
mice. Lung eosinophilia, ICOS*KLRG1* ILC2 expansion and DC expansion and lung type
2 cytokines were induced in the Chat€"eL tc4s" mice cooperatively by LTC4 and IL-25,
similar to what we observed in WT mice (Fig. S8D-H). The preserved response to IL-25 in
the absence of LTC,4S suggests that IL-25 activation of tuft cells through IL17RB for CysLT
production is not a major contributor to the tuft cell proinflammatory function.

Alternaria inhalation leads to both lung inflammation and tracheal epithelial remodeling
with tuft cell expansion that is dependent on endogenous CysLTs (13). Here, we found that
Alternariainhalation led to expansion of tuft cells in the trachea of WT L #c4s™f mice, while
no tuft cell expansion was observed in ChatC"eL tc4s™ mice (Fig. 5G, H). Tuft cell-specific
deletion of CysLTs was associated with a higher baseline number of tuft cells, which was
consistent with our previous data in Lzc4s”~ mice and points to the tuft cell as the major
source of CysLTs that regulate tracheal remodeling (13). Collectively, we demonstrated that
endogenously generated CysLTs from tuft cells are required for both inflammation and
airway tissue remodeling in response to Alternaria.

Early lung eosinophilia and systemic immune response triggered by Alternaria depend on
tuft cell derived CysLTs.

To further define the steps of the local and systemic immune response that depend on tuft
cell-derived CysLTs, we evaluated the early response to Alternaria 24 hours after a single
intranasal inhalation (4, 16, 51) (Fig. 6A). Alternaria-triggered bronchoalveolar lavage
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(BAL) eosinophilia was induced in £ fc4s™f mice at 24 hours and significantly reduced

in Chat“"eL tc4s"" mice (Fig. 6B). The low-level recruitment of neutrophils at this time
point was not affected by the deletion of L#c4sin tuft cells (Fig. 6B). The 70% reduction
of BAL eosinophilia in Chat“"eL tc4s™"" mice was similar to the reduction we reported in
tuft cell-deficient Pou2f3 7~ mice (16). Mice with germline deletion of Lzc4shad a similar
degree of reduction in eosinophilia to Chat“eL tc4s™" mice, with marginal effect on the
variable rapid lung neutrophil recruitment (Fig. S9A).

To evaluate the relative contribution of tuft cell derived CysLTs to the systemic immune
response, we also assessed the lymph node for immune cell expansion 24 hours after a
single dose of Alternaria. We compared mice with tuft cell-specific deletion of L#c4sto tuft
cell-deficient Pou2f3 ~~ mice to account for differences attributable to other tuft cell-derived
mediators, including IL-25 and PGD,. The Alternaria-<licited lung draining lymph node
hyperplasia was significantly reduced in Chat“"eL tc4s™"f and Pou2f3 7~ mice with reduced
accumulation of CD4* and CD8* T cells and B cells (Fig. 6C). We found an even larger
reduction in lymphocyte recruitment in mice with germline deletion of Lzc4s™~ suggesting
that an additional source of CysLTs is engaged by Alternaria (Fig. S9B). Acetylcholine can
also contribute to the regulation of Alternaria-elicited lung inflammation (48). To ensure
that the effects of Char“"® -mediated L fc4s deletion here did not result from dysfunctional
ChAT, we assessed the Alternaria-induced response in Chat“" mice and found that their
ability to mount local lung and systemic responses was not altered (Fig. SO9C, D). Thus, tuft
cell-derived CysLTs direct both local and systemic allergen-triggered early innate responses.

Finally, to determine if synergy of CysLTs and IL-25 contributed to the integrated Alternaria
airway response, we combined antibody inhibition of I1L-25 with deletion of tuft cell-derived
CysLTs and assessed the lymph node and lung response (Fig. 6D). In the lymph node, the
combination of IL-25 antibody blockade and tuft cell CysLT deletion effectively ablated

the Alternaria-induced lymph node hyperplasia with additive effects on CD4* T cells,

CD8* T cells and B cell accumulation (Fig. 6E). Notably, this effect was most pronounced
for CD4* T cells where we found a statistically significant difference of adding IL-25
blockade to CysLT deletion. Importantly, although DC migration was only marginally
reduced in Chat“"eL tc4s™ mice, adding 1L-25 blockade led to a much more significant
reduction of DC migration (Fig. 6E). In the lung, the reduction in eosinophils observed in
Chat®"eL tc4s™" mice only reached statistical significance when 1L-25 antibody was given
to mice with tuft cell CysLT deletion (Fig. 6F). There was no additional effect of IL-25
blockade on B or T cell recruitment or on ILC2 accumulation in the lung when compared to
CysLT deletion in tuft cells (Fig. 6F).

