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Abstract

Differentiation and activation of tuft cells tunes type 2 immunity in the small intestine

Marija S. Nadjsombati

Chair of the Supervisory Committee:
Dr. Jakob von Moltke

Department of Immunology

Type 2 immune responses are elicited by parasitic worm, helminth, infections and are
the cause of many allergic diseases. Both helminth infection and allergy are significant global
health issues with high prevalence worldwide. Therefore, a better understanding of type 2
immunity will provide novel insights into how we can treat both types of conditions. Type 2
immune responses are most often elicited at barrier tissues like the lung, skin and gut.
However, unlike for bacteria, viruses and fungi, our understanding of how the immune system
senses the presence of helminths or allergens is much more limited. Tuft cells, a specialized
lineage of epithelial cells, have been identified as critical in initiating immune responses to
helminths and protists in the small intestine. Tuft cells secrete interleukin 25 (IL-25) and other

effector molecules to activate group 2 innate lymphoid cells (ILC2s) in the lamina propria. ILC2s



produce canonical type 2 cytokines to promote a multifaceted immune response. IL-13 in
particular signals to epithelial stem cells, biasing their lineage commitment toward tuft and
goblet cells, resulting in hyperplasia of both cell types and activation of a feed-forward circuit,
which we refer to as the tuft-ILC2 circuit. The identification of a role for tuft cells provided a
major advance in our understanding of how type 2 immune responses are initiated in the small
intestine. However, the mechanism by which tuft cells sense the presence of helminths or
protists in the intestinal lumen remained unclear.

Studying tuft cell activation mechanisms, we identified succinate as the first intestinal
tuft cell ligand. We find that administering succinate in the drinking water of mice is sufficient
to activate the tuft-ILC2 circuit and elicit a multifaceted type 2 immune response. This response
is mediated by binding of succinate to the succinate receptor (SUCNR1) on tuft cells. Yet
activation of the tuft-ILC2 circuit by the helminth, N. brasiliensis, is SUCNR1-independent. In
contrast, detection of Tritrichomonas protist colonization requires SUCNR1. These findings
uncover a novel paradigm in which the type 2 immune response monitors microbial
metabolism in the small intestine. Additionally, they highlight how tuft cell sensing of
pathogens or commensals is context specific and likely involves multiple different signaling
pathways.

The importance of the tuft-ILC2 circuit has been demonstrated in numerous contexts,
but how epithelial progenitors become tuft cells and how the circuit differs between mouse
strains remains poorly understood. To address these questions, we characterized the succinate
response in C57BL/6J (B6) and Balb/cJ (Balb) mice. Compared to B6, Balb mice have fewer tuft

cells at baseline and do not develop tuft cell hyperplasia when treated with succinate. Through



guantitative trait locus mapping we found a single locus on chromosome 9 associated with
these phenotypes. Congenic Balb mice carrying the B6 chromosome 9 locus (Balb.Chr98¢/86)
have elevated baseline number of tuft cells and develop tuft cell hyperplasia when treated with
succinate. Within this chromosome 9 locus is Pou2af2, a transcriptional cofactor essential for
tuft cell differentiation. There are two isoforms of Pou2af2, of which only the long isoform
encodes a functional protein. The ratio of long isoform to total Pou2af2 transcript is
significantly decreased in Balb tuft cell progenitors. Finally, we find Balb mice maintain effective
activation of the tuft-ILC2 circuit when infected with helminths but do not activate the circuit
when colonized with innocuous Tritrichomonas protists. In sum, we identify a genetic locus that
regulates tuft cell differentiation and the threshold of tuft-ILC2 circuit activation between

different strains of mice.

Together, these findings advance our knowledge about how tuft cells sense luminal
signals to initiate downstream type 2 immunity and how regulation of tuft cell differentiation
can impact these immunological outcomes in the small intestine. These novel insights into tuft
cell biology have important implications for our understanding of intestinal homeostasis and

inflammation.



Table of contents

Chapter L: INtrodUCION...........oooiiii e e e e e e e e e e e e e e s se s asaerraareaeereeeeas 1
1.1 Helminth infection and allergic diSEase .........ccovecciiiiiiieeeeeeeee e e e e e e e 2
1.2 Initiation of type 2 iIMMUNE FESPONSES ....cceeeeieeiciittrreeeeee e e e e e e e e e e rerreeeeeeeeeeeeeeenns 2
S T IV ol | UUPUPRUN 4
O Y U i o O ol o [ P UUPUPRURN 7
1.5 Dissertation objectives and signifiCanCe .........cooccciiiiiiiiieeeeee e 8
I =1 U 10

Chapter 2: Detection of succinate by intestinal tuft cells triggers a type 2 innate immune

(o] 1 o1 L SRR 12
D B o oY 1¥ ot o o TR TP 13
2.2 RESUIES .ttt et e e e e e e e e e e e e s e e st b b reraaeeaeeaeaaaeeeeeee e e naatarrrraraarraaaaaaaans 16
B T 1 1o U 1] o] o TSR 25
2.4 Material and MEthOAS ......coooe it e e e e e e e e e e e st r e e e e eaeaeeeens 29
2.5 ACKNOWIEAGMENTS ...t e e e et e e s e st e e e e e s s absaeeeeeennsneneaeeennns 45
2.6 FIBUIBS ciieeiieeieitiiteeeee e e e e e et e e e et ettt ettt bbb s e s e e e e e eeeeetaeee e e e e s s bs s s s asseseeaeeeeeeasaennesnsnsnnnnnnnnnns 46
2.7 SUPPIEMENTAL FIGUIES....ueiiiei ittt e e e s e e e e st e e e e e s sabaaeaeeesnnssaneaeeennns 56
DT =1 o1 <1 U PPRTT 60

Chapter 3: Genetic mapping reveals Pou2af2-dependent tuning of tuft cell differentiation and

intestinal type 2 iMMUNItY ... e e e e 61
I N o oo 1V ot o o FURRR TP 62
3.2 RESUIES .ttt et e e e e e e e e e e e e et a b —————a e e et aeaaaeeeeeeaaa e aararrrraraaraaaaaaaaans 64
R T 1 [ U ] o] o SR 78
3.4 Material and MEthOAS ......coooeieeee et e e e e e e e e e s e s e e e e e e e eeaaeeeens 82
3.5 ACKNOWIEAGMENTS ..t e e e et e e s e st e e e e e s s abaaeeeeeennsneeeaeeannns 94
R O T (U1 = PP P PP PP TP TP PRPRRR 96
3.7 SUPPIEMENTAI FIGUIES.cciiiieie ettt ettt er e e e e eeeeeeeeeesesssennasssraereneees 107
RS2 11 o] <1 UU SRR 113
Chapter 4: Summary and future direCtions ...............ooooeiiiiiiiiiiiiiee e, 118
.1 SUMIMAIY ceiiiiiieeee ettt ettt tetete et seseseeeeeeeeeeteteeaa et s s sasa s s assesseeeeeeeeesesenesnsssnnnssnssnssesseseseees 119
4.2 Conclusions and future dir€CtioNS........coocecieiiiiiiirieeeeee e e e e e e e e e e e e e e eaaees 121

REFICIICES ... e e e e e e et e e e et e e e e e e e e et e e e et e e e eeeeeeraeseeaaseeenaeeenanans 126



List of figures and tables

Chapter 1:

T ={ U] = PP PP P PP PPPPPPTPRPPPPPOPR: 10
T { U] £ O OO UPPPPPPPPPUPPPPPPPOOR: 11
Chapter 2:

T ={ U] = PO UPPPPPPPPPTPRPPPPPRPR: 46
T { U] £ O OO TP UPPPPPPPPPUPRPPPPPOOR: 48
T { U] £ O PP UPPPPPPPPPUPRPPPPPRPR: 50
FIBUIE 4 e r e e e e e e e ettt ettt ettt e b eaesseeeeeeeeeee e et e e et e s s s e eneeeeeeeeeeeeeeeneennnres 52
T { U] £ OO PP P PPUPPPPPTPRPPPPPRIR: 54
T { U] £ PP UPPPPPPPPPTPRPPPPPOOR: 55
FIBUIE Sttt e ettt ettt sse s e e e e e e eeeeee e et e a e e esas s e e e e e eeaeeeeeeeeaaeaarnres 56
FIBUIE Sttt sse s e e e e e e e e eeee e et e e et esas b eeeeeeeaeeeeeeeeeeearnnrns 57
T { UL Y T PP PPPPPPPPPTPRPRPPPRPR: 58
FIBUIE SA.. ettt ettt ettt e se s e e e e e e eeeeee e et e e et esasba s aasseseeaeeeeeeseenennnnres 59
L= Lo L= SRR 60
Chapter 3:

T ={ U] = PP PP PPPPPPPPPTPRPPPPPOOR: 96
T { U] £ PO PPPPPPPPUPRPPPPPRPR: 98
T ={ U] £ PP PP UPPPPPPPPPTPRPPPPPOPR: 99
FIBUIE 4 e e e e e e e e e et et ettt ettt bbb s s e s e s e eeeeeeeeeeae et e resbsbaa e neeseeeeeeeeaeeenenenes 100
T { U] £ T O PP OO PPPPPPPPPPPPPPPPPPRt 102
FIBUIE B e e ettt e e e e e et e ettt ettt s e s e s e eeeeeeeeete e et e se s bs s e s eeseeeeeeeeeeeennnenes 103
T { U] £ O O PP OO PPPPPPPPPPRPPPPPRt 105
T { UL £ PP OO PPPPPPPPPPPPPPPPPRt 107
FIBUIE S2. e e et e ettt bbb s s e s e s e eeeeeeeeete e et e s es bbb e s eeseeeeeeeeeeaenanenes 108
T { UL Y T PO TP PPPPPPPPPPRPPPPPRt 109
FIBUIE SA...eiiiiic et e ettt ettt se s e s e eeeeeeete s et et e re s bs s eseeseeseseeseseeeannnns 110
T { UL I T O U PO OO PPPPPPPPPPPPPPPPPRt 111
FIBUIE SB.cnneieiee ettt e et e ettt bbb s e s e s e eeeeeeeeeteeatesesss s eseeseeeeeeeeeneenanenes 112
T { U] IR A PO OO UPPPPPPPPPRPPPPPPPPRt 114
L Lo (=0 PRSP 116



Acknowledgments

| thank my mentor, Jakob, for his support, guidance and enthusiasm throughout my
Ph.D. | am extremely grateful to have worked for an advisor who encouraged my research
independence, fostered my confidence and supported me every step of the way through
graduate school. | will never take for granted the time and energy Jakob poured into every
practice talk, grant application and manuscript draft, which all played a critical role in my
accomplishments as a graduate student and development as a scientist. He has always been an
exemplary role model for me both in science but also just as a compassionate and kind
individual in every aspect of life. | will always be deeply appreciative of the mentorship and
support Jakob has given me throughout the past five and a half years in his lab.

| thank the members of my committee for their valuable support and feedback
throughout the years. | always looked forward to our meetings because | knew | would leave
each meeting with new insights and perspectives on my project that would ultimately improve
it. | am especially grateful that my committee always put my goals and research interests first.
Having such a brilliant and generous committee invested in my success as a scientist was a huge
confidence boost and was the best encouragement | could have ever asked for.

| thank every one of the Moltke lab members | was fortunate enough to call colleagues.
They are all hard working, brilliant scientists and | have learned more from them than any class
could have ever taught me. But even more importantly, it was invaluable to be surrounded by
such genuinely nice individuals on a day-to-day basis (especially through a global pandemic). |
appreciated the everyday science discussions, but what | appreciate most is that we care about

each other’s interests, goals and well-being outside of lab. Being in such a welcoming and



supportive environment made me excited to come to lab every morning and made me miss the
lab whenever | was away. | know | will miss the lab tremendously, but | can’t wait for us to all
continue to be colleagues and friends for many years to come.

Finally, | thank my friends and family. My UW Immunology classmates and fellow
graduate students were the first friends | made when | moved to Seattle and it’s because of
them this city started to feel like home. | always was and continue to be impressed by the high
level of work, perseverance, and kindness that UW Immunology graduate students exemplify.
As time went on, | slowly began to make friends in Seattle outside of science and hanging out
with them allowed me to briefly forget about graduate school and explore all the other fun
things there are to do, like frisbee and skiing. Finally, | would like to thank my parents, Biljana
and Sinisa, and my sister Tamara. | have felt their endless support and love, even from afar.
They have always encouraged me to keep going when | was down and have celebrated all my
successes, no matter how small, along the way. | could not have gotten here without them and

am forever thankful for our family.



Chapter 1

Introduction

Parts of this chapter are adapted from the following publication:

Billipp TE*, Nadjsombati MS*, von Moltke J. Tuning tuft cells: new ligands and effector

functions reveal tissue-specific function. Current Opinion in Immunology. 2021. 68:98-106.
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1.1 Helminth infection and allergic disease

According to the WHO in 2022, 24% of the world’s population is infected by soil-
transmitted helminths(1). Allergic diseases such as food allergy, atopic dermatitis and asthma
are on the rise in developing countries(2). Although seemingly very different, type 2 immune
responses are both elicited by helminth infection and are the cause of allergic diseases.

The type 2 immune response is characterized by the differentiation of CD4* T helper 2
(Th2) cells and the production of type 2 cytokines; IL-4, IL-5, IL-9 and IL-13(3). These cytokines
go on to elicit a multifaceted type 2 immune response which includes, B cell class switching to
IgE, recruitment of eosinophils, mast cells and basophils, and release of histamine and other
inflammatory mediators. A hallmark of type 2 immune responses is tissue remodeling, which
often includes mucus overproduction, muscle contraction and vasodilation. Together this
coordinated immune response can be effective at expelling helminth infection. However, when
inappropriately activated against innocuous antigens, this response can cause debilitating or
even life-threatening allergic disease(4). While the immune components that make up the type
2 immune response are well defined, much less is understood about when and how these
responses are initiated. A better understanding of how type 2 immunity is initiated will allow us

to better treat helminth infection and prevent development of allergy.

1.2 Initiation of type 2 immune responses
The initiation of type 1 or type 17 immune responses often relies on innate immune
recognition of pathogens by pattern recognition receptors such as toll like receptors or retinoic

acid-inducible gene-l (RIG-1)-like receptors(5, 6). These receptors detect pathogen-associated



molecular patterns to trigger well defined signaling mechanisms that lead to the initiation of
appropriate anti-viral, anti-bacterial or anti-fungal immunity. In contrast, no such ligand-receptor
pairs have been as well characterized for the initiation of type 2 immune responses. Instead, it is
appreciated that type 2 immune responses are initiated by the alarmin cytokines, IL-25, IL-33,
and TSLP(7-9). These cytokines are expressed by a variety of non-immune cells such as epithelial,
endothelial and stromal cells, primarily at barrier surfaces. When released, these cytokines can
act on a wide variety of immune cells to induce many aspects of a type 2 immune response
including cell proliferation, Th2 differentiation and type 2 cytokine production

Among the cells that respond to TSLP, IL-133 and IL-25 are group 2 innate lymphoid cells
(ILC2s). First identified in 2010, ILC2s are defined by their expression of GATA3+ and lack of a
TCR(10-12). Without a TCR, ILC2s instead serve as signaling hubs integrating multiple tissue
derived signals(13). ILC2s are strongly activated by IL-25, IL-33 and TSLP. They can also respond
to lipid mediators such as leukotrienes as well as neuropeptides such as neuromedin U(14-16).
Once activated, ILC2s secrete IL-5, IL-9 and IL-13 to rapidly and effectively initiate type 2
immune responses. ILC2s are primarily found in non-lymphoid tissues and are uniquely poised
to respond to tissue-specific cues based on where they are found(17). For example, ILC2s in the
lung express high levels of ST2, the IL-33 receptor, and this signaling axis is key in allergic airway
disease. In contrast, in the intestine, ILC2s express high levels of the IL-25 receptor, IL-17RB.
Even before the role of ILC2s was appreciated, studies had demonstrated an important role of
IL-25 for anti-helminth immunity in the small intestine(18). However, the cellular source of IL-25
remained elusive until 2016 when three separate groups identified tuft cells, a unique and rare

epithelial cell type, as the sole source of IL-25(19-21).



1.3 Tuft cells

Tuft cells are rare chemosensory epithelial cells that are activated by apical
environmental cues and transmit signals to neighboring epithelial cells and the underlying
tissue. They can be found in most mucosal barriers of mice and humans, including those of the
upper airways, stomach, biliary tree, intestines, and urethra(22). There are also tuft cells in the
medullary thymic epithelium(23, 24). Within the literature, tuft cells have been given different
names in different tissues—microvillus cells in the olfactory epithelium, solitary chemosensory
cells in the respiratory epithelium, brush cells in the trachea, tuft cells in the gastrointestinal
tract—but share a common transcriptional and developmental identity driven by the
transcription factor POU2F3 and here will all be referred to as tuft cells(21, 25-27). Tuft cells in
all tissues are defined by an apical “tuft” of long microvilli and share a transcriptional signature
that includes genes also required for taste transduction (Tromb5, Plcb2, Gnat3) and genes

associated with effector functions (Alox5, Chat, 1125, Ptgs1)(28, 29).

Tuft cell differentiation

The ontogeny of tuft cells is perhaps best understood in the small intestine (SI), where
they are one of five post-mitotic lineages of epithelial cells that comprise the Sl lining. S|
epithelial cells are replenished every 4-5 days from a pool of intestinal stem cells (ISCs) that
reside in the crypts of the SI(30). ISCs are self-renewing and divide into progenitor cells called
transit amplifying cells (31)(Figure 1). These transit amplifying cells are highly proliferative and
integrate complex environmental cues that influence their differentiation into each of the five

epithelial cell types. Within this transit amplifying zone, cells that receive Notch ligand signals



turn on the transcription factor Hairy/E(spl) (HES) and go on to fully differentiate into
absorptive enterocytes, which comprise the majority of mature intestinal epithelial cells. HES
promotes enterocyte differentiation by repressing atonal homolog 1 (ATOH1), which is the
transcription factor required for Paneth, goblet and enteroendocrine cell differentiation.
Paneth cells reside at the base of the crypt and provide critical support factors to ISCs as well as
produce antimicrobial peptides. Goblet cells secrete mucus. Enteroendocrine cells secrete
various hormones and can sometimes form synapses with neurons. Each of these lineages
requires ATOH1 but has unique downstream transcription factor requirements. SPDEF and GFI1
are both required for goblet and Paneth cell differentiation. Paneth cells also require SOX9.
Enteroendocrine cells are dependent on NEUROG3.

The cell intrinsic signals that direct tuft cell differentiation remain poorly understood,
although the transcription factor POU2F3 is absolutely necessary for tuft cell differentiation and
dispensable for all other epithelial lineages(21). Recent literature has described that in the S,
there can be ATOH1-dependent and -independent tuft cell differentiation. It is not well
understood whether these two subsets are functionally distinct(32—-35). Beyond ATOH1, small
intestinal tuft cells are the only epithelial cells that express the transcription factor GFI13, but
its functional significance is yet to be determined(33).

The homeostatic cues that direct tuft cell differentiation are unknown, but in mice free
of specific pathogens including Tritrichomonas protists, tuft cells are rare (~1% of the
epithelium). On the other hand, in mice infected with helminths or colonized with
Tritrichomonas protists, interleukin 13 (IL-13) signaling through IL-4RA and STAT6 in epithelial

progenitors is necessary and sufficient to induce a 5-10 fold increase in tuft cell frequency



(hyperplasia)(19-21, 36). In mice lacking ATOH1, IL-13 can still induce tuft cell hyperplasia
suggesting these STAT6-driven tuft cells can be ATOH1-independent(35). Furthermore, there is
some evidence that ATOH1-independent IL-13 induced tuft cells rely on SOX4 for differentiation
but more work is needed to fully understand the interplay between ATOH1, STAT6 and SOX4 in
both homeostatic and type 2 inflammatory contexts(37).

Even less is known about the transcriptional networks needed to generate tuft cells in
other tissues beyond a requirement for POU2F3. Furthermore, robust IL-13 induced tuft cell
hyperplasia that occurs in the Sl has not been observed in other tissues. Tuft cell expansion is
documented in the nasal cavity of humans with chronic rhinosinusitis, in human serrated
colorectal polyps and in cases of non-small cell lung cancer(38—40). In mice, tuft cell expansion
has been observed in the trachea in response to aeroallergen exposure and tuft cells appearin
the distal lung after influenza-induced damage(41, 42). However, in both of these models, tuft
cell differentiation was independent of IL-13, indicating that there are many different, tissue

and context specific ways to generate tuft cells.