In summary, we found that despite their relative rarity in the airways, tuft cell derived
CysLTs were required for eosinophilic inflammation throughout the lungs and contributed
to the development of the systemic immune response to aeroallergens. CysLTs and IL-25
cooperatively regulated the lymph node response to A/lternaria while an 1L-25 blocking
antibody did not reduce the lung inflammation induced by A/ternaria.
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DISCUSSION:

Tuft cells are sentinel airway epithelial cells positioned to sense inhaled antigens with apical
tuft-like projections extending into airway lumen. Their role in immune responses was
obscure until they were found to be the dominant source of intestinal I1L-25 (38, 40, 52).
We recently demonstrated that airway tuft cells are an important source of CysLTs (16).
Our findings here reveal that these two tuft cell-derived mediators cooperatively promoted
aeroallergen-triggered airway type 2 inflammation. Synergy of 1L-25 and LTC, induced
ILC2 proliferation and activation for cytokine production, DC, T cell, and eosinophil
recruitment. Although signaling through CysLTR was necessary for tissue eosinophilia,
signaling through CysLTR and partially through CysLT,R — the latter resistant to available
pharmacotherapy — was required for the full cooperative effect of LTC,4 and IL-25. Finally,
in an integrated Alfernaria-elicited aeroallergen model, IL-25 and tuft cell-derived CysLTs
cooperated to direct the systemic lymph node response to Alternaria. These findings
uncovered how inflammatory lipids, produced by the epithelium, synergize with epithelial
‘alarmin’ cytokines to drive cascades of type 2 inflammation in response to inhaled
aeroallergens.

The tuft cell mediator IL-25 induces mild ILC2 activation unless it synergizes with
neuromedin U to promote type 2 lung inflammation with 80 % eosinophil predominance (7).
Here we identified a new IL-25 promoting pathway: LTC,4 cooperates with very low dose of
IL-25, that is insufficient to induce inflammation independently. We found that decreasing
the dose of inhaled 1L-25 led to an exponential drop in the ability of this cytokine to activate
ILC2s and DCs /n vivo. However, simultaneous exposure to LTC,4 and IL-25 triggered

a dramatic 47-fold increase in lung eosinophils, proliferation of 80% of inflammatory
ILC2s, DC expansion and goblet cell hyperplasia. Hence, tissue signals that lead to the
concomitant generation of LTC4 and IL-25 can greatly promote lung inflammation. Airway
tuft cells are equipped with the machinery to generated both LTC,4 and 1L-25 and with the
sensing machinery to respond to multiple environmental antigens: bitter tasting agonists

and bacterial compounds (53-55), formylated bacterial peptides (56), ATP (16, 53, 57, 58)
and allergens (16). Furthermore, upon activation, tuft cells also generate the neuromediator
acetylcholine (56, 59). Through these mediators, tuft cells can activate neighboring epithelial
cells for antimicrobial release (58), sensory neurons for control of respiratory reflexes

and mast cell activation (12, 60) and innate immune cells for cytokine production (39).

This highly potent pro-inflammatory program requires tight control to prevent uncontrolled
inflammation in response to innocuous inhaled particles.

The temporal and spatial segregation of proinflammatory mediators derived from tuft cells
is likely critical to their regulation. Alternaria-licited CysLTs in the airway lining fluid
peaked 30-60 min after intranasal challenge and is undetectable thereafter (16, 50), while
IL-25 is detected 12 hours after Alternaria challenge(50). It is likely that the level of

IL-25 generated in response to Alternaria early on is much lower to limit its potential to
trigger unchecked inflammation. The presence of CysLTs at the early time points after
Alternaria inhalation renders these low doses of IL-25 highly inflammatory. Interestingly,
IL-25 is selectively secreted on the apical surface of cultured human airway tuft cells (43)
and undetectable on the basal surface positing that spatial control might also be critical
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to maintaining homeostatic segregation. These studies demonstrate that several mediators
derived from tissue resident cells promote the effect of IL-25 on type 2 immunity and
suggest that 1L-25 effects are tightly regulated, likely to limit their pathogenetic potential.
Moreover, spatial segregation also plays an important role in directing CysLT responses in
the airways. The availability of CysLT ligands in proximity to their respective receptors

is tightly controlled by the surface membrane expression of the enzymes that rapidly
convert LTCy4 to its products LTD4 and LTE,4. Furthermore, CysLT1R and CysLT,R receptor
expression on immune and structural cells in the vicinity of their short-lived ligands (LTC4
and LTD,) provides an added layer of regulation of the CysLT receptor-ligand interactions.

Our study leaves several questions unanswered. In our pharmacologic model, IL-25
cooperated with LTC, for ILC2 proliferation after Alternaria. In our allergen-challenge
model, CysLTs were required for ILC2 proliferation, but we found no further decrement in
ILC2 proliferation by I1L-25 antibody blockade. This might be because CysLTs act upstream
of 1L-25, which is consistent with our previous findings of LTE,4 acting upstream of IL-25
(13). Alternatively, the lack of additional effects of IL-25 blockade on lung ILC2s might
be explained by the dominant effect of 1L-33 in Alfernaria-induced lung inflammation

and its cooperation with LTCy4 (3, 5). Notably, 1L-33 can be released from platelets in
response to LTC, activation of CysLTR (41, 61-63). This loop might serve as a bypass of
the IL-25/LTC4 synergy in the lung. The specific interactions of epithelial cytokines with
CysLTs in the innate and chronic phase of allergic inflammation in the complex models of
aeroallergen-induced innate and adaptive responses remain to be fully explored.

In contrast to the limited effect of IL-25+LTC,4 synergy on lung ILC2 proliferation, we
found that the lymph node response to Alternaria is almost completely ablated when both
CysLTs and IL-25 are inhibited. This is likely due the cooperative effect of IL-25 and

LTC,4 on DC migration to the draining lymph nodes. DC activation by tuft cells might be
direct as they respond to both CysLTs and 1L-25 (34, 36, 37). Alternatively, this synergy
might be mediated indirectly through sensory neuron-derived substance P (8) or CGRP (64),
both of which can activate DCs for lymph node migration. Importantly, tight functional
connections to substance P* and CGRP* sensory nerves are among the best described
features of both tracheal tuft (brush) cells (12) and nasal tuft (solitary chemosensory) cells
(60). Furthermore, CysLT2R is highly expressed in airway innervating sensory nerves and is
directly activated by LTC,4 (65-68) providing a possible tuft cell-sensory neuron-DC axis to
promote type 2 inflammation in the airways.

Our study provides insights into how airway tuft cells promote allergic inflammation, but

it does not locate the site of allergen recognition and initiation of the immune response.
While the lung is the most accessible organ to study airway inflammation, most allergic
airway inflammation models use intranasal instillation of allergens. Tuft cells are much more
abundant in the nose (16, 44), rare in the naive mouse trachea (~0.1% of epithelial cells)
(13), and extremely rarely found in the naive mouse lung (10). How nasal olfactory and
respiratory versus tracheal tuft cells contribute to DC conditioning for Th2 priming directly
and indirectly (33, 34) remains to be explored.
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Our lipidomics analysis demonstrated that LTC4 was by far the most dominant eicosanoid
generated by tuft cells and an important contributor to the overall CysLT generating capacity
in naive airways. Re-programmed macrophages, recruited eosinophils, and expanded mast
cells likely account for the bulk of CysLTs generated in the chronic phase of allergic
inflammation but tuft cells are a critical source in the early phase of allergen recognition.
Unexpectedly, we found that tuft cell expression of eicosanoid biosynthetic enzymes and
generation of eicosanoids is unchanged after activation with A/ternaria. Macrophages are
highly transcriptionally plastic after house dust mite sensitization (21). Further studies are
needed to determine if tuft cell derived PGDo, in the setting of established inflammation,
critically contributes to type 2 inflammation or modulates epithelial proliferation.