Tuft cell chemosensing

The taste chemosensing pathway expressed in tuft cells was identified in the 1990s, well
before tuft cell function was understood(43). Canonically, in taste cells this pathway is activated
by G protein-coupled taste receptors (TAS1R, TAS3R, and the TAS2R family) signaling through
GNAT3 (G Protein Subunit Alpha Transducin 3), PLCB2 (Phospholipase C Beta 2) and ITPR3
(Inositol 1,4,5-Trisphosphate Receptor Type 3)(44). The resulting Ca?* flux opens the membrane

cation channel TRPM5 (Transient Receptor Potential Cation Channel Subfamily M Member 5),



which depolarizes the cell and drives release of ATP to activate adjacent neurons. The core
transcriptional signature shared by tuft cells from at least 5 tissues includes Gnat3, Plcb2 and
Trom5(29). All effector functions of tuft cells described to date rely on signaling through
TRPMS5, although requirement of the other signaling components like the g-alpha subunit can

vary based on context(45).

1.4 The tuft-ILC2 circuit in the small intestine

Although tuft cells were discovered more than 60 years ago, it wasn’t until the last ten
years that studies uncovered their contributions to innate immunity at barrier tissues. An
immune function for tuft cells was first described in the airways, where they sense bacterial
ligands and regulate secretion of antimicrobial peptides and mast cell degranulation via
neuronal stimulation(46, 47). Airway tuft cells also mediate evasion of noxious substances via
transient breathing cessation(48, 49). New roles for tuft cells in regulating innate immunity in
tissues such as the urethra, upper airways and gallbladder are being discovered frequently and
have been summarized elsewhere(45, 50-52). Here we focus on the role of tuft cells in
initiating type 2 immune responses in the small intestine.

An immune role for intestinal tuft cells was first described in 2016 when three studies
were published describing a role for tuft cells in the initiation of innate type 2 immune
responses in the SI(19-21). Sl tuft cells detect the presence of helminths and Tritrichomonas
protists using a signaling pathway related to taste transduction in the tongue(20). Once
activated, tuft cells produce the cytokine interleukin 25 (IL-25) and, in some contexts, lipid-

derived cysteinyl leukotrienes (cysLTs) to directly activate group 2 innate lymphoid cells (ILC2s)



in the Sl lamina propria (SILP)(19-21, 53). ILC2s in turn produce the canonical type 2 cytokines
IL-5, -9, and -13, which collectively regulate hallmarks of type 2 immunity, including
eosinophilia, hyperresponsivity of smooth muscle, and mucus overproduction. Meanwhile, the
IL-13-induced tuft cell hyperplasia establishes a feed-forward tuft-ILC2 circuit (Figure 2). Tuft-
ILC2 circuit activation can promote helminth clearance, but the function of tuft cell hyperplasia
during Tritrichomonas colonization remains unclear as these protists are acquired from parents

post-partum and persist for the life of the mouse(19-21).

1.5 Dissertation objectives and significance

The identification of tuft cells as a key cellular players in the initiation of type 2 immune
responses provided a major advance in our understanding of this process. However, the
mechanism by which tuft cells are able to sense the presence of helminths or protists remained
unclear. Therefore, we sought to ask what are the ligand/receptor pairs that tuft cells use to
sense luminal organisms? Through RNA sequencing and genetic knockout mouse models we
identified succinate as a ligand for intestinal tuft cells. Binding of succinate to the succinate
receptor (SUCNR1) on tuft cells is sufficient to induce a multi-faceted type 2 immune response,
making it one of the only innate type 2 immune ligands identified to date. Moreover, we found
that sensing of N. brasiliensis is SUCNR1-independent, while detection of the Tritrichomonas
requires SUCNR1. These findings uncover a novel paradigm in which the type 2 immune
response monitors microbial metabolism in the SI. These findings are described in Chapter 2.

While studying succinate activation of the tuft-ILC2 circuit, we observed that succinate

responses vary among different strains of inbred mice. This observation led us to exploit



differences between inbred mouse strains to identify a novel mechanism that regulates tuft cell
differentiation and sets a threshold for tuft-ILC2 circuit activation. Quantitative trait loci
mapping revealed a single locus on chromosome 9 (chr9) associated with variations in succinate
responsiveness. This chr9 locus includes Pou2af2, a transcriptional cofactor essential for tuft
cell development(54). We found that epithelial progenitors in Balb mice, the non-responsive
strain, expressed less of the functional full-length Pou2af2 isoform. Examining the
consequences of Pou2af2 isoform usage on type 2 immune responses in the intestine, we
found that Balb mice maintain responsiveness to helminth pathogens while ignoring
commensal Tritrichomonas protists. In sum, we propose that differential Pou2af2 isoform usage
regulates tuft cell frequency at homeostasis and tunes the sensitivity and kinetics of tuft cell-
mediated responses to distinct immune stimuli. This work is presented in Chapter 3.

Collectively, these findings advance our knowledge about how tuft cells sense luminal
signals to initiate a type 2 immunity and how regulation of tuft cell differentiation can impact
these immune responses in the small intestine. These novel insights into tuft cell biology have
important implications for our understanding for intestinal immunity and could help inform
how we design therapies to treat helminth infections and allergies. Beyond type 2 immune
responses, there is a growing body of literature demonstrating a role for tuft cells in a variety of
disease settings and physiological responses, from the airways to the gallbladder. The more we
understand about the signaling mechanism regulating tuft cell activation and differentiation,
the better we can inform the design of therapies that tune the immunologic tone of diverse

mucosal tissues.



1.6 Figures
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Figure 1. Small intestinal epithelium.

(A) The epithelium is comprised of crypts and villi(31). Within the crypts are intestinal stem cells
(ISCs) and transit amplifying cells that give rise to all 5 lineages of post-mitotic epithelial cells.
As they differentiate, these cells move up the villi and are eventually sloughed off from the tip
of the villus. Paneth cells on the other hand reside in the base of the crypt for up to two
months, where they secrete antimicrobial peptides, and provide niche supporting signals to

ISCs. (B) Transcription factors required for the differentiation of each epithelial cell lineage.
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Figure 2. Tuft-ILC2 circuit

In the small intestine, tuft cells, can stimulate a type 2 immune response during helminth
infection or Tritrichomonas protist colonization by activating group 2 innate lymphoid cells
(ILC2s) via secretion of 1L-25(19-21). IL-25 induces IL-13 secretion from neighboring ILC2s. IL-13
in turn signals in epithelial stem cells, biasing their lineage commitment to increase the
frequency of tuft cells in the intestinal epithelium leading to more IL-25 and a feed-forward
loop that initiates the type 2 response. This signaling cascade results in smooth muscle

contractions and mucus overproduction, leading to worm clearance.

11



Chapter 2

Detection of succinate by intestinal tuft cells triggers a type 2 innate immune circuit

This chapter is adapted from the following publication:

Nadjsombati MS*, McGinty JW*, Lyons-Cohen MR, Jaffe JB, DiPeso L, Schneider C, Miller CN,

Pollack JL, Nagana Gowda GA, Fontana MF, Erle DJ, Anderson MS, Locksley RM, Raftery D, von

Moltke J. Detection of succinate by intestinal tuft cells triggers a type 2 innate immune circuit.

Immunity. 2018. 49:33-41.

* Denotes equal contribution
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2.1 Introduction

Innate immune sensing is the critical first step to initiating a rapid, appropriate, and
effective immune response against microbes. Many receptor-ligand pairs have been discovered
for the recognition of conserved ligands derived from viruses, bacteria, and fungi(5). However,
much less is understood about how the immune response is alerted to the presence of
helminths and allergens.

Our understanding of this process was greatly advanced in 2016 when three groups
identified tuft cells as the sole producers of the cytokine IL-25, a signal critical for worm
clearance from the small intestine (SI)(19-21). These studies demonstrated that during
helminth infection or protist colonization in the SI, tuft cell derived IL-25 activates ILC2s in the
lamina propria. Intestinal ILC2s highly express the IL-25 receptor, IL17RB, and upon activation
produce the canonical type 2 cytokines IL-5, -9, and -13. These cytokines drive classic
manifestations of type 2 immunity, including eosinophilia and hyperresponsivity of smooth
muscle. IL-13 in particular signals to intestinal stem cells, biasing their lineage commitment
toward tuft and goblet cells, resulting in hyperplasia of both cell types and activation of a feed-
forward circuit, referred to as the tuft-ILC2 circuit.

Tuft cells are a rare population of intestinal epithelial cells in specific-pathogen-free
mice(21). However, the intestinal flora of mice in many research vivariums include flagellated
Tritrichomonas protists(55, 56). These Tritrichomonas protists can activate the tuft-ILC2 circuit
and induce tuft cell hyperplasia(20). Furthermore, the tuft-ILC2 circuit is even more potently
activated during infection with helminths, including the hookworm Nippostrongylus brasiliensis

(N. brasiliensis), the round worm, Heligmosomoides polygyrus, and the nematode, Trichinella
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spiralis(19-21). These infections lead to a 5 - 10 fold increase in the number of tuft cells, and in
the case of N. brasiliensis this tuft-ILC2 response in necessary for efficient worm clearance(21).
A major outstanding question from these findings was how exactly are tuft cells sensing the
presence of these luminal protists and helminths?

Some clues as to how this could be happening could be found by examining the
transcriptional profiles of tuft cells. In 2008, Bezencon et al performed gene microarray on tuft
cells, confirming that tuft cells express many components of the taste transduction pathway(28,
43). In taste cells, this signaling pathway begins with ligand binding to surface-expressed G-
protein coupled taste receptors, which signal through the alpha subunit called, a-gustducin
(Gnat3). Gustducin activates phospholipase C beta 2 (PLCB2), leading to the release of

intracellular Ca2*

stores and sodium influx via the calcium-gated membrane channel TRPM5
(transient receptor potential cation channel subfamily M member 5). In taste cells, this cell
depolarization leads to release of neuromediators and propagation of taste sensation(57).
Studies of tuft cells in the airway demonstrated that tuft cells express a subset of taste
receptors and can regulate smooth muscle contraction in response to bitter ligands or bacterial
guorum-sensing molecules(48—50). In the intestinal epithelium, tuft cells are the only TRPM5
expressing cells and express many components of this signaling pathway including GNAT3 and
PLCB2(28). Howitt et al, demonstrated that in the intestine, tuft cell sensing of tritrichomonads
requires TRPM5 and GNAT3(20). Therefore, we and others hypothesized that tuft cell sensing
relied on receptor ligand pairs that signal through this chemosensing pathway.

Here, we found that sensing of the microbial metabolite succinate by tuft cells was

sufficient to induce a type 2 immune response and that succinate receptor-deficient mice failed

14



to detect Tritrichomonas protist colonization. These findings identify the first intestinal tuft cell

ligand.
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2.2 Results
mRNA sequencing identifies a transcriptional tuft cell signature

While it was known that tuft cells exist in a variety of different tissues, no studies had
yet compared the transcriptional profiles of these various populations. Therefore, we
performed mRNA sequencing on tuft cells sorted from the gallbladder, Sl, colon, trachea, and
thymus of Flare25 reporter mice. We also sorted non-tuft epithelial cells from the Sl as controls.
Principle component analysis of these data revealed that the tissue of origin drove the majority
of transcriptional differences, with thymic tuft cells separating furthest from all other
populations (Figure 1A). Intestinal tuft cells from both the Sl and colon were closest to each
other and to the non-tuft control group. These trends could be visualized by hierarchical
clustering of differentially expressed genes among tuft cell subsets showing clear tissue specific
patterns (Figure 1B). Although clear differences emerged, there was a subset of genes shared
by tuft cell across tissues, but not expressed by non-tuft Sl epithelium, which we defined as the
tuft cell gene signature (Figure 1C, Table 1). This signature includes the master transcription
factor of tuft cells, Pou2f3, as well as other markers previously attributed to tuft cells in various
tissues such as Dclk1, Ptgs1, Alox5 and Chat(21, 28).

Also within this signature are several genes associated with the TRPM5-depenedent
chemosensing pathway, consistent with previous studies. These genes include Trom5, Plcb2,
and Gnat3 (Figure 1D-F). However, the tuft cell gene signature contains no canonical taste
receptors. Instead, we found only a handful of canonical taste receptors are expressed by tuft
cells in some tissues like in the trachea and thymus. Intriguingly, no taste receptors were

expressed by Sl tuft cells. We therefore hypothesized different GPCRs could be upstream of the
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TRPM5-dependent chemosensing pathway in Sl tuft cells. Based on previous work, we knew
tuft cell activation by tritrichomonads in the Sl is TRPM5-dependent, and TRPMS5 activation is
Ca?* dependent; therefore, we began our search by looking for GPCRs that induce Ca?* flux, are
surface expressed and are restricted to tuft cells within the Sl epithelium. Two metabolite
receptors matched these criteria, FFAR3 and SUCNR1. FFAR3 is the receptor for the short-chain
fatty acids (SCFAs) propionate and butyrate and has been implicated in sensing these bacterial
metabolites in the intestine(58). SUCNR1 is the extracellular receptor for the citric acid cycle
intermediate succinate and is best characterized in the kidney, where it helps to regulate blood
pressure(59). In our RNA sequencing data set, we find Ffar3 expression is highest in tuft cells
from the intestinal tract, SI, colon and gallbladder. Sucnr1 is most highly expressed by tuft cells
in the Sl and trachea. To validate the Sl results, we performed quantitative PCR (gPCR) on
sorted tuft cells and non-tuft epithelial cells. This confirmed Ffar3 and Sucnrl were enriched in
Sl tuft cells. We also measured expression of other SCFA receptors but did not detect
expression of Ffar1 and Ffar2 in either tuft cells or non-tuft epithelium, whereas both
populations expressed equal amounts of Ffar4. Therefore, SUCNR1 and FFAR3 particularly
warranted further analysis as candidate receptors upstream of TRPM5-dependent tuft cell

signaling.

Succinate is sufficient to induce a type 2 immune response in the small intestine
To test whether tuft cells can detect luminal SCFA and/or succinate, we added 150 mM
sodium succinate, propionate, acetate, or butyrate or 300 mM NaCl (to match sodium molarity)

to the drinking water of mice for 7 days and quantified tuft cell hyperplasia in the SI. Succinate,
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but not SCFAs or NaCl, was sufficient to induce a >5-fold increase in tuft cells (Figures 2A and
2B). Although tuft cell hyperplasia was detectable throughout the SI, it was most pronounced in
the distal segment (last 10 cm) (Figure 2C). There was no change in tuft cell frequency in the
cecum or colon of succinate treated mice (Figure S1A). Over a range of concentrations, 150mM
succinate in the drinking water induced the most robust tuft cell hyperplasia. Concentrations of
75 and 300 mM both elicited less tuft cell hyperplasia, the latter of which was most likely due to
reduced water consumption at such high sodium concentrations (Figure 2D). To understand the
kinetics of this succinate response, we performed a time course and found that tuft cell
hyperplasia peaked around days 7 and 8 (Figure 2E). We noted a downward trend in tuft cell
numbers at later time points, perhaps because of regulatory feedback mechanisms, but tuft cell
frequency remained well above background throughout the time course. Unless otherwise
noted, we performed further experiments by analyzing the distal SI after 7 days of 150 mM
succinate administration.

Next, we looked for other measures of innate type 2 immunity in the SI. In addition to
tuft cell hyperplasia, mice treated with succinate also had elevated numbers of goblet cells, and
goblet cell size was increased indicating more mucus production (Figures 2F- 2H). Within the
mesenteric lymph nodes (MLN) of succinate treated mice there was an accumulation of ILC2s
and eosinophils (Figures 21-2J and Figures S2B-S2D), all indicative of an ongoing type 2 immune
response. As mentioned previously, type 2 immune responses are essential for timely expulsion
of intestinal helminths such as Nippostrongylus brasiliensis. Mice treated with succinate prior to
and during N. brasiliensis infection had accelerated worm clearance, further demonstrating that

succinate is sufficient to induce a bona fide intestinal type 2 immune response (Figure 2K).
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Finally, because commensal bacteria both produce and consume succinate, it was possible that
succinate treatment in the drinking water activated type 2 immune responses indirectly by
altering the composition of the intestinal microbiome(60, 61); however, germ-free mice treated
with succinate readily developed tuft cell hyperplasia. Together, our data demonstrate that
succinate is an innate immune ligand that is sufficient to induce a multifactorial innate type 2

immune response in the small intestine.

Succinate signals via the tuft-ILC2 circuit

Previous publications defined an innate tuft-ILC2 circuit where tuft cell derived IL-25
activates ILC2s, which subsequently produce IL-13(19-21). IL-13 acts on epithelial stem cells to
drive differentiation of more tuft and goblet cells, resulting in hyperplasia of both cell types. To
determine whether succinate-driven tuft cell hyperplasia similarly required the tuft-ILC2 circuit,
we tested mice deficient in various components of this circuit (Figure 3A). Consistent with
previous findings, succinate-induced tuft cell hyperplasia was completely dependent on IL-4
receptor alpha (//4ra), necessary for IL-13 signaling (Figures 3B and 3C)(19). In Rag1”" mice
which lack adoptive lymphocytes, tuft cell hyperplasia was largely intact. However, //2rg7- mice,
which lack both innate and adaptive lymphocytes, completely failed to induce tuft cell
hyperplasia in response to succinate, indicating that ILC2s are the dominant source of IL-13 in
this succinate induced system.

IL-25 potently activates ILC2s in the intestinal lamina propria and was necessary for tuft
cell hyperplasia following succinate treatment. IL-33, another ILC2-activating cytokine that

signals through ST2, was not required for this response. Tuft cells are the exclusive source of IL-
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25(19). In line with the lack of response in //-257" mice, tuft cells were required for type 2
immune activation following succinate treatment as goblet cell hyperplasia and hypertrophy
were absent in tuft-cell-deficient Pou2f37- mice (Figures 3D-3F). TRPM5, a key signaling
component of the tuft cell chemosensory pathway, was required for tuft cell hyperplasia, as
well as ILC2 and eosinophil accumulation in the MLNs of succinate-treated mice (Figures 3B, 3C,
3G and 3H). Furthermore, rapid succinate-induced IL-13 production (measured with the
Smart13 reporter) was seen in ILC2s from the mLN and lamina propria in wild-type mice but
was completely absent in Trom57- mice (Figures 3I-3L). Finally, as expected, the response to
succinate administration was completely dependent on succinate receptor, SUCNR1 (Figure 3B
and 3C).

To further confirm that succinate sensing occurs in tuft cells and is amplified through
the tuft-ILC2 circuit, we stimulated sort-purified lamina propria ILC2s and analyzed IL-13
production after succinate stimulation. As expected, recombinant IL-25 activated ILC2s to
produce IL-13, but succinate had no effect, confirming that ILC2s do not directly sense succinate
(Figure S2A and S2B). We generated intestinal epithelial organoids, which contain only
epithelial cells, and treated them with recombinant IL-13 (rIL-13) or succinate. rIL-13 induced
tuft cell hyperplasia, as previously demonstrated(19), but succinate again had no effect,
indicating that succinate signaling in epithelial cells is not sufficient to induce tuft cell
hyperplasia (Figure S2C). Together, these results strongly support a model in which tuft cells
sense succinate through SUCNR1 to activate the feed-forward tuft-ILC2 circuit and drive

intestinal type 2 immunity.
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N. brasiliensis and a Tritrichomonads secrete succinate

Given the link between tuft cells and the type 2 immune response to microbes, we
hypothesized that succinate sensing is a mechanism for monitoring microbial metabolism in the
intestinal lumen. Unlike land vertebrates, which principally generate lactic acid under anaerobic
conditions, the anaerobic metabolites of helminths, protists, and bacteria are far more diverse
and include hydrogen, ethanol, acetate, propionate, lactate, and other metabolites(62). Various
organisms, including bacteria, some protists (e.g., Tritrichomonas fetus) and some helminths,
use fumarate as a terminal electron acceptor during fermentation, resulting in production and
release of succinate(62, 63). A previous study reported that N. brasiliensis does indeed secrete
succinate, but this has not been further investigated(64). Therefore, we wondered whether
succinate sensing by tuft cells might contribute to the immune response to N. brasiliensis. We
analyzed N. brasiliensis excretory-secretory product (NES) by using nuclear magnetic resonance
(NMR) and indeed found succinate as well as acetate, propionate, and lactate were all
produced at detectable levels (Figure 4A). Furthermore, succinate and NES induced Ca?* in
mouse embryonic fibroblasts transduced with Sucnri, but not in non-transduced control cells
(Figures 4B and 4C). Thus, N. brasiliensis can secrete succinate and this is capable of triggering
SUCNRL1 signaling in vitro.