While the pharmacological synergy of IL-25 with LTC, for type 2 immunity suggested that
both are central mediators produced by tuft cells, we cannot exclude the possibility that
LTC, from tuft cells might have broader effects on immune responses beyond this specific
interaction. Tuft cells are also prominent sources of acetylcholine, which can be generated
in response to formylated peptides (56). A population of Chat-expressing ILC2s that also
express cholinergic receptors is specifically induced by Alfernaria in the lung (48). Thus,
an interaction between acetylcholine and CysLTs might further augment the activation of
ILC2s. Interestingly, although both Chatand Litc4s are widely expressed in diverse immune
subsets, only tuft cells uniquely co-express both markers, further expanding the possibility
of a functional importance of this co-localization.

In summary, our data provided evidence of a system of allergen-triggered responses in the
airways. Notably, in mouse models, the most dramatic increase in airway tuft cell numbers
is found in the recovery phase of influenza infection (11). In human airway diseases, CysLTs
are found in the BAL of infants with RSV bronchiolitis (69-71) and IL-25 is induced by
viral exacerbations of asthma (72). Beyond allergen recognition, this system may also play
decisive roles in other airway diseases associated with 1L-25 and CysLT production.

MATERIALS AND METHODS

Study design

The aims of this study were to define the role of two of the major tuft cell-derived mediators
— LTC4 and IL-25 in driving type 2 inflammation in the airways. We used a pharmacologic
model to evaluate the lung inflammation induced by LTC,4 or IL-25 alone or in combination.
Using mice with receptor-specific deletion for each CysLT receptor, we identified the two
receptors responsible for mediating this response. We then developed and characterized
transcriptionally a new mouse model with tuft cell-specific deletion of LTC, generation —
Chat"eL tc4s"f to specifically characterize the dependence of a mouse model of allergen-
induced inflammation on tuft cell-derived CysLTs.

Detailed descriptions of Methods and Materials are provided in SI Appendix, Materials and
Methods.

Sci Immunol. Author manuscript; available in PMC 2022 June 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ualiyeva et al.

Page 15

Experimental Models and Mice

The use of mice for these studies was in accordance with review and approval by the Animal
Care and Use Committee of Brigham and Women’s Hospital. Mice were randomly assigned
to treatment groups after matching for sex, age and genotype.

L tc4s™ mice were generated by Ingenious targeting laboratory (Ronkonkoma, NY).
Homozygous L tc4s™ mice were crossed with Chat-IRES-Cre mice to generate
Chat“"e* L tc4s" mice. Chatré* L tc4s™f were also mated to ROSA!MIITomato mice to
generate Chat“"®* ~tdTomato* ~ and Chat“"¢* ~tdTomato* ~ Ltc4s™" mice.

Aeroallergen, cytokine and lipid mediator challenge protocols

Mice were given a single intranasal inhalation of Alternaria alternata (Greer) culture filtrate
and euthanized at the following time points: 1 hour for nasal lavage to assess eicosanoids
(Fig. 4); 2) at 24 hours for BAL assessment of inflammation or mediastinal lymph node
assessment of DC recruitment and lymphocyte numbers (Fig. 6); and at 3) 72 hours for lung
and tracheal harvesting. (Fig. 5, Fig. 6). In a set of experiments, mice were given two doses
of LEAF-purified anti-1L-25 antibody or 1gGk1 isotype control (Biolegend) intraperitoneally
6 hours before and 18 hours after Alternaria challenge at a dose of 100 mg/mouse (Fig.
6D-F) and mice were euthanized 36 hours after the allergen challenge for lymph node and
lung assessment.

For CysLT (and IL-25 synergy experiments (Figures 1 and 2), LTC4, LTD,4 or LTDy, 1L-25
or the combination of LTC,4, LTD,4 or LTD4 and IL-25 were administered intranasally daily
for three consecutive days. The lung and trachea were harvested 48 hours after the last
intranasal administration (Fig. 1, Fig. S1, S2, S3).

In a set of experiments, mice were given a single dose of mouse IL-13 intraperitoneally and
tuft cell numbers were assessed in the trachea after 5 days (Biolegend) (Fig. S2H, 1).