Similar to helminths, Tritrichomonas protists also activate the innate tuft-ILC2 circuit in
the Sl and can be found in the microflora of many research vivariums. In the University of
Washington vivarium, we identified a mouse colony that harbored abundant protists (>100
million/ cecum) with Tritrichomonas-like morphology (Figure S3A). Internal transcribed spacer

(ITS) sequencing identified this colony as containing a previously undescribed tritrichomonad
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with >97% and >86% homology to the ITS of T. musculis and T. muris, respectively (Figure S3B).
We refer to this University of Washington isolate as T. rainier. Like N. brasiliensis, T. rainier

secreted succinate upon anaerobic culture (Figure 4D).

Sensing of T. rainier, but not N. brasiliensis, requires Sucnr1

Previously published results demonstrated that immune sensing of tritrichomonads
requires TRPM5 and GNAT3(20). We tested the requirement of these signaling components in
the sensing of N. brasiliensis. We found both worm clearance and tuft cell hyperplasia following
N. brasiliensis infection are TRPMS5 dependent, with both significantly delayed in Trom57/- mice
compared to wild-type (Figures 4E and 4F). By contrast, tuft cell hyperplasia developed
normally in N. brasiliensis-infected Gnat3”- mice, suggesting distinct sensing mechanisms for
helminths and protists upstream of TRPM5 (Figure 4G). Given that both N. brasiliensis and T.
rainier could secrete succinate in vitro, next we sought to test the requirement of SUCNRL1. Like
in Gnat3”" mice, the immune response to N. brasiliensis in Sucnr1”- mice was equivalent to wild-
type with no delay in worm clearance (Figures 4H and 4l). In contrast, the immune response to
T. rainier was completely absent in Sucnr1”- mice, with no evidence of tuft cell hyperplasia or
MLN infiltrates in Sucnr1”~ mice despite equivalent colonization with T. rainier (Figures 4J-4M
and Figures S3C). In sum, tuft cells sense T. rainier via SUCNR1, but SUCNR1 signaling is
redundant or perhaps absent during N. brasiliensis infection.

One possible hypothesis for the lack of phenotype in N. brasiliensis infected Sucnr1”-
mice is that there are multiple redundant receptors that sense helminth infection. We had

generated Ffar3”" mice and Gprc5¢”- mice in the lab. As discussed above, FFAR3 is a GPCR
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expressed by Sl tuft cells that detects the SCFAs, propionate and acetate. GPRC5C is an orphan
GPCR that is very highly expressed by Sl tuft cells. One publication suggested a potential role of
GPRC5C in pH sensing but no ligand has been defined to date(65). We made both Ffar3”
;Sucnr1”-or Gpre5c”-;Sucnr1”- double knockout mice and tested their type 2 immune response
to N. brasiliensis infection. We found no decrease in tuft cell hyperplasia in either the proximal
or distal Sl, and no delay in worm clearance by day 7 (Figures S4A-S4C). These data do not
exclude the possibility that yet another GPCR on tuft cells may be responsible for tuft cell
sensing of helminth infection. An alternative hypothesis is that tuft cells sense helminth activity,
perhaps through mechanosensing or barrier disruption, rather than a secreted ligand.
Ultimately, more work is needed to identify mechanisms of tuft cell sensing of helminth

infection.

Bacterial succinate production can activate the tuft-ILC2 circuit

Commensal bacteria both consume and produce succinate as a metabolite(60, 61). In a
healthy microbiome the ratio of succinate producers and consumers is balanced, such that
there is little free succinate. Perhaps succinate sensing by tuft cells is a mechanism of
monitoring for bacterial dysbiosis. The low frequency of tuft cells in Tritrichomonas-free SPF
mice suggests that bacterial succinate is not sensed at homeostasis, but this could change in
states of dysbiosis, especially if bacterial species that secrete succinate are expanded. Indeed,
Lei et al. demonstrated that induction of bacterial dysbiosis with the antibiotic Streptomycin or
a laxative, PEG3350, causes SUCNR1-dependent tuft cell hyperplasia localized to the distal SI,

presumably by increasing the abundance of succinate-secreting bacteria(66). However, when
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we repeated these experiments with mice bred in the University of Washington vivarium or
purchased from Charles River laboratories, we saw no Streptomycin-induced tuft cell
hyperplasia (Figures 5A-5B). One explanation for this discrepancy is that the University of
Washington and Charles River microbiomes do not contain the same Streptomycin resistant
succinate-producing species as the mice used in the previous publication. This suggests that
effects of Streptomycin depend on the composition of the microbiome and do not always result
in activation of the tuft-ILC2 circuit.

However, to demonstrate sensing of bacterial succinate directly, we performed a mono-
colonization experiment in germ-free mice with a succinate-producing commensal bacterial
species, Bacteroides ovatus (B. ovatus) or a B. ovatus mutant in which succinate secretion is
reduced ~50%. We find mice colonized with B. ovatus, but not the B. ovatus mutant, develop
tuft cell hyperplasia in the distal SI (Figure 5C). We confirmed that bacterial burden was
equivalent in colonized mice (Figure 5D). Taken together, a model emerges in which tuft cells
sense succinate to monitor microbial metabolism in the distal Sl, with elevated succinate levels
indicating a dysbiosis. In response, tuft cells activate the tuft-ILC2 circuit and associated

immune response.

24



2.3 Discussion

Since the identification of a role for tuft cells in type 2 immunity, the mechanisms of
immune sensing by intestinal tuft cells have been of great interest. In this study, we found that
succinate is an intestinal tuft cell ligand, as two other groups also recently reported(66, 67). We
demonstrate that succinate alone is sufficient to drive a multifaceted intestinal type 2 immune
response (Figure 2). Further, this response is dependent on tuft cell chemosensing through
SUCNR1 and TRPMS5, and production of IL-25 ultimately leading to ILC2 activation (Figure 3).
Finally, we demonstrate Tritrichomonad sensing is dependent on SUCNR1 but succinate sensing
is dispensable for the response to N. brasiliensis (Figure 4).

Succinate is an intermediate of the mammalian TCA cycle, where it is contained within
mitochondria and therefore is not found in large quantities extracellularly. Interestingly, all
previous studies linking succinate to immune responses have characterized this molecule as an
enhancer of type 1 immunity(68—71). Signaling through SUCNR1 on dendritic cells and
macrophages or intracellular sensing of succinate all potentiate classical type 1 inflammatory
pathways. In the intestine, however, sensing of succinate seems to be wired differently, leading
to a type 2 immune response.

Helminths, protists, and both commensal and pathogenic bacteria have diverse
metabolic strategies, some of which include the secretion of succinate as a byproduct of
metabolism(62). Indeed, Schneider et al, and our own studies both confirmed that
Tritrichomonas protists produce succinate(29, 67). Schneider et al, observed that
Tritrichomonad protist numbers expand dramatically in the cecum around the time of weaning,

which correlated with an increase in tuft cell numbers(67). The authors went on to show that
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Tritrichomonads need fermentable fiber to persist in the lumen and therefore their expansion
in numbers corresponds to when the mouse transitions from a milk to chow diet at weaning.
Intriguingly, tritrichomonads are not cleared or even reduced in number by a type 2 immune
response suggesting that they can tolerate detection via succinate. In parallel, colonization by
Tritrichomonas does not seem to negatively impact the host in any way raising the question of
why does the immune response sense these organisms in the first place?

In addition to protists, many bacteria can produce or consume bacteria as part of their
metabolism. Lei et al. observed SUCNR1-dependent tuft cell hyperplasia in the very distal Sl
following treatment of mice with the antibiotic Streptomycin or laxative PEG3350, without the
presence of protists or helminths(66). This suggests that during microbial dysbiosis bacterial
derived succinate is capable of activating the tuft-ILC2 circuit in the SI. However, we
hypothesize this sensing would only occur if the dysbiosis skewed the ratio of succinate
producing to consuming bacteria towards the consumers, thereby increasing the local
concentrations above some threshold to trigger tuft cell activation. Thus, this dysbiosis induced
tuft cell hyperplasia is microbiome dependent. Indeed, when we treated mice bred in the
University of Washington vivarium or Charles River laboratories with Streptomycin, we did not
observe any tuft cell hyperplasia (Figure 5). These results establish a paradigm in which
succinate sensing by tuft cells drives an innate type 2 immune response to protist colonization
or bacterial dysbiosis.

In contrast, succinate sensing in not required for detection of helminth infection. N
brasiliensis can secrete succinate when cultured in vitro, yet we and others did not observe a

significant defect in tuft cell hyperplasia and worm clearance 7—-8 days after N. brasiliensis
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infection in Sucnr1”- mice (Figures 4A, 4H and 4l). We also tested whether combination
knockouts of Sucnrl”- and Ffar3” or Gprc5¢”- would abrogate tuft cell sensing of N. brasiliensis,
but in both cases there was no effect (Figure S4). We must therefore conclude that either tuft
cells do not sense helminth-derived succinate or sensing is redundant. Further studies are
needed to identify one or more additional sensors that signal upstream of TRPM5 during
helminth infection.

Finally, we must also consider the possibility that tuft cells detect endogenous or dietary
succinate, although our data suggest that it is difficult to globally increase the concentration of
succinate in the intestinal lumen, most likely because of rapid uptake of succinate by the
intestinal epithelium(61, 72). Accordingly, even 75 mM succinate in drinking water, was
insufficient to induce maximal tuft cell hyperplasia (Figure 2D). We favor the model that
microbes that gain access to the intestinal epithelium are uniquely able to deliver succinate
locally at levels that are high enough to activate SUCNR1 in tuft cells. Whether succinate
released from dying epithelial cells can similarly activate tuft cells remains to be determined.

Regardless of its physiological source, succinate is an unusual innate immune ligand.
Most innate immune ligands characterized thus far are unique microbe associated molecules
that are integral to the survival or structure of the virus, bacteria or fungi, making them difficult
to evolve away from. In contrast, succinate is one of many metabolites that could be used as a
terminal electron acceptor in anaerobic metabolism. Given how diverse the metabolism of
bacteria and protists is, it seems plausible that if succinate sensing posed a serious threat to the
survival of an organism, it could evolve away from succinate secretion. Yet protists and bacteria

do not. One hypothesis is that this type 2 inflamed environment may benefit some microbes,
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potentially through increased availability of mucus, which some microbes can use as a source of
nutrients and energy. Another hypothesis is that in some way the type 2 response to succinate
benefits the host during times of microbial dysbiosis by shifting the antimicrobial profile of the
lumen in an effort to restore homeostasis. This may be hard to model or observe in specific
pathogen-free conditions, but may be more important in natural environments where microbial
shifts can leave the host vulnerable to opportunistic pathogens. More work is required to
understand the context in which succinate sensing is most important.

In sum, we have defined a paradigm in which metabolite sensing by tuft cells drives an
innate type 2 immune response. This finding has important implications for our understanding
of intestinal immunity and homeostasis and suggests novel strategies for therapeutic

intervention.
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2.4 Materials and Methods

Experimental Animals

Mice aged 6 weeks and older 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 or where specified,
purchased from Charles River Laboratories. B6.Rag1”’- (B6.12957-Rag1t™Mom/)) B6.112rg”"
(B6.129S4-1112rg™™Wih/}), and B6.Trpm57~ (B6.129P2-Trpm5t™1P8e"/J) mice were purchased from
Jackson Laboratories. B6./[25F/are25/Flare25 gnd B, |135marti3/smartl3 mice were generated as
previously described(19, 73). 11257 mice were generated as previously described(18),
generously provided by A. McKenzie, and backcrossed at least 8 generations to C57BL/6J. IL4ra
/- mice were generated as previously described(74), generously provided by F. Brombacher, and
backcrossed at least 8 generations to C57BL/6J. B6.Pou2f37- (Pou2f3 tm1.1(KOMP)Vlcg, Project
ID #VG18280) were generously provided by M. Anderson. B6.Gnat3”- mice were generated by
pronuclear injection of Cas9 mRNA and two sgRNA (Guide 1: GCTTCAGGAGGATGCTGAGCGGG,
Guide 2: CTCCAGTTCTTTGGACCTTCTGG) into fertilized C57BL/6J zygotes at the Gladstone
Institutes (San Francisco, CA). B6.Sucnrl”" mice were generated by pronuclear injection of Cas9
mMRNA and two sgRNA (Guide 1: CGATTGCATAAAATGCAGAGAGG; Guide 2:
AGAGTTATGCCAATGATAAGGGG) into fertilized C57BL/6J zygotes at the Gene Targeting Facility
of the Cancer Research Laboratory at UC Berkeley (Berkeley, CA). Founder Gnat3 and Sucnrl
mice were genotyped by Sanger sequencing and founders carrying mutations were backcrossed
once to C57BL/6J before intercrossing to generate homozygous mutant mice. All mice not

purchased from Jackson Laboratories, Charles River laboratories or newly generated were
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rederived into the University of Washington vivarium. Lewis rats were purchased from Envigo
(LEW/SsNHsd). Except mice noted below, all mice and rats were maintained in specific
pathogen-free conditions at the University of Washington and were confirmed to be
tritrichomonas-free by gPCR. Germ free mice were housed and treated in the University of
Washington Gnotobiotic Animal Core. All experimental procedures (with exceptions noted
below) were approved by the Institutional Animal Care and Use Committee at the University of
Washington. B6./[25Fare25/Flare25 mice used to sort cells for mRNA sequencing and B6.Gnat3”
mice were maintained in specific pathogen-free conditions at the University of California, San
Francisco and experimental procedures were approved by the Institutional Animal Care and
Use Committee at the University of California, San Francisco. B6./[25Fare25/Flare25 \yare

retrospectively found to be colonized with a tritrichomonad of unknown identity.

Germ Free Mice

C57BL/6J mice were raised under standard germ-free conditions in the University of
Washington Gnotobiotic Animal Core. For succinate administration, mice were transferred to
hermetically-sealed positive pressure isocages as described(75) and given autoclaved drinking
water supplemented with 150 mM sodium succinate hexahydrate ad libitum for 7 days. For
mono-colonization experiments mice were transferred to hermetically-sealed positive pressure
isocages and administered roughly 6 x 1077 bacterial cfu/mouse in 200ul media by oral gavage.
Media used to grow bacteria and used to gavage ice for the media control group is LYHBHI
Media prepared as described(76). Mice received either Bacteroides ovatus (ATCC 8486) or

Bacteroides ovatus AyjjPB generously provided to us by the Baldridge lab (Washington
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University). Mice were euthanized and tissues harvested 7 days after colonization. Bacterial

burden was measured by gPCR of cecal content.

Cell culture and transduction

Immortalized C57BL/6J mouse embryonic fibroblasts (MEFs; kindly provided by Dr. D. Stetson)
and HEK293T were cultured in DMEM supplemented with 10% fetal calf serum (VWR), L-
glutamine, penicillin/streptomycin, sodium pyruvate, HEPES and B-mercaptoethanol. For
lentiviral transduction, the ORF for mouse Sucnrl was obtained directly from prepared cDNA
from sorted small intestinal tuft cells (described above). After sequencing verification, mSucnri
was cloned into the pRRL-MND-MCS-2A-Puro lentiviral vector downstream of an MND
promoter as previously described(77). VSV-G pseudotyped, self-inactivating lentivirus was
prepared by transfecting HEK293T cells with 1.5 pg pVSV-G, 3 pug psPAX-2, and 6 ug pRRL
lentiviral vector, and viral supernatant collected and filtered before use. MEFs were incubated
with viral supernatant overnight, and media was replaced with fresh culture media. Puromycin

(5ug mL1) selection was added 72 hours post transduction and continued for 7 days.

Short Chain Fatty Acid and Succinate Administration

Mice were provided with sodium succinate hexahydrate (Alfa Aesar), sodium propionate (Arcos
Organics), sodium acetate trihydrate (Fisher Chemical), or sodium butyrate (Alfa Aesar) ad
libitum in drinking water. Unless otherwise noted, mice were treated for 7 days with 150 mM
agonist, except NaCl, which was given at 300 mM to match sodium molarity with succinate

treatment.
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Mouse Infection/Colonization

Infectious third-stage N. brasiliensis larvae (L3) were raised and maintained as described(73).
Mice were infected subcutaneously at the base of the tail with 500 N. brasiliensis L3 and were
euthanized at the indicated time points to collect tissues for staining or to count worm burden.
Worm burden was enumerated across the entire small intestine. Wild-type mice naturally
colonized with T. rainier were used as a source of protists for colonization studies. T. rainier
colonization status was determined by microscopy and confirmed by gPCR and ITS sequencing.
To transfer T. rainier to naive mice, cecal contents of colonized mice were isolated and washed
in PBS, filtered through a 70 um strainer, and spun down. Contents were washed a second time
in PBS and total protists enumerated using a hemocytometer. Mice received a single oral
gavage of 20-30 x 10° protists in a volume of 150 ul PBS. After 7 days mice were sacrificed for

analysis. Successful colonization was again determined by microscopy and confirmed by qPCR.

Streptomycin treatment
Streptomycin treatment was administered as described(66). Briefly, mice received 20mg
Streptomycin in 200ul water by oral gavage daily for 5 days. 2 days after the final Streptomycin

dose, distal Sl was harvested for analysis.

Tissue fixation and staining
For tuft cell staining, intestinal tissues were flushed with PBS and fixed in 4% paraformaldehyde

for 4 h at 4° C. Tissues were washed with PBS and incubated in 30% (w/v) sucrose overnight at

32



4° C. Small intestine and colon samples were then coiled into “Swiss rolls” and embedded in
Optimal Cutting Temperature Compound (Tissue-Tek) and sectioned at 8 um on a Microm
HMS550 cryostat (Thermo Scientific). Immunofluorescent staining was performed in Tris/NaCl
blocking buffer (0.1 M Tris-HCL, 0.15 M NaCl, 5ug mI TSA blocking reagents (Perkin Elmer), pH
7.5) as follows: 1 h 5% goat serum, 1 h primary antibody (oDCLK1, Abcam ab31704), 40 min
goat anti-rabbit IgG F(ab’)2-AF594 secondary antibody (Life Technologies) and mounted with
Vectashield plus DAPI (Vector Laboratories). Tuft cell frequency was calculated using Image)
software to manually quantify DCLK1+ cells per millimeter of crypt-villus axis. Four 10x images
were analyzed for each replicate and at least 30 total villi were counted.

For goblet cell staining, tissues were flushed with PBS, fixed in 10% buffered formalin at
4° Cfor 3 h, coiled into “Swiss rolls” and returned to formalin. After 24 h 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. Periodic acid Schiff (PAS) or Alcian blue staining was used to identify goblet cells.
Goblet cell frequency was calculated as described above for tuft cells. Hypertrophy was
guantified using ImagelJ 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).

Single-cell tissue preparation
For single cell epithelial preparations from small intestines, gall bladder, and colon, tissues were

flushed with PBS, opened, and rinsed with PBS to remove intestinal contents. Intestinal tissue
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was cut into 2-5 cm pieces and incubated rocking at 37° C in 15 mL HBSS (Ca*?/Mg*?-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 15 mL HBSS (Ca*?/Mg*?-free) supplemented
with 5mM EDTA (Invitrogen), 5% FCS, and 10mM HEPES. Tissues were vortexed thoroughly and
released epithelial cells were passed through a 70 um 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 20 mL HBSS (with Ca*?/Mg*?)
supplemented with 5% FCS and 10mM HEPES, shaking at 37° C for 20 minutes. Supernatants
were discarded and tissues were incubated in 5 mL HBSS (with Ca*2/Mg*?) supplemented with
3% FCS, 10mM HEPES, 30 ug 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.

For mesenteric lymph node preparations, MLN were harvested into RPMI + 5% FBS on
ice. Tissues were incubated 30 minutes at 37° Cin 5 mL RPMI supplemented with 2 mg mL*
collagenase VIII (Sigma-Aldrich) and 7.5 ug mL* DNase | (Sigma-Aldrich). Digested MLN were
passed through a 70 uM filter and remaining tissue was mashed through filter. Cells were

washed once and stained for flow cytometry.
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For tracheal epithelium, the trachea was dissected from mice, stored in DMEM + 5% FBS and
cleaned of stroma using a dissecting microscope. Tissue was cut into 6 pieces and incubated at
room temperature in 16U mL* Dispase (Corning) in DPBS without Ca?*/Mg?*. Incubation was
monitored carefully and stopped by transfer into DMEM + 5% FBS when epithelium began to lift
away from stroma (23-28 minutes). Epithelium was then peeled off under a dissecting
microscope and collected in DMEM + 5% FBS on ice. Harvested epithelium was digested in 0.5%
Trypsin + EDTA for 20 minutes at 37° C. After digest, cells were vortexed briefly and trypsin was
quenched with DMEM + 5% FBS. Cells were washed once and stained for flow cytometry.

For thymic epithelium, thymi were isolated, cleaned of fat and transferred to DMEM + 2% FBS
on ice. Thymi were minced with a razor blade and tissue pieces were moved with a glass
Pasteur pipette to 15 ml tubes and vortexed briefly in 10 ml of media. Fragments were allowed
to settle before removing the media and replacing it with 4 ml of digestion media containing 2%
FBS, 100 ug mL! DNase | (Roche), and 100 pug mL? Liberase TM (Sigma-Aldrich) in DMEM. Tubes
were moved to a 37° C water bath and fragments were triturated through a glass Pasteur
pipette at 0 min and 6 min to mechanically aid digestion. At 12 min, tubes were spun briefly to
pellet undigested fragments and the supernatant was moved to 20 ml of 0.5% BSA (Sigma-
Aldrich), 2 mM EDTA (TekNova), in PBS (MACS buffer) on ice to stop the enzymatic digestion.
This was repeated twice for a total of three 12 min digestion cycles, or until there were no
remaining tissue fragments. The single cell suspension was then pelleted and washed once in
MACS Buffer. Density-gradient centrifugation using a three-layer Percoll gradient (GE

Healthcare) with specific gravities of 1.115, 1.065, and 1.0 was used to enrich for stromal cells.
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Cells isolated from the Percoll-light fraction, between the 1.065 and 1.0 layers, were then

washed and resuspended for staining.

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. Samples were FSC-A/SSC-A gated to exclude debris, SSC-H/SSC-W gated to select
single cells and gated to exclude DAPI* dead cells. Samples were run on an LSR Il (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 into CD45'"° [L25(RFP)*
EpCAM* and CD45'"° [L25(RFP") EpCAM* populations using a MoFlo XDP (Beckman Coulter) or an

Aria Il (BD Biosciences).

RNA sequencing & analysis

Single cell suspensions of epithelial cells from gall bladder, small intestine, colon, thymus, and
trachea were generated as described above from //25F/@r¢25/Flare25 raporter mice. CD45'° RFP*
EpCAM* tuft cells were sorted from all tissues and CD45'°RFP-EpCAM* cells were also sorted
from the small intestine. With the exception of tracheal tuft cells, which were pooled from four
mice for each replicate, each biological replicate represents one mouse. Four biological
replicates were collected for each sample. Average sorted cells for each sample were as
follows: SI_RFP*: 35,250; SI_RFP": 55,000; Colon: 14,775; Gall: 2287, Thymus: 1612; Trachea:

255.
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Cells were sorted directly into lysis buffer from the Dynabead mRNA Direct Purification Kit
(ThermoFisher) and mRNA was isolated according to the manufacturer’s protocol. Amplified
cDNA was prepared using the NuGen Ovation RNA-Seq system V2 kit, according to the
manufacturer’s protocol (NuGen Technologies). Sequencing libraries were generated using the
Nextera XT library preparation kit with multiplexing primers, according to manufacturer’s
protocol (lllumina). Library fragment size distributions were assessed using the Bioanalyzer
2100 and the DNA high-sensitivity chip (Agilent Technologies). Library sequence quality was
assessed by sequencing single-end 50 base pair reads using the lllumina MiSeq platform and
were pooled for high-throughput sequencing on the Illumina HiSeqg 4000 by using equal
numbers of uniquely mapped reads (lllumina). Twelve samples per lane were multiplexed to
ensure adequate depth of coverage. Sequencing yielded a median read depth of 89.2 million
reads per sample. The analytic pipeline included de-multiplexing raw sequencing results,
trimming adapter sequences, and aligning to the reference genome. Sequence alignment and
splice junction estimation was performed using the STAR software program. For differential
expression testing, the genomic alignments were restricted to those that map uniquely to the
set of known Ensembl IDs (including all protein coding mRNAs and other coding and noncoding
RNAs). STAR aggregated mappings on a per-gene basis were used as raw input for
normalization by DESeq2 software. Replicates failing quality control at any stage were
discarded. Resulting datasets were deposited in the GEO database (GSE114067).

To determine the tuft cell signature, any genes with a mean normalized read count <300
in any tuft cell subset were removed from analysis. Next, genes were ranked based on log2 fold

change between the mean expression level in all tuft samples and the mean expression level in
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all non-tuft samples, with a cutoff of 4. GO Term and KEGG pathway analysis was performed
using the Database for Annotation, Visualization, and Integrated Discovery(78, 79). Visualization
of taste receptor expression was generated using Morpheus

(https://software.broadinstitute.org/morpheus/).

Quantitative RT-PCR

For tuft cell gPCR, CD45°RFP*EpCAM* and CD45'°RFP-EPCAM* populations from small intestinal
epithelium of //25Flare25/Flare25 mijce were sorted into Buffer RLT (Qiagen) using an Aria (BD
Biosciences). To validate Gnat3”" mice, CD45"°EpCAM* epithelial cells from the small intestine
were sorted into Buffer RLT (Qiagen). RNA was isolated using the Micro Plus RNeasy kit
(Qiagen) and reverse transcribed using SuperScript Vilo Master Mix (Life Technologies). For
tritrichomonas quantification, total DNA was isolated from cecal contents using the QIAmp Fast
DNA Stool Mini Kit (Qiagen). Cecal DNA or cDNA were used as template for quantitative PCR
with Power SYBR Green reagent on a StepOnePlus cycler (Applied Biosystems). For mouse cells,
transcripts were normalized to Rps17 (40S ribosomal protein S17) expression. For cecal DNA,

transcripts were normalized to bacterial 16s rRNA.

Nuclear Magnetic Resonance Quantification of SCFA and Succinate

NMR analyses were made using a Bruker AVANCE Il 800 MHz equipped with a 5 mm HCN
cryoprobe suitable for *H inverse detection with Z-gradients at 298 K. Samples were prepared
to contain 50 uM TSP (3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt) for quantitative

and chemical shift reference. One-dimensional *H NMR spectra were obtained using the CPMG
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(Carr-Purcell-Meiboom-Gill) pulse sequence that included residual water signal suppression
from a pre-saturation pulse during the relaxation delay. For each spectrum, 32k data points
were acquired using a spectral width of 9615 Hz. The raw data were processed using a spectral
size of 32k points and by multiplying with an exponential window function equivalent to a line
broadening of 0.3 Hz. The resulting spectra were phase and baseline corrected and referenced
with respect to the internal TSP signal. Bruker Topspin version 3.5pl6 software package was
used for NMR data acquisition and processing. Assignment of peaks was made based on *H
NMR chemical shifts and spin-spin couplings obtained from the spectra of standard compounds
under similar experimental conditions at 800 MHz. Chenomx NMR Suite Professional Software
package (version 5.1; Chenomx Inc., Edmonton, Alberta, Canada) was used to quantitate
metabolites. This software allows fitting spectral lines using the standard metabolite library for
800 MHz 'H NMR spectra and the determination of concentrations. Peak fitting with reference
to the internal TSP signal enabled the determination of absolute concentrations for the short
chain fatty acids and other organic acids. All NMR experiments were performed in conjunction

with the Northwest Metabolomics Research Center at the University of Washington.

Preparation of N. brasiliensis excretory-secretory product (NES)

Infectious third-stage N. brasiliensis larvae (L3) were raised and maintained as described above.
Lewis rats were infected subcutaneously with 2000 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 200U ml Pen-Strep), allowing worms to settle by gravity between

each wash. Worms were allowed to equilibrate in Wash Solution Il (RPMI 1640 with 200U ml*

39



Pen-Strep) for 1 hour at room temperature, before being transferred to a tissue culture flask in
NES culturing media (RPMI 1640, with 100U ml* Pen-Strep, 2mM L-Glutamine and 1% glucose)
and cultured at 37° C. Supernatant was collected at 24 and 48 hours and filtered prior to use as
NES. For NMR analysis, phosphate buffer prepared in deuterated water (0.1M; pH =7.4)
containing TSP (3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt) was added to NES to

achieve a final concentration of 50uM TSP.

Tritrichomonas culture

Culture of T. rainier was performed as described(80). Briefly, cecums of T. rainier colonized
mice were flushed with PBS, passed through the 70 um cell strainers and centrifuged at

1000 rpm for 5 min. To enrich for tritrichomonads a 40/80% percoll gradient centrifugation step
was performed at 1000 g for 15 min with brakes off. Tritrichomonads were collected at the
interphase and the tritrichomonad containing fraction was washed with PBS and resuspended
in tritrichomonad culture medium. Tritrichomonad culture medium was modified from the
method described by (Saeki et al., 1983). To prepare medium, cecums of mice were harvested
and homogenized in PBS with 25 volumes of PBS per gram cecum. In order to get homogeneous
suspension, the cecal extract was stirred at 4°C for 6 h and then centrifuged at 3500rpm for

10 min and the supernatant was filtered. The filtered cecal extract was used to resuspend the
BBL Trichosel™ Broth (BD Biosciences) and titrated to pH 7 with NaOH. The medium was then
autoclaved for 10 minutes. After cooling media was supplemented with 10% heat-inactivated
horse serum and the following antibiotics; amphotericin B (5ug/mL), ampicillin (100ug/mL),

chloramphenicol (100ug/mL), gentamicin (50ug/mL), kanomycin (100ug/mL), streptomycin
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(100ug/mL), vanomycin (5ug/mL). The enriched tritrichomonads were resuspended in culture
medium at 2 x 10° protists per mL and cultured under anaerobic conditions for 24h. Media was
collected and centrifuged 1750 rpm for 10 min. Supernatant was filter (0.22um PVDF filter). For
NMR analysis, phosphate buffer prepared in deuterated water (0.1M; pH =7.4) containing TSP
(3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt) was added to tritrichomonad

conditioned media to achieve a final concentration of 50uM TSP.

Tritrichomonas sequencing

Internal transcribed spacer (ITS) sequencing of the tritrichomonad identified in the University of
Washington vivarium was performed as previously described(55). Briefly, DNA was isolated
from the cecal contents of colonized mice using the QlIAmp Fast DNA Stool Mini Kit (Qiagen)
and the ITS region was PCR-amplified using pan-parabasalid primers (Forward:
AATACGTCCCCTGCCCTTTGT Reverse: TCCTCCGCTTAATGAGATGC). The resulting PCR product
was sequenced by Sanger Sequencing (Genewiz). A BLASTn search identified the sequence as
novel but closely related to both murine and human tritrichomonads. Alignment with the ITS
sequences of T. muris (Accession: AY886843.1) and T. musculis (Accession: KX000922.1) showed
>97% and >86% sequence identify, respectively. For clarity, we refer to this novel isolate as
Tritrichomonas rainier, although its precise taxonomic relationship to 7. muris and T. musculis
remains to be determined. The ITS sequence for T. rainier is available in GenBank (Accession #:

MH370486).
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Organoid Culture

Small intestinal crypt-derived organoids were grown as described(81), 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
small intestine of naive B6./[25are25/Flare25 mice and plated on day 0. On day 1 and day 4,
media were replaced and organoids were treated with 20 ng mI~* recombinant IL-13 or
10mM sodium succinate. On day 7 organoids were harvested and resuspended in Accutase
(Corning). Organoids were sheared with a 28G insulin syringe, incubated for 1 h at room

temperature, washed, and then stained for flow cytometry as described above.

Calcium imaging

Mouse embryonic fibroblasts were plated 7 x 10* cells/well in 24-well plates coated with poly-
D-lysine. After overnight incubation, cells were washed with assay buffer (1X HBSS with
Ca%*/Mg?*, 10mM HEPES, pH 7.4). Cells were incubated for 1 hr at 37°C in assay buffer
supplemented with 2.5 mM Fluo-4AM (Invitrogen) and 0.05% pluronic-F127 (Invitrogen). Cells
were washed twice with assay buffer and incubated in assay buffer with 1ImM probenecid
(Biotium) for 30 minutes at 37° C prior to imaging. Cells were maintained at 37° C with 5% CO;
throughout imaging. While imaging, sodium succinate was added to assay buffer at a final
concentration of 150uM or 100ul NES or NES culturing media was added to 250ul assay buffer.
Following addition of test agonist, ionomycin was added at a final concentration of 1ug mL™.
Fluorescence images were collected at 1.44 frames per second with a 40X extra-long working

distance objective on a Nikon TiE Inverted Widefield Fluorescence Nikon microscope and
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analyzed with NIS Elements AR 3.2 software. For data presentation, fluorescence/background

(R/Ro) was quantified over time. More than 50 cells were analyzed per replicate.

ILC2 Stimulation Assay

Small intestinal lamina propria ILC2s were isolated from Smart13 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 mg/mL streptomycin/penicillin,
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 ul/well
of PE-conjugated anti-hCD4 for 20 minutes at 4 °C. Cells were washed, resuspended in DAPI,

and analyzed on an LSRII (BD Biosciences).

Quantification and Statistical Analysis

All experiments were performed using randomly assigned mice without investigator blinding.
Statistical details of experiments can be found in the figure legends. All data points and “n”
values reflect biological replicates (i.e. mice), except in 4C where they represent technical
replicates. No data were excluded. Statistical analysis was performed as noted in figure legends
using Prism 7 (GraphPad) software. Holm-Sidak was used to correct for multiple comparisons.

Graphs show mean + SEM.
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Data and Software Availability

RNA-Seq data are available at the NCBI GEO under accession number GSE114067. The ITS

sequence for T. rainier is available in GenBank under accession number MH370486.
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2.6 Figures
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Figure 1. RNA-Seq identifies a transcriptional tuft cell signature and a tissue-specific
chemosensory receptor repertoire

(A-1) Tuft cells (CD45'° EPCAM* Flare25*) were sorted from small intestine (SI), gall bladder
(Gall), colon (Col), trachea (Tra), and thymus (Thy) of naive B6./[25F/are25/Flare25 mjce for mRNA
sequencing. Non-tuft epithelial cells of the small intestine (SI Epi; CD45'° EPCAM* Flare257) were
sorted as a negative control. (A) Principal component analysis of gene expression. (B)
Hierarchical clustering of differentially expressed genes (fold change > 8; FDR < 0.01) among

tuft cell subsets. (C) Ranked list of a tuft cell transcriptional signature (Log: fold-change >4 in all
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tuft cells relative to Sl Epi). (D-F) Normalized read count of indicated genes. G) Heat map of
normalized read count of all taste receptors. (H-1) Normalized read count of indicated genes. (J)
Indicated genes analyzed by RT-qPCR in small intestinal tuft cells (Flare25*) and non-tuft
epithelial cells (Flare25). A-l: biological replicates from one mRNA sequencing experiment. J:
biological replicates pooled from three experiments. In A-l *, FDR < .05; ***, FDR < .001 by
statistical analysis in RNAseq pipeline. InJ *, p < 0.05; ***, p < 0.001 by multiple t-tests. n.s., not

significant; n.d., not detectable. Graphs show mean + SEM.
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Figure 2. Succinate is sufficient to induce a type 2 immune response in the small intestine
(A-J) Unless otherwise indicated, wild-type mice were given 150 mM succinate or control water
for 7 d. (A) Representative images and (B) quantification of tuft cells in the distal (last 10 cm) SI.
DCLK1 marks tuft cells. Scale bar = 50 um. (C) Tuft cell quantification in the proximal (first 10
cm) or distal SI. (D-E) Tuft cell quantification in the distal Sl at indicated (D) succinate
concentrations and (E) timepoints. (F) Representative images of middle Sl stained with periodic
acid-Schiff to visualize goblet cells. Scale bar = 50 um. (G-H) Quantification of goblet cell (G)
numbers and (H) hypertrophy. (I-J) Absolute numbers of (1) ILC2s and (J) eosinophils quantified
in MLN. (K) Worm burden in mice that received succinate treatment or water control 7 days
prior to and during infection with N. brasiliensis. Worm burden represented as relative to
median of control within each experiment. (L) Tuft cell quantification in distal SI of germ-free
mice. In B-D, G-L each symbol represents an individual mouse from three or more pooled

experiments. In E, each symbol represents the average of 3-9 mice from three experiments. *, p
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<0.05; **, p <0.01; ***, p <0.001 by one-way ANOVA with comparison to control (B, D), by

Mann-Whitney (G-J, L), or by multiple t-test (C, K). Graphs depict mean + SEM.
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Figure 3. Succinate signals via the tuft cell-ILC2 circuit in a TRPM5 and SUCNR1-dependent
manner

(A) Schematic of cells and proteins in the tuft-ILC2 circuit. (B-J Mice of indicated genotypes
were given 150 mM succinate for 7 d. (B) Representative images and (C) quantification of distal
SI. DCLK1 marks tuft cells. Scale bar = 50 um. (D) Representative images of middle (10-20 cm
from cecum) Sl stained with Alcian blue to visualize goblet cells. Scale bar = 100 um. (E-F)
Quantification of goblet cell (E) numbers and (F) hypertrophy in D. (G-J) MLN analyzed by flow
cytometry to quantify (G) ILC2s, (H) eosinophils, and (I-J) IL-13 production by ILC2s. Smart13: IL-
13 reporter. (K-L) Lamina propria cells from mice of indicated genotypes given 150 mM
succinate for 36 hours and analyzed as in I-J. In C-H, J-L each symbol represents one mouse

from at least two pooled independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 by
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one-way ANOVA (C, G-H, J, L) with comparison to Wt (B6) or untreated Smart13 control, or by

Mann-Whitney (E-F). n.s., not significant. Graphs depict mean + SEM.
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Figure 4. Immune sensing of T. rainier but not N. brasiliensis requires SUCNR1

(A) Concentration of indicated molecules measured in N. brasiliensis excretory-secretory
product (NES) or media control by NMR. (B) Representative calcium fluxes in wild-type (B6) or
SUCNR1-transduced MEFs treated as indicated. (C) Quantification of B. (D) Concentrations of
indicated molecules measured in T. rainier conditioned media or media alone by NMR. (E-l)
Mice of indicated genotypes were infected with N. brasiliensis. (E) Tuft cell quantification in the
distal (last 10 cm) small intestine (SI), and (F) total worm burden at indicated times. (G) Tuft cell
quantification in the distal SI 7 d post infection. (H) Tuft cell quantification in the distal Sl and (1)
total worm burden 8 d post infection. (J-M) Mice of indicated genotypes were colonized with T.
rainier for 7 d or left untreated. (J) Representative images of distal SI. DCLK1 marks tuft cells.
Scale bar = 50 um. (K) Quantification of tuft cells in J. (L-M) MLN analyzed by flow cytometry to
quantify (L) ILC2s and (M) eosinophils. A-B, D show representative data from at least two
independent experiments. In C, each symbol represents one technical replicate. In G-I, K-M
each symbol represents one mouse from at least two pooled experiments. In E-F each symbol
represents the average of 3-10 mice from three pooled experiments. *, p < 0.05; **, p < 0.01;
*** p <0.001 by one-way ANOVA (H-I, K-M) with comparison to Wt(B6) control, by Mann-

Whitney (G), or using multiple t-tests (C, E, F). n.s., not significant. Graphs depict mean + SEM.
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Figure 5. Bacterial succinate can activate tuft-ILC2 circuit