Single cell preparations for evaluation of inflammation

For evaluation of lung inflammation, lungs were perfused, homogenized and digested with
collagenase IV and dispase in the presence of DNAse to obtain single cell suspensions.
Cell surface receptor expression was assessed as previously described (13). To evaluate

for proliferation, lung cells were first incubated with cell surface antibodies, then fixed

and permeabilized using the True-Nuclear™ Transcription Factor Buffer Set (Biolegend),
followed by incubation with a rat anti-Ki67 antibody (Invitrogen, clone SolA15) (Fig. 1F,
G, S1D, F, G). In selected experiments, lung single-cell suspensions were incubated at 37°C
for 4 h with Golgi-Plug (BD Biosciences) prior to intracellular staining with a mix of IL-4,
IL-5, IL-13 cytokine antibodies (Fig. 1H, I, S2A, B). Lymph nodes were dissociated using
a metal mesh and digested with collagenase 1V, dispase and DNAse for 30 min prior to cell
surface staining for T and B lymphocytes and DCs. Flow cytometry was performed on BD
LSR Fortessa™ Cell Analyzer (Fig. 6C, E, S9B, C).
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Cytokine detection in whole lung

Protein was extracted after homogenization of the lung with T-PER protein extraction buffer
supplemented with protease inhibitors(cOmplete™, Mini Protease Inhibitor Cocktail, Sigma
Aldrich). After assessment of protein concentration with a bicinchonic acid (BCA) protein
assay kit (ThermoFisher), the cytokine concentrations were measured with LEGENDplex
mouse T-helper Cytokine Panel (Biolegend, including IFN-y, IL-5, TNF-a, IL-2, IL-6, IL-4,
IL-10, IL-9, IL-17A, IL-17F, IL-22, IL-13) and analyzed on a BD LSR Fortessa™ Cell
Analyzer (Fig. 2G, S2C-E).

Single cell preparations for ex vivo stimulation and RNA sequencing

For single-cell preparations of tuft cells from the nasal mucosa, mouse snouts were
processed with dispase solution, followed by mechanical separation and a second digestion
with a papain containing tyrode-based solution (16, 73). Tuft cells were defined as

as EpCAMNShTomato™ in Chat©"e Tomato and Chat“" TomatoL tc4s™" mice (Fig. S4B)
EpCAMNgNCD45ned/lowssclow (Fig. SAD) in Lic4s™" and ChatCeL tc4s™ mice.

To isolate macrophages and DCs, the snouts were enzymatically dissociated with a PBS-
based solution containing collagenase 1V, dispase and DNAse. Macrophages were defined as
CD11b*CD11c*SiglecF* and DCss as SiglecF"CD11b*CD11¢*MHCII* (Fig. S5B).

For RNA sequencing, at least 500 but no more than 1300 tuft cells, macrophages or DCs
from 1 naive digested mouse snout were sorted into TCL buffer (Qiagen) supplemented with
1% 2-mercaptoethanol (Gibco).

Ex vivo stimulation of tuft cells, macrophages and eosinophils

Sorted tuft cells were plated at concentration 400,000 cells/ml in 200 uL of epithelial cell
proliferation media. Hematopoietic cells were plated as 66,000-200,000 cells/ml for nasal
macrophages, 0.5 x10° cells/ml for lung macrophages and 66,000-1.3 x108 cells/ml for
lung eosinophils in R10 media. The cells were rested for 1-18 hours, and then stimulated
with 1 mM A23187 or 0.5 mM ATPyS in 50 ul of HBSS with Ca?* and Mg?* for 30 min.
The supernatants were harvested for lipid mediator analysis. No additional evaluation for
viability was performed before or after stimulation.

In situ Hybridization (RNAscope) and mRNA quantitation

For in situhybridization, we used RNAscope® Fluorescent Multiplex Reagent Kit v2 (ACD)
assay following the manufacturefs instructions. The probe to Lct4s was custom-made by
ACD (Cat. No. 1092591-C1) and it targets exons 1-5 of the L#c4stranscript (nucleotides
98-534 of NM_008521.2). After /n situ hybridization, sections were rinsed were stained
with a mix of anti-advillin (Novus Biologicals) and anti-neurogranin (Abcam) antibodies
and imaged on a Leica SP8 confocal microscope. To quantify expression of transcripts,

the images were applied a threshold until only puncta signal was observed. The integrated
density was measured as a method to quantify total MRNA puncta. In the case of nasal
tissue, the signal was measured only in tuft cells, as revealed by the expression of Advillin/
Neurogranin, thus the quantification represents mRNA per cell. In the case of the trachea,
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a random area of the tracheal epithelium, as reflected by DAPI stain, was quantified for
MRNA puncta and the values represent mMRNA per area of tracheal epithelium.