(A) Tuft cell quantification in the distal Sl of streptomycin treated mice, bred in University of
Washington vivarium. (B) Tuft cell quantification in the distal SI of B6 mice purchased from
Charles River laboratories, with or without streptomycin treatment. (C and D) Germ-free B6
mice were mono-colonized with wild-type B. ovatus or B. ovatus AyjjPB mutant. (C) Tuft cell
guantification in the distal 5cm of the SI. (D) Bacterial load in the cecal content quantified by
16S gPCR. In A-D each symbol represents one mouse from at (A) two pooled or (B-D) one
experiment. *, p < 0.05; **, p < 0.01; ***, p < 0.001 by Mann-Whitney (A-B) or one-way ANOVA

(C-D). n.s., not significant. Graphs depict mean +/- SEM.
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This signals through the receptor SUCNR1, expressed on tuft cells, resulting in an intracellular
calcium flux, opening of the TRPMS5 cation channel, and release of mediators that initiate a type

2 immune response.
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2.7 Supplemental Figures
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Figure S1. Related to Figure 2

(A) Indicated tissues from control or succinate-treated (150 mM; 7 days) wild-type mice were
stained for tuft cells (anti-DCLK1; red) and nuclei (DAPI; blue). (B) Gating strategy for
identification of ILC2s and eosinophils in the mesenteric lymph nodes (MLN). IL-13 production
was assessed by staining for human CD4 in Smart13 reporter mice. (C-D) MLN from control or
succinate-treated (150 mM; 7 days) wild-type mice were analyzed by flow cytometry to assess
the frequency of ILC2s (C) and eosinophils (D) among all live cells. Data in A-B are
representative of at least three experiments. Data in C-D are pooled from two experiments and
bar graphs depict mean + SEM. Each symbol represents an individual mouse.**, p < 0.01; ***, p

< 0.001 by Mann-Whitney.
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Figure S2. Related to Figure 3

(A) Gating strategy to identify ILC2s in the lamina propria of the small intestine. (B) ILC2s were
stimulated in vitro as indicated for 6 hours and IL-13 production was quantified by flow
cytometry using Smart13 reporter expression. (C) Epithelial organoids from murine small
intestine were cultured for 7 days under indicated conditions. Succinate concentrations = 100
UM, 1mM, and 10 mM. Tuft cell frequency (CD24+SigF+EpCAM+ cells) was quantified by flow
cytometry. Data are representative of one (B) or two (A, C) experiments. Bar graphs depict

mean + SEM. Each symbol represents a technical replicate (B-C).
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Figure S3. Related to Figure 4

(A) Representative images of T. rainier (arrows) with DAPI (blue) staining of nuclei. (B)

Alignment of internal transcribed spacer sequence of T. rainier with published sequences for T.

muris and T. musculis. (C) Tritrichomonas colonization of indicated mice was quantified by gPCR

using DNA generated from cecal contents. Data are representative of three (B) or two (A)

experiments or pooled (C) from two experiments. Bar graphs depict mean + SEM. Each symbol

represents an individual mouse.
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Figure S4. Related to Figure 4

(A to C) Mice of indicated genotypes were infected with N. brasiliensis. Tuft cell quantification
in the (A) proximal Sl (first 10cm) or (B) distal Sl (last 10 cm) and (C) total worm burden 7 days
post infection. Data are pooled from two or more experiments. Bar graphs depict mean +/-

SEM. Each symbol represents an individual mouse.
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Table 1. The transcriptional tuft cell signature (Related to Figure 1C)




Chapter 3
Genetic mapping reveals Pou2af2-dependent tuning of tuft cell differentiation and intestinal

type 2 immunity

This chapter is adapted from the following publication:

Marija S. Nadjsombati, Natalie Niepoth, Lily M. Webeck, Elizabeth A. Kennedy, Danielle L. Jones,

Megan T. Baldridge, Andres Bendesky, Jakob von Moltke. Genetic mapping reveals Pou2af2-

dependent tuning of tuft cell differentiation and intestinal type 2 immunity. Biorxiv. 2022.

https://doi.org/10.1101/2022.10.19.512785
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3.1 Introduction

Dynamic regulation of the small intestinal epithelium facilitates both nutrient
absorption and immune defense. During helminth infection or colonization with certain
protists, epithelial tuft cells initiate type 2 immunity by activating group 2 innate lymphoid cells
(ILC2s) in a feed-forward circuit that results in extensive epithelial remodeling(19-21).
However, how epithelial progenitors become tuft cells remains poorly understood.

The identification of succinate as an intestinal tuft cell ligand provided a new
opportunity to study the kinetics and regulation of the tuft-ILC2 circuit in a controlled way(29,
66, 67). Helminth infection extensively activates the tuft-ILC2 circuit, but these model
organisms come with their own caveats that can introduce complex variables. For instance, the
complicated life cycle of Nippostrongylus brasiliensis (Nb), which first traffics through the skin,
blood stream and lungs before migrating to the small intestine (SI), means the timing of when
worms arrive in the Sl can vary mouse to mouse, experiment to experiment(82). With
succinate, we have the opportunity to activate the tuft-ILC2 circuit precisely and acutely in
order to study the dynamics of tuft cell activation and hyperplasia.

Since the identification of the tuft-ILC2 circuit, the majority of studies have been
conducted using mice on a C57BL/6J background given the abundance and availability of
genetic knockouts on this background. However, studying different inbred strains of mice has
provided insight into mechanisms of type 2 immunity. In particular, seminal studies using
Leishmania major infection established the notion that CD4* T helper cell responses in Balb/cJ
(Balb) mice are type 2 biased, while C57BL/6J (B6) mice are type 1 biased(83, 84). Such biases

have similarly been noted in the Sl, where Balb mice clear some helminth infections, such as
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Heligmosomoides polygyrus (Hp) and Strongyloides ratti, more efficiently than B6 mice(85, 86).
There are many proposed mechanisms for these differences, including intestinal microbiota
composition, regulatory T cell function, and strength of T helper 2 cell (Th2) activation(85, 87,
88). Some studies have used genetic mapping to identify loci associated with strain-specific
immune responses, but no single gene is responsible for the observed phenotypes(89, 90).
Likely these differences arise from a complex network of genetic and environmental differences
all contributing to the phenotypic outcomes. Whether tuft cells and the innate SI tuft-ILC2
circuit are differentially regulated across mouse strains has not been examined.

Given the historical paradigm that Balb mice are more type 2 skewed, at least in terms
of adaptive immune response, we set out to address how the tuft-ILC2 circuit is regulated in
Balb mice. We find that Balb mice have fewer tuft cells than B6 mice in many tissues and fail to
activate the tuft-ILC2 circuit following succinate treatment in the SI. These differences are
determined by a single genetic locus that regulates tuft cell differentiation and tunes the
sensitivity and kinetics of innate type 2 immunity in the SI. Taken together, we exploited
differences between inbred mouse strains to identify a novel mechanism that regulates tuft cell

differentiation and sets a threshold for tuft-ILC2 circuit activation.
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3.2 Results
Balb mice have fewer intestinal tuft cells and do not respond to succinate

Given that Balb mice have been described as “type 2 skewed”, but nearly all tuft cell
studies have been performed in B6 mice, we set out to compare tuft cell frequency and
function between B6 and Balb mice. Balb mice were previously reported to have fewer tuft cells
than B6 in the distal SI(91), and we found this discrepancy extended throughout the intestinal
tract (Figures 1A, 1B and S1A). Balb mice also had a trend towards fewer tuft cells in the
trachea, but equivalent frequencies of tuft cells in the thymus by flow cytometry (Figures 1A-C).

Next, we tested the tuft-ILC2 circuit in Balb mice. As previously described(29, 66, 67), B6
mice given 150mM sodium succinate in the drinking water for 7 days developed robust tuft cell
hyperplasia in the distal SI (Figure 1D). Balb mice given succinate drinking water failed to induce
tuft cell hyperplasia, even if succinate was administered for longer (14 days) or at a higher dose
(250mM for 7 days). We tested whether the defect in succinate-induced hyperplasia in Balb
mice was microbiome dependent by cross-fostering Balb and B6 litters. At adulthood, Balb mice
raised by a B6 dam still failed to develop tuft cell hyperplasia following succinate administration
(Figure 1E). In fact, even after succinate administration, the tuft cell frequency in Balb mice
raised by B6 dams remained below the baseline B6 level. Conversely, B6 mice developed
hyperplasia regardless of dam. We therefore conclude that the microbiome is not responsible
for the homeostatic and induced frequency of tuft cells in B6 and Balb mice.

To test whether responses to succinate are restored when the starting tuft cell number
in Balb mice is elevated, we ‘primed’ the tuft-ILC2 circuit of Balb mice by giving recombinant IL-

25 (rlL-25) to directly induce IL-13 release from ILC2s and increase tuft cell frequency (Figure
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1F). When rIL-25 treatment was followed by a week of regular drinking water, tuft cell
frequency returned towards baseline. However, mice pre-treated with rIL-25 and then given
succinate for 7 days readily developed tuft cell hyperplasia. Similar results were achieved if IL-4
complex (IL-4c), which recapitulates the signaling effects of IL-13 on stem cells, was
administered to increase tuft cell frequency prior to succinate administration (Figure 1G).
Although we have never noted sex-dependent differences in tuft cell frequency or
succinate responsiveness in B6 mice (data not shown), some male Balb mice given IL-4c still
failed to respond to succinate (Figure S1B). The effect of sex on tuft cells themselves is
unknown, but studies of airway ILC2s have demonstrated androgen-dependent reductions in
ILC2 activation(92-96). We hypothesize that SILP ILC2s are similarly impacted, but that this is
only revealed in “sensitized” contexts where ILC2s are weakly activated. Nonetheless, these
priming experiments demonstrate that the tuft-ILC2 circuit is intact but hyporesponsive in Balb

mice.

ILC2s are abundant and functional in Balb mice

The tuft-ILC2 circuit contains three cellular components: mature tuft cells, ILC2s, and
epithelial stem cells. To determine which component accounts for the Balb defect, we began by
assessing the number, phenotype and cytokine production of ILC2s. Compared to B6 mice,
unmanipulated Balb mice actually had more ILC2s (CD45%, Lin", GATA3*) in the distal SILP
(Figures 2A and B and S2A). The expression of the IL-25 receptor subunit IL-17RB was equivalent
between the two strains, while CD44 and KLRG1, markers of lymphocyte activation, were both

reduced on Balb ILC2s (Figures 2C-E). We previously noted similarly-reduced KLRG1 expression
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on SILP ILC2s from unmanipulated Tritrichomonas-free B6.//257- and B6.Trom57 mice,
suggesting tonic signaling from tuft cells to ILC2s in the absence of known tuft cell ligands (53).
Therefore, by analogy to these mice, the low frequency of tuft cells in Balb mice likely leads to
loss of tonic signaling and accounts for the lower KLRG1 expression. As before, and consistent
with studies in the lung (96), we noted sex-dependent differences in KLRG1, but in all cases the
Balb ILC2s had lower KLRG1 expression than sex-matched B6 ILC2s (Figure 2E). Male ILC2s in
the SILP have higher expression of KLRG1, yet develop less robust tuft cell hyperplasia in some
assays (Figures 1G and S1B). While counterintuitive, both findings are consistent with studies in
the lung, where male ILC2s have higher KLRG1 on a population level, yet are less activated
following stimulation(92, 96). Finally, there was no difference in the number of GATA3* Th2
cells or eosinophils in the SILP of Balb and B6 mice (Figures S2A-C).

To test the functional capacity of Balb ILC2s, we sorted ILC2s from the SILP of
unmanipulated mice and cultured them with rIL-25 with or without leukotriene C4 (LTCa4). B6
and Balb ILC2s made moderate but equivalent amounts of IL-5 and IL-13 following 6 hours of
rIL-25 treatment (Figures 2F and S2D). Cytokine production was greatly enhanced by the
addition of LTCa, but IL-13 and IL-5 secretion was still equivalent between the two strains.
Additionally, B6 and Balb ILC2s had equivalent expression of the proliferation marker Ki67 two
days post stimulation (Figure S2E). No sex differences were observed in this assay. Overall,
compared to B6, Balb ILC2s are more abundant and equally capable of responding to tuft cell
signals in the SILP. The failure of Balb mice to activate the tuft-ILC2 circuit in response to

succinate is therefore likely ILC2-independent.
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The Balb tuft cell defect is epithelium intrinsic

Next, we used organoids to determine whether the Balb tuft cell defect was epithelium
intrinsic or required signals from surrounding stromal or immune cells. Organoid cultures
contain only epithelial cells and recapitulate epithelial differentiation, including IL-13-induced
tuft cell hyperplasia(19—-21). Tuft cell frequency was significantly lower in untreated Balb
organoids compared to B6 organoids after both 1 and 4 weeks in culture, demonstrating that
the tuft cell defect is epithelium intrinsic and stably maintained ex vivo (Figures 3A, 3B and
S3A). Recombinant IL-13 (rIL-13) induced tuft cell hyperplasia in organoids from both strains;
however, Balb organoids had a lower frequency of tuft cells when compared to B6 organoids,
particularly when cultured 4 weeks before rIL-13 treatment (Figure 3C). Given that Balb
organoids started from a lower baseline, the fold increase in tuft cells induced by rIL-13 was
greater in Balb organoids, suggesting their defect predominantly impacts IL-13-independent
tuft cell differentiation (Figure S3B).

To assess if the Balb defect is specific to tuft cells, we used gPCR to quantify all secretory
cell lineages in organoids after 2 weeks in culture. Untreated Balb organoids had significantly
lower expression of the tuft cell gene Pou2f3, and a strong trend toward less Dclk1 (Figure 3D).
Expression of the goblet cell genes Spdef and Muc2, the Paneth cell marker Lyz1 and the
enteroendocrine cell marker Chga was equivalent between Balb and B6 organoids (Figure 3D).
Using this transcriptional measure, there was no difference between rlL-13 treated Balb and B6
organoids for any gene, including tuft cell markers (Figure 3E). The discrepancies with Figure 3C
suggest post-transcriptional regulation of tuft cell differentiation, but also further support the

conclusion that the Balb defect predominantly impacts homeostatic tuft cell differentiation.
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Together, these data demonstrate a tuft cell-specific and epithelium-intrinsic reduction in Balb

mice.

Differential tuft cell frequency between B6 and Balb mice is genetically regulated

We next hypothesized that the Balb and B6 differences in tuft cell frequency and
succinate responsiveness are determined by genetic differences between the two strains. To
test heritability of succinate responsiveness, we generated Balb x B6 F1 and F2 mice and
measured tuft cell frequency after succinate treatment. In this context we again noted reduced
succinate responses in male mice (Figures S4A and S4B), so we assessed succinate response
rates using female F1 and F2 mice. F1 mice all developed tuft cell hyperplasia when treated with
succinate, but there were both responsive and nonresponsive mice in the F2 generation (Figure
4A). Using a cutoff of 13 tuft cells/mm crypt villus, which is just above the B6 baseline, 80% of
F2 female mice responded to succinate. The frequency of succinate responsive F1 and F2 mice is
therefore consistent with a single recessive locus determining tuft cell differences between
Balb and B6 mice.

Combining high-density single nucleotide polymorphism (SNP) genotyping with
phenotypes of F2 mice is a powerful technique for identification of quantitative trait loci (QTL)
that explain phenotypic variation. We therefore employed low-coverage whole genome
sequencing coupled to imputation to genotype B6 x Balb F2 mice (97). In brief, Tn5 transposase
was used to randomly insert DNA tags into genomic DNA from 84 B6 x Balb F2 mice, here
analyzing both male and female mice. Tag-adjacent genomic sequences were obtained by next-

generation sequencing and assigned to B6 and Balb genomes to provide whole-genome
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genotyping at higher resolution than traditional SNP-based arrays. We then combined these
genotypes with the succinate-induced tuft cell frequency of each F2 mouse and performed QTL
mapping. We detected a dominant QTL on chromosome 9 (Chr9), with a peak at 50,857,809 bp
and 1.5 LOD support interval from 45.49 Mb to 53.03 Mb (Figures 4B and 4C). Sex was a
significant additive covariate, but the Chr9 locus was dominant in both sexes (Figures S4C). An
effect plot at the peak QTL location revealed a clear gene dosage dependent response to
succinate (Figure 4D), and the Chr9 locus explained 53% of the variance in succinate response in
this 84-mouse F2 cohort. Thus, a single locus accounts for a majority of the difference in
succinate-induced tuft cells between B6 and Balb mice.

To begin fine mapping and to generate congenic mice in which only the Chr9 locus is B6-
derived, we initiated a series of backcrosses. B6 x Balb F1 mice were crossed to wild-type Balb
mice and resulting offspring were again crossed to wild-type Balb mice for 6 to 8 generations. In
each generation, we used low-coverage whole genome sequencing coupled to imputation to
look for crossover events that reduced the size of the Chr9 locus and to identify mice that had
lost B6 DNA in other regions (a process sometimes called speed congenics). This process
generated 4 strains of congenic mice carrying distinct B6-derived portions of the Chr9 QTL and
homozygous for Balb DNA at all other locations (Figure 4E).

Congenic strains 2-4 had B6-equivalent levels of tuft cells in the distal Sl at baseline and
developed tuft cell hyperplasia when succinate treated (Figures 4F and 4H). Tuft cell frequency
was also increased in proximal SI, colon, and trachea of Strain 3 mice compared to Balb (Figures
S4D-F). Strain 1 had Balb-equivalent levels of tuft cells at baseline and did not develop tuft cell

hyperplasia after succinate treatment (Figures 4F-H). Strain 1 contains B6 sequence from 33-
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50Mb, indicating the relevant locus in not within this region. Instead, the locus controlling
baseline tuft cell number and succinate responsiveness is in the 50-67Mb region shared by
Strains 2, 3, and 4. In sum, the 50-67 Mb region of Chr9 explains most of the differential
succinate sensing in B6 and Balb mice, and when placed in a Balb genome restores B6 levels of

homeostatic tuft cells and succinate responsiveness in the distal SI.

RNA sequencing identifies 1810046K07Rik / Pou2af2 as a gene of interest

Genetic variation within species often shapes traits by either changing the expression of
genes or the amino acid sequence of the proteins they encode. To discover the gene(s)
mediating the difference, we systematically compared the congenic interval (Chr9:50-67 Mb) in
B6 and Balb mice. We found that the interval contains ~3170 genetic variants that distinguish
B6 and Balb genomes. Many of these variants are in intergenic regions or associated with genes
that are not expressed in the Sl epithelium, but even focusing on the 1.5 LOD confidence
interval and on variants predicted to alter protein sequence, it was difficult to identify
candidates for further investigation.

To assess gene expression and leverage the congenic strains, we sequenced the mRNA
of tuft cells (CD45  EPCAM* SigF* CD24") sorted from the distal Sl of B6, Balb, and congenic
Strain 3 mice and identified differentially expressed genes (DEGs; log2FC > 1, FDR < .05) (Figures
S5A-C). Hierarchical clustering of all DEGs revealed 3 expression modules (Figures 5A). Within
each module, we looked for genes that were part of the Sl tuft cell signature and/or located in
the Chr9 locus (29) (Table 1). Module 1 was comprised of genes more highly expressed in Balb

and congenic than B6. One gene, Hebp1, was a tuft cell signature gene, but is not located on

70



Chr9. Gm7293, encoded at 51.5 Mb on Chr9 was also in this module. Module 2 contained a
subset of 31 genes enriched selectively in Balb samples. Many of these genes were Paneth cell
related, such as lysozyme and defensins, and likely represented low-level contamination by
CD24* Paneth cells, which is amplified in Balb samples due to the rarity of tuft cells in these
mice. None of these genes are located on Chr9. Module 3 contained genes more highly
expressed by B6 tuft cells compared to congenic or Balb. There were several tuft cell signature
genes within this module, including Sucnri (Figure 5B). Sucnrl is encoded on Chr3, is unlikely to
directly impact tuft cell differentiation, and was not upregulated in congenic Strain 3 tuft cells,
so it does not explain baseline differences in tuft cell frequency. Reduced Sucnrl expression
could, however, contribute to the failure of Balb mice to sense succinate, yet the effect of the
Chr9 locus in Strain 3 mice was enough to restore succinate sensing despite Balb-equivalent
Sucnrl expression (Figure 4H).