CysLT and PGD-, detection

CysLTs and other eiconsanoids were assessed by three methods 1) CysLT and PGD levels
were measured in nasal lavages and in supernatants of cells stimulated ex vivo by Cysteinyl
Leukotriene ELISA kit (Cayman Chemical, 500390) and Prostaglandin Do ELISA kit
(Cayman Chemical, 512031). 2) Lipid analysis for eicosanoids was performed at the UCSD
Lipidomics Core (https://www.ucsd-lipidmaps.org/home) (74, 75). 3) Targeted analysis for
CysLTs was performed at the Harvard Mass Spectrometry Facility using an ultimate 3000
LC coupled with a Q-exactive plus mass spectrometer (ThermoFisher).

Histochemistry, immunofluorescence and quantitative assessment of goblet cell and tuft
cell numbers

Goblet cells were quantitated in PAS stained 2.5 um thick sections of glycolmethacrylate-
embedded lungs and eosinophil recruitment was visualized with Congo red reactivity.

For evaluation of tracheal tuft cells, tracheas were incubated with an anti-DCLKZ1 antibody
(Abcam) for 7 days post fixation and the immunoreactivity was identified with Alexa

546 conjugated anti-rabbit antibody (Invitrogen) with Hoechst 33342 as a nuclear dye.
Quantitation of tuft cells in whole mounts was as previously described (13).

Low input RNA sequencing

Statistics

RNA sequencing was performed at the Broad Institute Genomics Labs using low-input
eukaryotic Smart-seq2. Smart-seq2 libraries were sequenced on an Illumina NextSeq500
using a High Output kit to generate 2 x 38 bp reads (plus dual index reads). BCL

files were converted to merged, de-multiplexed FASTQ files using the lllumina Bcl2Fastq
software pack- age v.2.17.1.14. Paired-end reads were mapped to the UCSC mm10 mouse
transcriptome using Bowtie57. Gene expression levels were quantified as transcript-per-
million (TPM) values by RSEM58 v.1.2.3 in paired-end mode. Computational pipelines for
RNA seq analysis were implemented as described elsewhere (9, 19). Tuft cell marker genes
were derived from the ‘consensus’ signature defined with single-cell RNA sequencing (9).
Heatmaps were generated using the ‘pheatmap’ R package. Pairwise Pearson correlations
between all samples were calculated using the R function “cor’ from the ‘stats” package (Fig.
S3D). Expression data for mouse neuronal populations was downloaded from the Mouse
Brain Atlas (http://mousebrain.org/downloads.html) and visualized using the ‘ggplot2’
package in R.

Analysis was performed with GraphPad Prism software (version 8). Nonparametric two-
sided Mann—-Whitney and unpaired T tests were used to determine significance in pairwise
comparison of responses in the /n vivoand ex vivo stimulation models. For samples that
did not follow normal distribution (D’ Agostino-Pearson omnibus normality test), we used a
Mann-Whitney test to calculate the pvalues. For experiments with 24 group comparisons,
the overall significance was determined using a one-way ANOVA and pairwise comparison
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was performed with Kruskall-Wallis tests with Dunn’s correction. A value of p <0.05 was
considered significant. Sample sizes were not predetermined by statistical methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. LTC4 and IL-25 synergize for airway type 2 lung inflammation.
(A) WT mice (C57BL/6) were given three daily inhalations of LTCy4 (1.6 nmol), or IL-25

(100 ng) or a combination of LTC4 and IL-25 and assessed 2 days after the last dose.
(B) Number of CD45™ cells and (C) number of eosinophils in the right lung assessed by

FACS. (D) lin"Thy1* lung ILC2s were evaluated for expression of KLRG1 and ICOS.

(E) Number of KLRG1* ILC2s in the lung. (F) Intranuclear expression of Ki67 was
assessed in lin"Thy1* lung ILC2s together with KLRGL1 surface staining. (G) Number of
Ki67* KLRG1" ILC2s in the lung. (H) Lung ILC2 cytokine expression was assessed by
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intracellular staining for IL-4, IL-5 and IL-13 after Golgi plug treatment of lung single cell
suspensions. (H) Percent of KLRG1* IL-4/5/13 within the lin"Thy1* lung ILC2s. (J) Goblet
cell hyperplasia in cross sections of the lung assessed by Periodic acid Schiff (PAS) stain.
(K) Goblet cells were enumerated per mm of basement membrane in the large bronchi. (L)
Number of proliferating CD4* T cells (Ki67* CD4* T cells) and (M) Number of CD301b*
DCs in the lung by FACS. Data are means + SEM pooled from 3 independent experiments,
each dot is a separate mouse, Kruskal-Wallis ANOVA with Dunn’s correction for multiple
comparisons, p values <0.05 indicated.
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Fig. 2. LTCy4 potentiation of 1L-25-induced type 2 inflammation dependson CysLT 1R and

CysLT,R.