To focus on transcriptional regulation revealed by the congenic mice, we performed a
pair-wise comparison between Balb and Strain 3, but identified only 5 DEGs, and none are
encoded on Chr9 (Figure 5C). Since genome-wide DEG analysis did not identify any candidate
genes, we specifically compared genes from the Chr9 locus (50-67Mb) in B6 and Balb mice
(Figure 5D). Gm7293 again appeared as highly upregulated in Balb mice, while 1810046K07Rik
was the top downregulated gene. 1810046K07Rik also stood out as the only tuft cell signature
gene that was downregulated in Balb mice but rescued in Strain 3 congenic mice, while
Gm7293 expression was unchanged between Balb and Strain 3 (Figures 5E-5G).

1810046K07Rik and another gene, Colca2, were recently found to encode co-factors

required for the function of POU2F3(54). These genes, and the proteins they encode, were
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respectively renamed Pou2af2/0OCA-T1 and Pou2af3/0OCA-T2 and are located in a gene cluster
together with Pou2af1/0OCA-B. OCA-B is a co-factor for POU2F1 and POU2F2, transcription
factors closely related to POU2F3(98). This gene cluster is located at 51.2 Mb on Chr9, very

close to the QTL peak (50.8 Mb).

Differential Pou2af2 isoform expression in intestinal crypts

Pou2af2”- mice were reported to lack tuft cells in the Sl and trachea, but have normal
tuft cell numbers in the thymus, a distribution similar to our findings in Balb mice(54). Pou2af3
/~mice have not yet been generated, but Pou2af3 expression is low or undetectable in RNA
sequencing of Sl tuft cells, and it is not included in the SI tuft cell signature(29). We therefore
focused our attention on identifying a mechanism by which Pou2af2 might regulate differential
tuft cell phenotypes in B6 and Balb mice.

Because PouZ2af2 is currently annotated with two transcriptional start sites, we used 5’
Rapid Amplification of cDNA Ends (RACE) for unbiased amplification of Pou2af2 transcripts.
Since the few mature tuft cells that emerge in Balb mice may not represent events that occur
during differentiation, we used RNA from distal Sl crypts to capture tuft cell progenitor cells. A
primer designed to capture all annotated isoforms produced ~550bp and ~450bp bands in B6
samples. Balb samples lacked the 550bp band, but contained the 450bp band and a faint
~100bp band (Figure 6A). Cloning and sequencing of these bands revealed that the 100bp band
resulted from non-specific amplification of 185 RNA and the 550bp band corresponded to the
full-length Pou2af2 isoform (Figure 6B). The 450bp band present in both Balb and B6 samples,

however, corresponded to an isoform not listed in the current Mus musculus genome release
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(GRCmM39) and did not appear to use either of the annotated transcriptional start sites. This
isoform begins 26bp downstream of the annotated transcription start site in exon 2 of the full-
length isoform. The first available translation start site in this isoform gives rise to a truncated
protein that lacks a 20 amino acid N-terminal motif shared by OCA-T1, OCA-T2, and OCA-B, and
required for binding to their target transcription factors (i.e. POU2F3 or POU2F1/2)(54, 99). We
did not find evidence that any of the other annotated isoforms were expressed in Sl crypts.

The results of the 5° RACE allowed us to design qPCR primers to quantify the abundance
of the full-length transcript only and of all transcripts combined. No primers could be designed
for just the short isoform, as it shares 100% homology with the full-length isoform. Due to the
lack of tuft cells in Balb mice, Balb Sl crypts had significantly lower expression of Pou2f3 and
both isoforms of Pou2af2 than B6 crypts (Figures 6C and 6D). Within each sample, however, the
portion of total Pou2af2 transcript accounted for by full-length transcript is also significantly
lower in Balb crypts compared to B6 (Figure 6D). Crypts from congenic strain 1 phenocopy Balb
crypts with about 10% of total Pou2af2 transcript being the full-length isoform. Congenic strains
2,3 and 4 express 70-80% full-length isoform, similar to B6 (Figure 6D).

We also used qPCR to analyze Pou2af3 expression and isoform usage. Pou2af3 has a
full-length and a short isoform that each contain unique portions, allowing us to design isoform-
specific primers. As with Pou2af2, the short isoform of Pou2af3 lacks the POU2F3 binding
domain. As expected, Sl crypt expression of Pou2af3 is lower than Pou2af2 regardless of strain
and lower in Balb and Strain 1 than B6 and Strain 2-4 (Figure S6A). The full-length isoform in
particular was nearly undetectable in all mice. Nonetheless, Balb and Strain 1 had a decreased

ratio of full-length to total Pou2af3 and increased ratio of short isoform to total Pou2af3
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compared to B6, Strain 2, 3 and 4 (Figures S6B and S6C). Finally, as in the organoids, there was
no difference in expression of genes for other lineages of epithelial cells between B6 and Balb
crypts, confirming that the Balb defect is tuft cell specific (Figure S6D).

To understand if the differences between B6 and Balb mice were generalizable, we
examined baseline tuft cells and succinate sensing in additional strains of mice. Succinate
responsiveness was highly variable in Swiss Webster mice, an outbred strain, suggesting genetic
diversity can lead to diverse succinate responses (Figure S6E). Testing inbred strains, we found
FVB/NJ and C3H/HeJ strains had very low numbers of tuft cells at baseline and did not develop
tuft cell hyperplasia following succinate treatment, phenocopying Balb (Figure 6E). On the other
hand, 12951/SvimJ mice had close to B6 levels of tuft cells at baseline and upon succinate
treatment developed tuft cell hyperplasia in the distal SI. We measured Pou2af2 isoform
expression in distal Sl crypts from these strains. The ratio of full-length isoform to total Pou2af2
expression corresponded with baseline tuft cell number and succinate phenotype, with
129S1/SvimJ mice having a high ratio, similar to B6, and FVB/NJ and C3H/HeJ mice having a low
ratio, similar to Balb (Figure 6F). Although total Pou2af3 expression was again lower than
PouZ2af2, the ratio of short and long isoforms followed the same trend as Pou2af2. (Figure S6F).
It appears, therefore, that Pou2af2 and Pou2af3 are somehow coregulated, but given the
higher expression of Pou2af2 and the similarities between Pou2af27- and Balb mice, we
propose that the production of fewer mature tuft cells in Balb and Strain 1 mice results from a
lack of functional OCA-T1 expression and therefore a failure to induce POU2F3-dependent gene

transcription.
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Analysis of genetic variants in Pou2af2 locus

Analysis of genetic variants in the Pou2af2 locus revealed 11 single nucleotide
polymorphisms (SNPs) that distinguish B6 and Balb mice, several of which may be of interest
(Figure 6B). First is rs29595736, located in exon 2 of the full-length isoform and just upstream of
the transcriptional start site of the short isoform (Figure S6G). This SNP is actually annotated as
a splice acceptor variant, but that is based on annotation of an isoform that we did not detect
in epithelial crypts. Instead, rs29595736 leads to an arginine (B6) to glycine (Balb) transition at
amino acid 6 of full-length OCA-T1, which is just outside the POU2F3 binding site. Although we
cannot rule out a change in protein function due to this SNP, its positioning just upstream of a
transcriptional start site is more interesting from the perspective of isoform abundance. That
said, 12951/SvimJ mice, which phenocopy B6 mice, carry the Balb allele of rs29595736. Three
other SNPs of interest are rs336266049, rs29736233, and rs37184010 (Figure 6B, marked in
red). These SNPs are all intronic, but they correlate with the tuft cell phenotypes of inbred
strains; B6 and 12951/SvimJ encode the same nucleotide, while Balb, FVB/NJ and C3H/He)J all
encode a different nucleotide. More work is needed to understand whether these and/or more

distal SNPs impact isoform expression or tuft cell differentiation.

Tuft cell abundance tunes sensitivity and kinetics of the tuft-ILC2 circuit

To understand the physiologic impact of low baseline tuft cell frequency and the role of
Pou2af2, we used protists and helminths to activate the tuft-ILC2 circuit. While acute
administration of succinate failed to activate the tuft-ILC2 circuit in Balb mice, Tritrichomonas

protists chronically colonize mice from weaning and are perhaps more immunostimulatory than
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succinate alone. Nonetheless, adult Balb mice colonized with Tritrichomonas from birth failed
to induce tuft cell hyperplasia. Responses in congenic Strain 3 mice were more variable, with
only some mice developing hyperplasia despite elevated baseline tuft cell frequency in all mice.
The lower expression of Sucnrl (Figure 5B) and an unexplained ~60% lower protist burden
(Figure 7B) in Strain 3 mice likely kept them at or below the threshold for tuft-ILC2 circuit
activation.

Next, we infected Balb and B6 mice with the helminth Nippostrongylus brasiliensis (Nb),
an acute infection model that strongly activates the tuft-ILC2 circuit and is cleared within 7-8
days in B6 mice. Over the course of infection, Balb mice developed tuft cell hyperplasia, but
with delayed kinetics compared to B6 (Figures 7C and S7A). Balb mice had 50% higher worm
burden on day 5 post infection, but complete worm clearance was not delayed (Figure 7D).
Therefore, although Balb mice start with fewer tuft cells, tuft-ILC2 circuit activation reaches a
threshold required for Nb clearance and/or other mechanisms, such as a stronger adaptive Th2
responses, compensate for innate defects in Balb mice.

Heligmosomoides polygyrus (Hp) provides a model of long-term SI helminth infection,
with clearance taking 6 weeks or more (100). As mentioned previously, Balb mice clear Hp
infection more rapidly than B6, likely due to a stronger adaptive type 2 immune response (86,
101, 102), but the differences during early infection have not been well characterized. We
wondered whether Strain 3 mice could benefit from both enhanced B6-like innate responses
and a stronger Balb-like Th2 response. During primary infection, all three strains had equivalent
tuft cell hyperplasia by day 12, with Strain 3 mice trending towards having more tuft cells

compared to both B6 and Balb (Figure 7E). However, worm fecundity (eggs laid per worm),
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worm burden, and total fecal egg counts trended lower in both B6 and Strain 3 mice, suggesting
an earlier onset of protective immunity (Figures 7F, 7G and S7B). To test immune memory, we
infected mice with Hp for 14 days, cleared infection with pyrantel pamoate, waited 28 days,
and then challenged the mice with a secondary Hp infection. On Day 14 of challenge infection,
Balb and Strain 3 mice had fewer worms in the intestine compared to B6 (Figure 7F). Together
these data demonstrate that innate tuft-ILC2 responses are delayed or even absent in Balb
mice, but that once adaptive immunity is engaged, tuft cell hyperplasia can develop and
contribute to enhanced worm restriction and clearance. Congenic mice demonstrate both early
B6-like and late Balb-like restriction.

In addition to sensing helminths and protists, intestinal tuft cells are the reservoir for
murine norovirus strain CR6 and previous work has demonstrated that norovirus burden is
regulated by type 2 signaling(103). Accordingly, unmanipulated B6 mice had ~2-fold higher CR6
burdens than Balb. Treatment with succinate to mimic protist colonization increased ileal CR6
titers ~5-fold in B6 mice but had no effect on titers in Balb mice (Fig. 71). The two strains had
similar norovirus titers in the colon regardless of succinate treatment (fig. S7D). In sum,
baseline tuft cell frequency helps determine the sensitivity and kinetics of the innate tuft-ILC2
circuit. Balb mice maintain functional responses to helminth infection while ignoring

Tritrichomonas colonization and lowering their norovirus burden.
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3.3 Discussion

Since the identification of the tuft-ILC2 circuit, numerous studies have uncovered
ligands, receptors, and effector molecules that regulate this circuit. Much less progress has
been made towards understanding cell intrinsic pathways by which epithelial stem cells commit
to a tuft cell lineage, and how this process regulates tuft-ILC2 circuit activation. Here we
identified differential Pou2af2 isoform usage as a mechanism that establishes the baseline
frequency of tuft cells in multiple tissues and tunes the sensitivity and kinetics of innate type 2
immunity in the SI.

We found that while unmanipulated Balb mice had fewer tuft cells at mucosal sites
throughout the body, the B6 sequence from 50-67Mb on Chr9 was sufficient to restore tuft cell
numbers to a B6 level in the Sl and trachea (Figures 4F-G and Figures S4D and F). Further,
congenic mice carrying this interval develop hyperplasia when treated with succinate or, in
some cases, when colonized with Tritrichomonas (Figures 4H and 7A).

At 51.2 Mb on Chr9, adjacent to the QTL peak at 50.8 Mb, is Pou2af2, which was
recently shown to encode a POU2F3 co-factor (OCA-T1), and to be necessary for tuft cell
differentiation in the SI (54). We found two isoforms of Pou2af2 expressed in distal Sl crypts, a
full-length isoform and a shorter isoform, which lacks the POU2F3 interaction domain (Figures
6A-B). Balb and Strain 1 Sl crypts express significantly less of the functional full-length Pou2af2
isoform compared to B6 or Strain 2-4 Sl crypts (Figure 6D), leading us to propose that Pou2af2
isoform usage determines the number of tuft cells at baseline in the SI. What exactly
determines isoform transcription is unknown as of now. There are several SNPs of interest

within the Pou2af2 locus, but transcription may be regulated by distal enhancers. The apparent
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co-regulation of Pou2af2 and Pou2af3 transcription in particular suggests a broader regulatory
mechanism that may be revealed by analysis of 3D genome structure.

Interestingly, the entire region of mouse Chr9 from 26.7 to 54 Mb is syntenic with
human Chrl11, suggesting that the shared function and regulation of genes in this region is
evolutionarily conserved. In addition to the Pou2af gene cluster, Pou2f3 is located at 43Mb on
mouse Chr9 and 120Mb on human Chr11. Intriguingly, Pou2f3 has been linked to several
human cancers, including small cell lung cancer and colon cancer(39, 40). Particularly relevant
to our findings, SNPs in or near Pou2af2 have also been linked to colon cancer and tuft cell
abundance through genome-wide association studies and in silico analysis(104, 105). Further
studies are needed to fully reveal the role of tuft cells and regulation of these genes in the
context of human cancers and immunity. Other tuft cell signature genes in this syntenic region
include Nrgn and Dscaml1, and further analysis may identify additional genes or regulatory
elements that regulate tuft cell differentiation and function.

The identification of OCA-T1 (Pou2af2) and OCA-T2 (Pou2af3) as POU2F3 co-factors
advanced our understanding of tuft cell differentiation. Here we add isoform usage as another
layer of regulation. Together, these findings suggest interesting avenues for further study. In
particular, how do OCA-T1, OCA-T2, and POU2F3 interact with each other and with other
transcription factors thought to play a role in Sl tuft cell differentiation, such as GFl1b, SOX4
and ATOH1(32-34, 37)? In cell lines derived from human tuft-cell-like variants of small-cell lung
cancer, deletion of Pou2af2 results in decreased Pou2f3 expression and vice versa, suggesting
the two genes may impact each other’s expression(39, 54). Whether this relationship is present

in non-malignant tuft cells in human or mouse still needs to be elucidated. Lastly, our results
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from organoids, helminth infection, and succinate stimulation after rIL-25 priming suggest that
unlike homeostatic differentiation, the response of Balb progenitors to IL-13 is similar to B6.
How Pou2af2 and Pou2af3 are regulated in this context remains unknown.

Pou2af2 isoform usage determines the baseline number of tuft cells, and this tunes the
sensitivity and kinetics of the tuft-ILC2 circuit. During helminth infection, tuft cells secrete
cysLTs, which potently activate ILC2s when paired with IL-25(53). However, tuft cells do not
produce cysLTs when stimulated with succinate(53). Furthermore, the tuft cell deficit in Balb
mice is more pronounced in the distal SI, where succinate sensing occurs, than in the proximal
SI where helminths predominantly reside (Figure 1B). Ultimately, the integration of baseline
tuft cell frequency and strength of signal sets the threshold for tuft-ILC2 circuit activation. Balb
mice have few tuft cells but can perhaps overcome this defect with IL-25 and cysLT synergy
downstream of helminth sensing (Figures 7C and E). B6 mice likely rely on a higher baseline tuft
cell frequency to sense the weaker, cysLT-independent, succinate signal. As a result, while
adaptive immune responses in Balb mice are indeed skewed towards type 2 immunity, their
innate type 2 immune response is attenuated, particularly in the distal SI. Rather than
representing a defect, however, the lower baseline tuft cell frequency in Balb mice may be
adaptive. Balb mice maintain functional responses to helminth pathogens while not expending
the energy to remodel their epithelium in response to commensal protists. To date, no
detrimental effects have been demonstrated in mice that fail to sense Tritrichomonads.

The link between tuft cells and immunity extends beyond helminth infection and protist
colonization. In addition to expanding the niche for norovirus, acutely activating the tuft-ILC2

circuit results in worse outcomes for West Nile Virus infection in mice (103, 106). Distal Sl tuft
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cells can also sense bacterial-derived succinate, and in mice, giving succinate to increase tuft
cell frequency reduces inflammation in models of ileitis(35, 66). Perhaps relatedly, in Crohn’s
disease, tuft cell frequency is lowest in areas of highest inflammation. Beyond the intestine,
tracheal tuft cells sense bacterial ligands and regulate breathing, mucociliary clearance, and
neuroinflammation (49, 107, 108). In the gallbladder, tuft cells prevent inflammation, perhaps
by inducing mucus production and smooth muscle contraction(51, 52). Our data indicate that
the Chr9 locus impacts baseline tuft cell frequency in multiple tissues, including the trachea. We
expect that Pou2af2 isoform usage, and associated tuft cell abundance, would influence tuft

cell-mediated immune responses in these other contexts as well.
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3.4 Methods

Experimental Animals

Mice aged 6 weeks and older were used for all experiments. Mice were age-matched within
each experiment. Pooled results include both male and female mice of varying ages unless
otherwise indicated. C57BL/6J (B6), and Balb/cJ (Balb) mice were bred in house or purchased
from Jackson Laboratories. C3H/HelJ, FVB/NJ, 12951/SvimJ and Swiss Webster mice were
purchased from Jackson Laboratories. Congenic mice were generated and bred in house as
described below. All mice were maintained in specific pathogen-free conditions at the
University of Washington and were confirmed to be free of Tritrichomonas by microscopy and
gPCR, unless specifically colonized for experimental purposes. All procedures were conducted

within University of Washington IACUC guidelines under approved protocols.

Quantitative trait locus mapping
We performed quantitative trait locus (QTL) mapping of succinate-induced tuft cell frequency
using an F2 intercross between B6 and Balb. We generated Tn5-tagmented whole-genome
sequencing libraries for 84 F2 hybrids and sequenced the samples to a depth of ~0.05x in a
NextSeq 500/550 (75 cycles). Adapters were trimmed using Trimmomatic v0.36 (109), and
reads were aligned to the mm10 reference genome using BWA-MEM.

To impute genotypes, we generated a panel of SNPs between B6 and Balb using
sequence variation data from the Mouse Genomes Project (110). SNPs that passed the
following thresholds were included in the panel: MQ >= 60, DP between 40 and 140, GQ >= 60,

and QUAL > 200. We genotyped each individual at all qualifying variant positions and conducted
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genotype imputation using Ancestry-HMM v0.94(111). Genome-wide genotype probabilities
from Ancestry-HMM were used to perform QTL analysis of succinate-induced tuft cell

frequency using R/qtl. The code and results for this analysis are included as Data File S1.

Congenic strain generation

We generated four congenic strains through six to eight generations of backcrossing to Balb to
fine map the QTL on chromosome 9. Each generation, libraries were generated, sequenced, and
aligned as described above. Genotypes were imputed using Ancestry-HMM v0.94. In each
cohort, individuals were prioritized for continued backcrossing if recombination occurred within
the congenic interval on chromosome 9. At a minimum, individuals chosen for breeding
retained B6 ancestry in the chr9 locus and contained a high proportion of Balb ancestry outside
the chr9 locus. Because we were unsuccessful at designing a method in which we could
guantify succinate-driven tuft cell hyperplasia without euthanasia of the mouse, we selected
breeders based only on their genotype and then phenotyped siblings with the same Chr9
genotypes for succinate responsiveness. After 6-8 generations of backcrossing, each congenic
genome was homozygous for Balb DNA at all locations except the Chr9 locus, where they were

homozygous for B6 DNA.

Succinate Treatment

For succinate experiments mice were given 150mM or 250mM sodium succinate hexahydrate

(Thermo) ad libitum in drinking water for the indicated amount of time.
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In vivo recombinant cytokine administration

IL-4 complexes were generated by incubating 2 pg mouse riL-4 (R&D Systems) with 10 ug LEAF
purified anti-mouse IL4 antibody (clone 11B11, Biolegend) per mouse for 30 min at room
temperature. rlL-4 complex or 500ng rIL-25 were given for 3 consecutive days intraperitoneally

in 200 ul PBS.

Mouse Infection and Treatments

H. polygyrus and N. brasiliensis larvae were raised and maintained as previously described (112,
113). Mice were infected by oral gavage with 200 H. polygyrus L3 or subcutaneously with 500 N.
brasiliensis L3 and euthanized at the indicated time points to collect tissues for staining and/or
to count worm burden. Worm burden was enumerated across the entire small intestine using a

dissection microscope.

H. polygyrus worm fecundity

Adapted from a previously described method (114), 12 female worms were isolated from the
proximal 5cm of the small intestine per mouse and individually cultured in 200ul plain RPMI
1640 with 200 U/mL penicillin and 200 pg/mL streptomycin in 96-well plates at 37°C. After 24

hours, eggs were counted, and eggs/worm were calculated.
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H. polygyrus fecal egg count
For fecal egg burdens, 2 to 3 fecal pellets were collected and weighed at time of euthanasia.
Pellets were softened in PBS, homogenized with electric pestle, and transferred to 5mL H,0

saturated with NaCl and eggs were counted using a McMaster’s Slide.

Protist colonization

For protist colonization experiments, breeding pairs were colonized with Tritrichomonas
musculis as previously described (29). Pups from colonized breeding pairs were analyzed.
Protist colonization was quantified by collecting and weighing cecal content at time of

euthanasia, diluting in PBS and counting protists using a hemocytometer.

Generation of murine norovirus stock

Stocks of murine norovirus (MNoV) strain CR6 were generated from molecular clones as
previously described (115), except for a modified virus concentration protocol. Briefly, plasmids
encoding the viral genomes were transfected into 293T cells to generate infectious virus, which
was subsequently passaged on BV2 cells. After two passages, BV2 cultures were frozen and
thawed to liberate virions. Virus was concentrated by centrifugation in a 100,000 MWCO
ultrafiltration unit (Vivaspin, Sartorius). Titers of virus stocks were determined by plaque assay

on BV2 cells(116).

MNoV infections, sample collection and quantification

Mice received either 150mM sodium succinate or 300mM sodium chloride in the drinking water
for 7 days prior to infection with CR6 and continued to receive treatment water until time of
harvest. 6-week-old mice were orally inoculated with 10° PFU of CR6 in a volume of 25ul. 7 days

post Cr6 infection tissues and stool were harvested into 2-ml tubes (Sarstedt) with 1-mm-
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diameter zirconia/silica beads (Biospec). Samples were frozen and stored at -80C until RNA
extraction. As previously described (117), RNA from tissues was isolated using TRI Reagent with
a Direct-zol-96 RNA kit (Zymo Research) according to the manufacturer’s protocol. 5ul of RNA
was used for cDNA synthesis with the ImPromll reverse transcriptase system (Promega). MNoV
TagMan assays were performed, using a standard curve for determination of absolute viral
genome copies, as described previously (118). gPCR for housekeeping gene Rps29 was performed

as previously described (119). All samples were analyzed with technical duplicates.

Intestinal tissue fixation and 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 CM1950 cryostat (Leica). Immunofluorescent staining
was performed in PBS with 1% BSA at room temperature (RT) as follows: 1 h 5% goat serum, 1 h
primary antibody (aDCLK1, Abcam ab31704), 40 min goat anti-rabbit IgG F(ab’)2-AF594
secondary antibody (Invitrogen) and mounted with Vectashield plus DAPI (Vector Laboratories).
Images were acquired with an Axio Observer A1l (Zeiss) microscope with a 10X A Plan objective.
Tuft cell frequency was calculated using Imagel software to manually quantify DCLK1* cells per
millimeter of crypt-villus axis. Four 10x images of the Swiss roll were analyzed for each replicate

and at least 25 total villi were counted.

Tracheal tuft cell staining and quantification
Tracheas were harvested and connective tissue was removed. Tracheas were opened

longitudinally and washed 5 times in 5% FBS/10mM DTT/0.05% Tween-20/HBSS, vortexing for 5
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seconds, to remove mucus. Tracheas were stretched out by pinning to SylGard-coated well of 6
well plate and fixed for 1 hr on ice in Cytofix/Cytoperm buffer (BD Biosciences).
Immunofluorescent staining was performed in PBS with 0.25% Triton X-100 at 4°C as follows:
24 h 10% goat serum, 24 to 36 h primary antibody (aDCLK1, Abcam ab31704), 2 h goat anti-
rabbit IgG F(ab’)2-AF488 secondary antibody (Invitrogen), 15 min DAPI (1:1000), and mounted
with Vectashield (Vector Laboratories). Images were acquired with a Nikon eclipse Ti
microscope using a CSU-W1 spinning disc confocal with a Plan Apo A 20X objective. 5 images

were collected per sample and tuft cells were quantified using QuPath cell detection software.

Intestinal single-cell tissue preparation

For single cell epithelial preparations from small intestines or cecum, tissues were flushed with
PBS, Peyer’s patches removed, opened longitudinally, and rinsed with PBS to remove intestinal
contents and mucus. Intestinal tissue was cut into 2-5 cm pieces and cecum was cut into 5-6
strips. Tissues were incubated rocking at 37°C for 10 min in 10ml HBSS (Ca*?/Mg*?-free)
supplemented with 3mM EDTA and 1mM HEPES. Tissues were vortexed thoroughly and
released epithelial cells were passed through a 70 um filter. Tissues were then incubated in
fresh EDTA/HBSS solution and incubation, vortexing and filtering was repeated for a total of 3

rounds. 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 incubated in 10ml RPMI 1640 supplemented with 20%

FCS, 1mM HEPES, 0.05 mg/ml DNase | (Sigma Aldrich), and 1 mg/mL Collagenase A (Sigma
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Aldrich), shaking at 37°C for 30 minutes. Tissues were vortexed and cells were passed through a

100 um filter, then a 40 um filter. Cells were then washed and stained for flow cytometry.

Thymus single-cell tissue preparation

For thymus epithelial preparations, protocol was adapted from previously described
procedure(23). Briefly, thymi cleaned of fat were minced with a razor blade. Tissue was
incubated in 37°C water bath for 12 min in 4 ml of digestion medium containing 2% FBS, 100
p/ml DNase | (Sigma Aldrich) and 100 p/ml liberase TM (Sigma Aldrich) in DMEM. At 12 min,
tubes were spun briefly to pellet undigested fragments and the supernatant was moved to 20
ml of 0.5% BSA, 2 mM EDTA in PBS on ice. The DNAse/Liberase digestion was repeated twice for
a total of three 12-min digestion cycles. The single-cell suspension was pooled, pelleted and
resuspended in 50% Percoll (Sigma Aldrich), underlaid with 90% Percoll, and centrifuged at
2,000 rpm for 15 min at 20°C. The 50/90 interphase of the Percoll gradient was collected,

washed, and stained for flow cytometry as described below.

Organoid Culture

Small intestinal crypt-derived organoids were grown as described with modifications
described below(81). Briefly, distal 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 um 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
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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,
100mg/mL streptomycin, 100ug/mL Normacin (InvivoGen), 10mM HEPES, 1X N2 supplement
(Life Technologies), 1X B27 supplement (Life Technologies), 500mM N-acetylcysteine, 50ug/ml
mMEGF, 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 distal (last 10cm) small intestine of naive mice and plated on day
0. On day 3 and day 5, media was replaced. Organoids were treated with 2.5

ng/ml recombinant IL-13 on day 1, 3 and 5. On day 7 organoids were harvested for passage
or analysis. Organoids were passaged by washing in room temperature PBS to remove
Matrigel. Next, organoids were sheared with a 28G insulin syringe, washed and resuspended
in fresh Matrigel. Generally, organoids were passaged at 1 well to 3-5 well ratio depending
on number of organoids present.

For flow cytometry, organoids were resuspended in 1X TrypLE (Gibco). Organoids
were sheared with a 28G insulin syringe, incubated for 10min at room temperature, cells
washed, and then stained for flow cytometry as described below. Tuft cells were identified
as CD45 EpCAM™* CD24* DCLK1*. For qPCR, organoids were incubated in Cell Recovery Solution
(Corning) for 30 min at 4°C to remove Matrigel. Organoids were washed 2 times with PBS,
pelleted and resuspended in RLT Plus buffer. RNA was isolated using the Mini Plus RNeasy kit

(Qiagen) following manufacture’s protocol.
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Flow cytometry and cell sorting

Single cell suspensions from tissues or organoids were prepared as described above. For flow
cytometry, samples were stained with Zombie Violet (BioLegend) in PBS for live/dead exclusion
and stained in PBS + 3% FBS with antibodies to surface markers. Next, cells were fixed and
permeabilized using the eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set,
following manufacturer’s instructions for staining either cytosolic proteins (DCLK1) or nuclear
proteins (GATA3 and Ki67). When cell counts were needed, counting beads (Invitrogen) were
added prior to running flow cytometry. Samples were run on a Canto RUO or Symphony A3 (BD
Biosciences) and analyzed with FlowlJo 10 (Tree Star). Samples were FSC-A/SSC-A gated to
exclude debris, FSC-A/FSC-H gated to select single cells and gated to exclude dead cells.

For cell sorting of ILC2s or tuft cells, single cell suspensions were prepared as described
above. Cells were stained in PBS + 3% FBS with antibodies to surface markers and stained with
DAPI for live/dead exclusion. Samples were sorted on an Aria Il (BD Biosciences). Samples were
FSC-A/SSC-A gated to exclude debris, FSC-A/FSC-H gated to select single cells and gated to

exclude dead cells.

ILC2 Stimulation Assay

Small intestinal lamina propria ILC2s were isolated from mice and sorted as described. Sorted
cells were plated at 5000 cells per well in a 96 well plate and incubated at 37°C 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, 100mg/mL streptomycin, 10mM

HEPES, 1mM sodium pyruvate, 100uM 2-mercaptoethanol, and 2mM L-glutamine. The next
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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 stimulation at 37°C, supernatant was collected and
analyzed by cytokine bead array as described below. Cells were resuspended in fresh basal
media with 10ng/ml IL-7 and incubated for an additional 48 hrs. Cells were washed, stained for
intracellular Ki67 as described above. Cytokine levels in supernatants collected from cultured
ILC2s were measured using Enhanced Sensitivity Flex Sets (BD Biosciences) for mouse IL-5 and

IL-13 according to the manufacturer’s protocol. Data was collected on a LSR Il (BD Biosciences).

Quantitative RT-PCR

Crypts from distal small intestine were isolated as described in the organoid culture methods.
After filtering crypt suspension with 70 um filter, crypts were washed in PBS two times, pelleted
and resuspended in RLT Buffer. RNA was isolated using the Mini Plus RNeasy kit (Qiagen)
according to manufacturer’s instructions and reverse transcribed using SuperScript Il (Thermo)
following manufactures’ protocol. cDNA was used as template for quantitative PCR with
PowerUP SYBR Green (Thermo) on a Via7 cycler (Applied Biosystems). Transcripts were

normalized to Rps17 (40S ribosomal protein S17) expression. Primer sequences listed in Table 2.

RNA Sequencing and Analysis

150 tuft cells were sorted as CD45'° EpCAM*SigF*CD24* 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 was performed by the
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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 performed on NextSeq 2000 (lllumina), sequencing dual-indexed
and paired-end 59 base pair reads. All samples were in the same run with target depth of 5
million reads to reach adequate depth of coverage.

Processing and analysis of the raw sequencing reads was performed using the
DIY.Transcriptomics (diytranscriptomics.com) pipeline, with experiment-specific modifications.
Raw reads were mapped to the mouse reference transcriptome using Kallisto, version 0.46.2.
The quality of raw reads, as well as the results of Kallisto mapping were analyzed
using fastqc and multigc. Kallisto outputs were read into an r environment and annotated using
Biomart. Samples were filtered to exclude genes with counts per million =0 in 4 or more
samples and genes annotated as pseudogenes. Finally, samples were normalized to each other.
To identify differentially expressed genes, precision weights were first applied to each gene
based on its mean-variance relationship using VOOM, then data was normalized using the TMM
method in EdgeR. Linear modeling and bayesian stats were employed via Limma to find genes
that were up- or down-regulated by 2-fold or more, with a false-discovery rate (FDR) of 0.05.

The code and results for this analysis are included as Data File S2.
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5’ rapid amplification of cDNA ends

RNA isolated from distal Sl crypts was obtained as described above. For 5’ rapid amplification of
cDNA ends assay, the SMARTer RACE 5’/3’ Kit (Takara) was used following manufacturer’s
protocol and using the following primer:

5-GATTACGCCAAGCTTGGTGGGCGGTAGTCTCCATAGGGCTCAGC-3".

Quantification and Statistical Analysis

All experiments were performed using randomly assigned mice without investigator blinding.
All data points and “n” values reflect biological replicates (i.e. mice). No data were excluded.
Statistical analysis was performed as noted in figure legends using Prism 7 (GraphPad) software.

Graphs show mean +/- SEM.
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Figure 1. Balb mice have fewer tuft cells at baseline and do not develop succinate induced
hyperplasia unless primed.

(A and B) (A) Representative images and (B) tuft cell (DCLK1+) quantification by
immunofluorescence from indicated tissues and indicated mice. (C) Thymic tuft cell
guantification by flow cytometry. (D) Tuft cell quantification in the distal SI of Balb mice at
indicated succinate concentrations and time points. (E) Tuft cell quantification in the distal SI of
adult B6 and Balb mice raised by dams of indicated genotype and given 150mM succinate for 7
days. (F-G) Experimental schematic and tuft cell quantification in the distal SI of Balb mice
treated with either (F) rIL-25 or (G) IL-4c as indicated. In the graphs, each symbol represents an
individual mouse from three or more pooled experiments. In (D and E), shaded area indicates
the 95% confidence interval of the mean for distal Sl tuft cell quantification calculated from a
large cohort of control B6 mice. *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney (B and C),
by one way ANOVA with comparison to B6 (D) or Balb untreated (G) or multiple comparisons
(H), and by multiple t tests (E). n.s., not significant. Graphs depict mean +/- SEM. Also see Figure

S1.
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Figure 2. Balb ILC2s are equally responsive to IL-25 but less activated at baseline compared to
B6 ILC2s.

(A and B) Quantification of ILC2s (CD45* Lin" GATA3") by (A) percentage and (B) absolute
number in the SILP. (C, D and E) Quantification of (C) IL17RB MFI (D) CD44 MFI and (E) KLRG1
MFI on ILC2s. (F) IL-13 concentration in the supernatant following 6-h in vitro culture of SI ILC2s
with the indicated concentrations of rIL-25 and LTCs. In the graphs, each symbol represents an
individual mouse from two pooled experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-
Whitney (A — D) or by multiple t tests (E and F). n.s., not significant. Graphs depict mean +/-

SEM. Also see Figure S2.
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Figure 3. Balb tuft cell defect is epithelium intrinsic and tuft cell specific.

(A) Representative flow cytometry plots of tuft cell quantification from B6 or Balb distal Sl
organoids cultured in vitro for one week, either untreated or riL-13 treated (2.5 ng/ml). (B and
C) Quantification of tuft cells from (A) (D and E) Real-time PCR quantification of indicated genes
normalized to B6 untreated condition, all relative to Rps17 expression from (D) control or (E)
rIL-13 treated distal Sl organoids cultured for 2 weeks in vitro. In the graphs, each symbol
represents a biological replicate based on the average of 2 to 3 technical replicates, from three
to six pooled experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by multiple t tests (B - E). n.s.,

not significant. Graphs depict mean +/- SEM. Also see Figure S3.
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Figure 4. A single locus on chromosome 9 regulates baseline tuft cell frequency and succinate
responsiveness.
(A) Quantification of tuft cells from distal Sl of succinate treated female mice. (B and C) QTL

mapping of succinate induced tuft cell hyperplasia in Balb X B6 F2 cross (B) whole genome and
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(C) zoomed in on Chr9. (D) Effect plot of tuft cell phenotype based on genotype at the peak QTL
(Chr9:50857809) (E) Schematic of genotype for congenic Strain 1-4 mice. (F - H) (F)
Representative images and quantification of tuft cells from distal Sl at (G) baseline or (H) after
150mM succinate treatment. Some B6 and Balb data points shown in (G) and (H) are also
included as controls in Figure 1B and 1D. In (A), shaded area indicates the 95% confidence
interval of the mean for distal Sl tuft cell quantification calculated from a large cohort of control
B6 mice. In the graphs, each symbol represents an individual mouse from three or more pooled
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (G and H) with

comparison to B6. n.s., not significant. Graphs depict mean +/- SEM. Also see Figure S4.
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Figure 5. mRNA sequencing of mature tuft cells from B6, Balb and Strain 3 mice.

(A) Hierarchical clustering of differentially expressed genes. (B) Normalized read count of
Sucnrl. (C) Volcano plots depicting DEGs from Strain 3 vs Balb. (D) Volcano plots depicting DEGs
for genes found in the Chr9 50-67Mb region, from Balb vs B6. (E) Plot of fold change of DEGs
from Strain 3 vs B6 compared to fold change from Balb vs B6. (F and G) Normalized read count
of (F) Pou2af2 and (G) Gm7293. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (B, F

and G). n.s., not significant. Graphs depict mean +/- SEM. Also see Figure S5.
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Figure 6. Pou2af2 isoform expression is modulated by genotype.
(A) Agarose gel of 5' Rapid amplification of cDNA ends products from distal Sl crypts. (B)
Schematic of Pou2af2 isoforms expressed in distal Sl crypts with annotated SNPs (vertical bars)

that differ between B6 and Balb. SNPs that also match phenotypes of other inbred strains are
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highlighted in red. (C) Real-time PCR quantification of Pou2f3. (D) Real-time PCR quantification
of indicated Pou2af2 isoform and Pou2af2 isoform ratio. (E) Tuft cell quantification in the distal
Sl and (F) Pou2af2 isoform ratio calculated from real-time PCR quantification from distal SI
crypts of indicated strains. In the graphs, each symbol represents an individual mouse three or
more pooled experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney (C), by one-
way ANOVA (D and F) with comparison to B6 and by multiple t-tests (E). n.s., not significant.

Graphs depict mean +/- SEM. Also see Figure S6.
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Figure 7. Tuft cell frequency at baseline tunes the kinetics and sensitivity of the tuft-ILC2
circuit.

(A) Tuft cell quantification in the distal Sl and (B) protist quantification in the cecal content of
Tritrichomonas colonized mice. (C) Tuft cell quantification in the proximal Sl and (D) worm
burden in total intestine at the indicated time points post Nb infection. (E) Tuft cell
guantification in the proximal Sl on day 12 post Hp infection. (F) Overnight egg production by
worms isolated from the proximal SI of mice 12 days post Hp infection. (G and H) Intestinal
worm burden on day 14 of (G) primary or (H) secondary Hp infection 28 days after drug-cleared
primary infection. (I) Mice were pretreated with 150mM sodium succinate or 300mM sodium
chloride for 1 week prior to oral infection with murine norovirus (MNoV) CR6. Viral genome
copies detected in the distal SI 7 days after CR6 infection. Dotted line represents limit of
detection (LOD). In (A), shaded area indicates the 95% confidence interval of the mean for distal
Sl tuft cell quantification calculated from a large cohort of control B6 mice. In the graphs, each
symbol represents an individual mouse from two or three pooled experiments. *p < 0.05, **p <
0.01, ***p < 0.001 by multiple t tests (C and D), by one-way ANOVA (A and B, E to H) or by two

way ANOVA (). n.s., not significant. Graphs depict mean +/- SEM. Also see Figure S7.
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3.7 Supplemental Figures
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Supplemental Figure 1. Balb mice have fewer tuft cells at baseline and rIL-4c priming leads to

sex specific activation of the tuft-ILC2 circuit. Related to Figure 1.