WT (C57BL/6), Cysltr1™", Cysltr2”~and Cysltr37~ mice were given three daily
inhalations of LTC,4 and I1L-25 and assessed 2 days after the last dose (asin Fig. 1A).
(A) Number of lung CD45* cells and (B) number of eosinophils were assessed by
FACS. (C) lin"Thy1* lung ILC2s were evaluated for expression of KLRG1 and ICOS.
(D, E) Frequency and number of KLRG1* ICOS* ILC2s. (F) Number of CD301b*

DCs. (G) Cytokine protein concentration was determined using multiplex ELISA in lung

Sci Immunol. Author manuscript; available in PMC 2022 June 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ualiyeva et al.

Page 27

homogenates and expressed per mg of lung protein. Data are means + SEM pooled from
3 independent experiments, each dot is a mouse, significant p values indicated for each
pairwise comparison: Mann Whitney U test.
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Fig. 3. Essential features of the tuft cell transcriptome are preserved after specific deletion of

Ltcds.

Tuft cells and epithelial cells were isolated from the naive nasal mucosa of Chat“"etd Tomato,
Ltc4s" Chat“td TomatoL tc4s" and Chat“"eL tc4s™"™ mice. Tuft cells were defined

as EpCAMNS"Tomato™ in Chat“td Tomaro expressing mice and as EpCAMNINCD45low

in mice lacking the Tomato construct and were compared to EpCAMNINCD45~ and
EpCAMINE™ cells. (A) Expression of the tracheal sScCRNAseq signature (9) genes across

tuft and non-tuft epithelial cells in the nose (expression level expressed as log2(TPM
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+1). (B) Principal components analysis comparing each of the above populations of

cells from Chat“"etdTomatoL tc4s™"f, Chat"eL tc4s™"f and control Chat“"tdTomato and
Ltc4s™f mice. (C) Volcano plot displaying significance (y axis, -log10(FDR)) of differential
expression (x axis, log2 fold-change) in tuft cells derived from Chat“"etd Tomato and
Chat“"td TomatoL tc4s™f mice. (D-E) Expression level of Ltc4sin tuft cells (D) derived
from Ltc4s"" and Chat“eL tc4s™", ChatC"tdTomato and Chat“"etd Tomatol tc4s™ mice
and macrophages (E) from Ltc4s™" and Chat©"L tc4s™f mice. TPM counts derived from
RNAseq analysis using DeSeqz2. (F) /n situhybridization with RNAscope probe for

Ltc4s (white). Tuft cells were distinguished based on immunoreactivity for advillin and
neurogranin (magenta). Representative images of the trachea (top), and nose (bottom) of
WT and Chat®"eL tc4s"f mice. (Scale bar: indicated in pm). (G) Heatmap of expression
(log2(TPM+1), color bar) of genes in the lipoxygenase, cyclooxygenase pathway, //25and
its receptor //17rb expressed in nasal tuft cells and epithelial cells of the indicated genotypes.
cKO, conditional knockout.

Sci Immunol. Author manuscript; available in PMC 2022 June 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ualiyeva et al.

A Tuft cells
el
g
S
=
£y
%
=
L
)
0 01 01 01
A23187 (uM)
D Tuft cells

PGD, pg/ml/10° cells
x10°

B Immunecells
CDA45*

)

8 0.0043

5 1o

=

g O

B =

(o}

wv

'—

|

wv

>

Y 001 01
A23187 (uM)

E Tuft cells

0.0026 0.0009
.

o

PGD, pg/ml/10° cells
x10°
wv

0 0
01 01 01 0 05 0 05
A23187 (uM) ATPYS (mM)
F tuftcells  macrophages
> 5 > >
cg’/ eoq; o‘% ¢°Q’/
@ N ¢ ¥ ¥ o’
A23187 - ++ —++ —++ + ++ ++ 400 G
200
v TEN EHINBEE>
2
LTD, 80 B
LTE, £
LTB, o £
PGD, S
PGE, ar
5-HETE L)
13-HODE
9-HODE 20
9,10
EpOME
12,13
EpOME 0
N PN N S\
(Pfa (P‘S (P‘S (P‘(’ (P(‘: (Pfa
W @ @ Q&
& 8 &
[ONEN®) C

Page 30
C Tuft cells
E
)
=
£s
D —
o X
5
ES
O
005 005
ATPYS (mM)
O Chatc
[ Ltc4s™

B ChatCeLtc4s™"

Nasal Lavage

Alternaria — + -+ - + - +

30 min 36 hours

time after challenge

[ Ltc4s™
B ChatCeLtc4s™

Fig. 4. Ltcds deletion in ChAT-expressing cells selectively ablates CysLT generation by tuft cells.
Tuft cells (EpCAMNIINCDA450W SSClow) or CDA45™ cells were isolated from the nasal

mucosa of Chat“"e, Ltc4s™ and Chat“"eL tc4s”' mice and stimulated ex vivo with Ca2*
ionophore (A23187) or ATP+yS. The concentration of CysLTs or PGD, in the supernatants
was measured by ELISA or lipidomics at 30 min. (A-B) CysLTs in the supernatants of tuft
cells (A), or CD45* cells (B) stimulated with the Ca2* ionophore A23187 measured by
ELISA. (C) CysLTs in the supernatant of tuft cells stimulated with ATP-yS measured by
ELISA. (D-E) PGD> in the supernatants of tuft cells stimulated with A23187 (D) or ATPyS
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(E) measured by ELISA. (F) Eicosanoids measured in the supernatants of tuft cells and
macrophages by LC-MS (lipidomics). (G) Alternaria was administered intranasally to naive
Ltc4s™ and Chat€"eL tc4s™ mice and nasal lavage was obtained at 30 min or 36 hours.
CysLTs were measured by ELISA after acetone precipitation. Data are means £ SEM, from
at least two independent experiments, each dot represents a separate biological replicate
representing pooled cells from 1-3 mice, Mann Whitney U-test p values <0.05 are indicated.
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Fig. 5. Tuft cell derived CysLTsregulate ILC2 expansion in the lung.
(A) Ltc4s™" and Chat“eL tc4s™f mice were given a single intranasal administration of

Alternaria. Tracheal tuft cells and lung inflammation were evaluated 3 days after challenge.
(B) Number of CD45* cells assessed by FACS. (C) Lungs were assessed for frequency of
Thy1* ILC2s (D) Numbers of Thy1* ILC2s and (E) numbers Thyl* KLRG1* ILC2 and (F)
numbers of DCs in the lung assessed by FACS. (G) Tracheal tuft cells were identified in
whole tracheal mounts by DCLK1 immunoreactivity. Representative images, (scale bar 10
pum) (H) Quantitation of tuft cell numbers in the trachea. Data are means + SEM, from at
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least three independent experiments, each dot represents a separate mouse, Mann Whitney
U-test p values < 0.05 are indicated.
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Fig. 6. Tuft cell-derived CysLTsin concert with IL-25 contribute to Alternaria-induced early
eosinophilia and systemic immunity.

(A) Ltc4s"M Pou2f37~ and Chat'eL tc4s™"" mice were given a single intranasal dose of
Alternaria and were evaluated 24 hours after the challenge. (B) Bronchoalveolar lavage
cells were counted, and eosinophils and neutrophils were evaluated using Diff-Quik stain.
(C) Mediastinal lymph node (MLN) numbers of CD45" cells, CD4* and CD8" T cells
and B cells were evaluated by FACS. (D) Mice were given two intraperitoneal injections
of an anti-I1L-25 antibody 2 hours before and 22 hours after a single intranasal Alternaria
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inhalation and were evaluated by FACS 48 hours later (E) Mediastinal lymph node (MLN)
numbers of CD45" cells, CD4* and CD8™ T cells, B cells and DCs were evaluated by FACS.
(F) Lung CD457 cells, eosinophils, CD4* T cells, B cells and Thy1* ILC2s were assessed
by FACS. Data are means + SEM pooled from > 2 independent experiments, each dot is a
separate mouse, p values from Mann Whitney U-test p values < 0.05 are indicated.
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