(A) Quantification of cecal tuft cells by flow cytometry. (B) Data from Figure 1G separated by

sex. In the graphs, each symbol represents an individual mouse from two or three pooled

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney (A) or multiple t tests (B).

n.s., not significant. Graphs depict mean +/- SEM.
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Supplemental Figure 2. Equivalent numbers and responses of small intestinal type 2 immune
cells in Balb and B6 mice. Related to Figure 2.

(A) Gating strategy for identification of ILC2s, eosinophils and GATA3* Th2s from Sl lamina
propria of naive mice. (B and C) Percentage and absolute number of (B) eosinophils and (C) Th2
cells. (D) IL-5 concentration in the supernatant following 6-h in vitro culture of SI ILC2s with the
indicated concentrations of rIL-25 and LTCs and (E) Ki67 expression 2 days after stimulation. In
the graphs, each symbol represents an individual mouse from two pooled experiments. *p <
0.05, **p < 0.01, ***p < 0.001 by Mann-Whitney (B and C) or by multiple t tests (D and E). n.s.,

not significant. Graphs depict mean +/- SEM.
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(A) Gating strategy for identification of tuft cells from Sl organoids. (B) Fold change in % tuft

cells from rIL-13 treated over untreated organoids derived from the same biological replicate.

In the graphs, each symbol represents a biological replicate based on the average of 2 to 3

technical replicates, from three to six pooled experiments. *p < 0.05, **p < 0.01, ***p < 0.001

by multiple t tests (B). n.s., not significant. Graphs depict mean +/- SEM.
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Supplemental Figure 4. Sex effect in Balb x B6 F1 and F2 mice and recovery of tuft cell

abundance in Strain 3 congenic. Related to Figure 4.

(A and B) Tuft cell quantification in dSI of Balb X B6 (A) F1 and (B) F2 mice by sex. (C)

Chromosome 9 QTL mapping of succinate induced tuft cell hyperplasia in Balb X B6 F2 by sex.

(D, E and F) Tuft cell quantification in the (D) proximal Sl, (E) colon and (F) trachea by

immunofluorescence. B6 and Balb data in (F) are also represented in Figure 1B. In the graphs,

each symbol represents an individual mouse from three or more pooled experiments. *p <

0.05, **p < 0.01, ***p < 0.001 by multiple t tests (A and B) and by one-way ANOVA (D, E and F).

n.s., not significant. Graphs depict mean +/- SEM.
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Supplemental Figure 5. mRNA sequencing of mature tuft cells from B6, Balb and Strain 3
mice. Related to Figure 5.
(A) Unsupervised PCA of gene expression. (B and C) Volcano plots of (B) Balb vs B6 and (C)

Congenic vs B6. The samples in this figure were all analyzed in one sequencing run.
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Supplemental Figure 6. Pou2af3 isoform expression follows similar pattern as Pou2af2.
Related to Figure 6.

(A) Real-time PCR quantification of indicated genes/isoforms normalized to Rps17
(housekeeping gene) from distal Sl crypts. (B) Pou2af3 isoform expression normalized to B6 and
(C) Pou2af3 isoform ratios. (D) Real-time PCR quantification of indicated genes normalized to
B6. (E) Tuft cell quantification in dSI of Swiss Webster mice. (F) Pou2af3 isoform ratios from
indicated strains. (G) Depiction of SNP rs29595736 in Pou2af2 isoforms and translated protein.
In the graphs, each symbol represents an individual mouse from two or three pooled
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA (B, C and F) with

comparison to B6 and by multiple t tests (D). Graphs depict mean +/- SEM.
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Supplemental Figure 7. Tuft cell frequency at baseline tunes the kinetics and sensitivity of the

tuft-ILC2 circuit. Related to Figure 7.
(A)Tuft cell quantification in the distal Sl at the indicated time points post Nb infection. (B and

C) Eggs per gram feces quantified from mice (B) 12 days post primary Hp infection or (C) 14 days
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post challenge Hp infection. (D) Mice were pretreated with 150mM sodium succinate or
300mM sodium chloride for 1 week prior to oral infection with murine norovirus (MNoV) CR6.
Viral genome copies detected in the colon 7 days after CR6 infection. Dotted line represents
limit of detection (LOD). In the graphs, each symbol represents an individual mouse from two
pooled experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by multiple t tests (A), by one-way

ANOVA (B-C) and by two-way ANOVA (D). n.s., not significant. Graphs depict mean +/- SEM.
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3.8 Tables

Module 1 Module 2 Module 3
1500011B03Rik 1700056N10Rik 1700011H14Rik Kpna2
9230105E05Rik Ascl2 1700081H04Rik Krtap3-1
A930015D03Rik B630005N14Rik 2010005H15Rik Lect2

Aadac Bhlha15 9030624J02Rik Ly6a
Acaalb Bhlhe41 AA467197 Ly96
Adi1 Ceacam10 Actal Milip
AK157302 Chst4 Ago1 mt-Nd3

Alad Defa-rs1 Ahcy Myadm
Baiap2I/1 Defa-rs7 Arhgap9 Olfm1
BC064078 Defal7 B3gnt3 Otp
Cap1 Defa20 Binl5-ps Pde4d
Cd44 Defa22 C2cd4b Pnp2
Cela2a Defa24 Calhm3 Psmb5
Cyp3a4ia Defa3 Ccdc23 Rnaset2b
Dynit1b Dnahb Ccdc28b Rpl21
Fah Dock10 Ccdc73 Rpl26
Gm10093 Gceg Ccl27a Rpl29
Gm10184 Gm15284 Cd38 Rpl30
Gm10260 Gm15299 Cd74 Rplp0
Gm10282 Gm15308 Cep85 Rps2
Gm12166 Ifitm3 Cpne8 Rtn4ip1
Gm21915 Lyz1 Cst6 Scbd
Gm29084 mt-Atp8 Defa21 Sprr2at
Gm3106 mt-Co3 Dio1 Sprr2a2
Gm4737 mt-Cytb Dynlt1a Sqrdl
Gm5575 Nupr1 E030030106Rik St3gal4
Gm5900 Rnase4 Eno1 Stk25
Gm6472 Slc12a2 Fam177a Sucnri
Gm7293 Ssh2 Fam20a Suco
Gm8730 Them7 FbxI21 Thcb
Gm9825 Zfp934 Fgl1 Tek
Gstm2 Gapdh Tmem245
Hddc3 Gas7 Tmem254a
Hebp1 Gchfr Tmem27
Hist1h2aa Gent1 Tpm3
Hist1h2al Gm14306 Trim12a
Hmga1-rs1 Gm14308 Ubc
Igcc Gm14851 Ube2m
Nudcd1 Gm26782 Zfp251
Ocel1 Gm4631 Zfp738
Pan2 Gm4724
Rab3gap1 Gm4952
Rbm45 Gm7861
Riok1 Gm8923
RP24-82E11.1 Gmpr
Rps18-ps3 Gusb
Rps2-ps10 Gvin1
Rtfdc1 H2-Ab1
Sephs2 H2-K1
Serpina3f Hivep3
Sgip1 Hsbp1l1
Slc38a6 Hspai12a
Slc41a1 Hyi
Tfam Intu
Tmem242 Itih&
Tpm3-rs7 lyd

Table 1. DEGs that overlap with the SI tuft cell signature (Related to Figure 5A)
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Primer/Sequence (5' to 3') Source
Spdef _FTCCTCTCTGCTCACTCTGAA Lo et al, 2017 (doi:
10.1016/j.jcmgh.2016.10.001)
Spdef_RIAGAGCTCATGTGTATCCCTAGA Lo et al, 2017 (doi:

10.1016/j.jcmgh.2016.10.001)

DCLK1_F:|CAAGCCAGCCATGTCGTTC von Moltke et al, 2016
(doi: 10.1038/nature16161)
DCLK1_R:TTCCTTTGAAGTAGCGGTCAC von Moltke et al, 2016
(doi: 10.1038/nature16161)
Pou2f3_F:CAGAGACGCATTAAGCTAGGC |Primerbank 119226248c3
Pou2f3_R:]|GCGAGATGGTAGTCTGGCT Primerbank 119226248c4
Chga_F:|]ATCCTCTCTATCCTGCGACAC von Moltke et al, 2016

(doi: 10.1038/nature16161)

Chga_R:GGGCTCTGGTTCTCAAACACT von Moltke et al, 2016
(doi: 10.1038/nature16161)
Lyz1l_ F:|GAGACCGAAGCACCGACTATG von Moltke et al, 2016

(doi: 10.1038/nature16161)

Lyzl_R:CGGTTTTGACATTGTGTTCGA von Moltke et al, 2016
(doi: 10.1038/nature16161)
Muc2_F:|]ATGCCCACCTCCTCAAAGAC von Moltke et al, 2016
(doi: 10.1038/nature16161)
Muc2_R:GTAGTTTCCGTTGGAACAGTGAA von Moltke et al, 2016
(doi: 10.1038/nature16161)
Lgr5_F:CCTACTCGAAGACTTACCCAG Howitt et al, 2020
(10.4049/immunohorizons.1900099)
Lgr5_R:GCATTGGGGTGAATGATAGCA Howitt et al, 2020
(10.4049/immunohorizons.1900099)
Rspl7_F:|CGCCATTATCCCCAGCAAG von Moltke et al, 2016
(doi: 10.1038/nature16161)
Rspl7_R:(TGTCGGGATCCACCTCAATG von Moltke et al, 2016

(doi: 10.1038/nature16161)

Pou2af2_long_isoform_F:

GCTTCCTTCACACAGGACCAGGC

Designed for this study

Pou2af2_long_isoform_R:

ACTGGCGATCCTGGCATCTGGA

Designed for this study

Pou2af2_all_isoforms_F:

TCCTCCCAGCCTCCGTTCATCC

Designed for this study

Pou2af2_all_isoforms_F:

CAAAGGGCTTGCTCATGCCGGA

Designed for this study

Pou2af3_all_isoforms_F:

GGCGTCCGTGTGAAGATGACCG

Designed for this study

Pou2af3_all_isoforms_R:

GAAGGTGGAGACCGCTGCTTCC

Designed for this study

Pou2af3_long_isoform _F:

GCTGCAGCATCCAGTCTCCAGC

Designed for this study

Pou2af3_ long_isoform _F:

CGGTCATCTTCACACGGACGCC

Designed for this study

Pou2af3_short_isoform_F:

AGAGGGAGGAAGGGGGTGAGGA

Designed for this study

Pou2af3_ short_isoform _R:

CGGTCATCTTCACACGGACGCC

Designed for this study

Table 2. gPCR primers
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Chapter 4

Summary and future directions
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4.1 Summary
Succinate is a ligand of intestinal tuft cells

In Chapter 2 we identify succinate as a ligand of intestinal tuft cells that is sufficient to
initiate a robust innate type 2 immune response. We demonstrate that through the receptor,
SUCNR1, tuft cells sense luminal succinate to rapidly activate ILC2s in the lamina propria. Once
activated, the ILC2s produce canonical type 2 cytokines, including IL-13, which signals back onto
the intestinal cell stems to drive tuft cell and goblet cell hyperplasia. Besides remodeling the
epithelium, ILC2 activation also promotes ILC2 proliferation and tissue eosinophilia, classic
markers of type 2 immunity.

Succinate is a metabolite of many bacteria, protists and helminths, and we found that
both N. brasiliensis and Tritrichomonads secrete succinate when cultured in vitro. However,
succinate sensing is dispensable for tuft cell activation during anti-helminth immunity. On the
other hand, we found this SUCNR1-dependent signaling is required for sensing of
Tritrichomonas protists. Additionally, mono-colonization with B. ovatus, a succinate producing
bacterial species, induced tuft cell hyperplasia in the distal small intestine. All together these
data describe a novel paradigm where small intestinal tuft cells monitor microbial metabolism

and instigate type 2 immune responses through succinate sensing.

Pou2af2 isoform usage regulates tuft cell differentiation and tunes intestinal innate type 2
immunity
In Chapter 3 we identify a genetic locus that regulates tuft cell differentiation and the

threshold of tuft-ILC2 circuit activation between different strains of mice. This work is based on
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the observation that C57BL/6J (B6) mice treated with succinate develop tuft cell hyperplasia
whereas Balb/cJ (Balb) mice do not. At baseline, Balb mice have fewer tuft cells throughout the
intestine. Quantitative trait loci mapping of Balb X B6 F2 mice revealed a single locus on
chromosome 9 associated with variations in succinate responsiveness. Congenic Balb mice
carrying the B6 chromosome 9 locus have elevated baseline numbers of tuft cells and develop
tuft cell hyperplasia when treated with succinate.

Within this Chr9 locus is Pou2af2, which encodes a transcriptional cofactor essential for
tuft cell development (54). We identify two isoforms of Pou2af2 expressed in intestinal crypts,
of which only the long isoform encodes a functional protein. The ratio of long isoform to total
Pou2af2 transcript is significantly decreased in Balb tuft cell progenitors but is restored to B6
levels in the congenic Balb.Chr98/8¢ mice. Finally, we find Balb mice maintain effective
activation of the tuft-ILC2 circuit when challenged with helminths but do not activate the circuit
when colonized with innocuous Tritrichomonas protists. Responses to these stimuli are
restored to C57BL/6J levels in Balb.Chr98%/8¢ mice. In sum, we demonstrate differential Pou2af2
isoform usage accounts for the lower frequency of tuft cells at baseline and tunes the tuft-1LC2

response in different strains of mice.
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4.2 Future directions

Combined, these data expand our understanding of tuft cell differentiation and reveal
nuances in how intestinal tuft cells initiate immune response to different commensal or
pathogenic triggers. In B6 mice, the threshold of activation is more sensitive and the tuft-I1LC2
circuit is easily triggered by succinate sensing. In Balb mice however, this threshold is higher
and succinate fluctuations can be ignored by the immune system. Our work demonstrates that
at least one component of how this threshold is determined is at the level of tuft cell
differentiation. Importantly, in both strains of mice anti-helminth immunity is rapid and highly
effective.

Of intestinal tuft cell activators, helminths pose the biggest threat to the health of the
host. Correspondingly, it seems there are many layers of protection that ensure the tuft-ILC2
circuit and downstream immune response will occur upon helminth infection. First, in response
to helminths, tuft cells produce IL-25 as well as cysteinyl leukotrienes, which together activate
ILC2s more potently than IL-25 alone(19, 53). Furthermore, there is probable redundancy in
how tuft cells sense helminths. In our work we demonstrated that although N. brasiliensis
produces succinate and propionate as metabolites, Sucnr1”-;Ffar37- mice still mount a robust
type 2 response upon infection. Further work is needed to identify exactly how tuft cells sense
helminth infection, but likely it will be a combination of several sensors as to provide optimal
protection to the host.

In contrast to helminth infection, it is yet unclear why tuft cells initiate type 2 immune
responses to protist colonization or bacterial dysbiosis(20, 66). In these scenarios, tuft cells do

not produce cysteinyl leukotrienes and the resulting type 2 immune responses are not quite so
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robust as during helminth infection. Nonetheless, initiation of the tuft-ILC2 circuit and
accompanying epithelial remodeling takes energy and resources, from increased mucus
production to intestine lengthening to accommodate for the higher ratio of secretory verses
absorptive cells(67). While protist colonization activates this type 2 response in B6 mice, mice
that do not or cannot sense the protists are not negatively affected. This all raises the question
of why sense succinate in the first place? While much more work is needed to understand the
significance of succinate sensing responses, it is important to consider that all the work
presented here and done on this topic thus far was performed with mice in specific pathogen
free conditions. In the wild, humans and animals encounter a much more complex set of
pathogens, often simultaneously or chronically. In these contexts, it may be beneficial to have
multiple sensing modalities, tuned for a variety of cues that could all alert the immune system
of possible threats or keep the immune system poised to respond better when a more serious
threat is encountered. We can begin to model these complexities even in laboratory mice. For
example, we found that B6 mice treated with succinate were able to clear helminth infection
more quickly(29). Far more work is needed to fully understand how these initiation circuits
behave in more complicated contexts.

One concept highlighted by our work is that tuft cells are adapted to their specific tissue
location. For instance, tuft cells express more Sucnrl transcript in the distal small intestine as
compared to the proximal small intestine(67). Correspondingly, bacteria and protists colonize
the distal small intestine more so than the proximal small intestine. On the other hand,
helminths primarily infect the proximal small intestine and anti-helminth tuft cell hyperplasia is

most robust there as well. Furthermore, colonic tuft cells do not express high levels of Sucnrl,
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perhaps because sensing succinate, which may be abundantly available from the colonic
microbiome, would not prove beneficial for host immunity(29). The tissue-specific
transcriptional programs of tuft cells, which encompass the activating receptors they express,
can provide valuable insight into the ligands and roles of tuft cells within each of these tissues.

Building on this, it will be important to continue exploring how tuft cell differentiation is
regulated, both within the small intestine, but also in other tissues. Our work demonstrated
that one mechanisms for regulating tuft cell differentiation is through manipulation of Pou2af2
isoform expression in the intestinal crypt where tuft cell progenitors arise. While this adds to
our understanding of tuft cell differentiation, there is much left to be discovered. For instance,
an interesting observation that arose from the analysis of the congenic strains is that while
homeostatic tuft cell numbers were restored to B6 levels in Strain 2, 3 and 4, there was a step-
wise increase in succinate induced tuft cells. Specifically, Strain 2 developed the most robust
tuft cell hyperplasia while Strain 4 did not. This raises the possibility that homeostatic tuft cell
differentiation could rely on different genetic regions compared to STAT6 induced tuft cell
hyperplasia. Perhaps there is a combinatorial effect of one genetic locus 50Mb or above on
Chr9 that regulates Pou2af2 isoform expression at homeostasis and another locus between 45
and 50Mbs on Chr9 that regulates IL-13 dependent tuft cell differentiation. A more nuanced
understanding of intestinal tuft cell differentiation is needed to fully explore these questions
and these congenic strains might prove useful in doing so.

Our understanding of how tuft cells differentiate and whether tuft cell hyperplasia
occurs is even more limited in tissues other than the small intestine. The requirement of the

transcription factor POU2F3 for tuft cell differentiation in all tissues has been well
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established(21, 25-27). Most recently, Wu et al. identified Pou2af2 and Pou2af3, the genes that
encode OCA-T1 and OCA-T2, as essential POU2F3 co-factors, and described the tissue-specific
roles of Pou2af2(54). Their work revealed that tuft cells in the thymus and stomach are Pou2af2
independent, whereas intestinal and trachea tuft cells require Pou2af2. Our work adds an
additional layer of nuance with genetic differences driving meaningful changes in tuft cell
differentiation not only in the small intestine, but in the trachea as well through Pou2af2
isoform expression. In our analysis of small intestinal crypts, we also noted that Pou2af3
isoform expression ratios follow the same pattern as Pou2af2 suggesting that similar genetic
regulator mechanism may affect both genes. How these gene networks affect tuft cell
frequency in other organs remains to be determined. New roles of tuft cells in various immune
capacities are emerging often. The better we understand tuft cell differentiation in each tissue,
the better equipped we will be to answer fundamental questions about the function of tuft
cells and to possibly create novel therapeutic approaches for human disease by manipulating
these functions.

Finally, a large gap in knowledge is our understanding of how well murine tuft cells
reflect the roles of tuft cells in humans and human disease. The vast majority of tuft cells
studies have been performed in mice. However, it is important to understand how well this
biology is recapitulated in human tuft cells. While most of the work presented here has
focused on the role of tuft cells in type 2 immune responses, the data we do have about human
tuft cells mostly comes from biopsies from healthy individuals, cancer patients or patients with
inflammatory bowel disease(120-126). From these studies we know that tuft cells can be found

in human small intestine, colon, thymus and several other tissues in line with findings in mice.
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Furthermore, human tuft cells express many of the same genes as mouse tuft cells including
TRPM5, CHAT, COX1, ALOX5(53, 121, 124). Importantly, the requirement of POU2F3 and OCA-
T1 seem to be consistent between human and mouse, at least in tuft cell-like variants of small
cell lung cancer(54). All the human data published thus far supports the conclusion that there
are many similarities between human and mouse tuft cells, encouraging our work on murine
tuft cells and fueling our hope that the more we understand tuft cell biology, the better we will
be able to inform the development of future therapies for people infected with helminths, and

afflicted by allergic diseases.
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