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ABSTRACT

The intestinal immune system facilitates nutrient absorption in the presence of diverse commensal
microbiota while establishing a protective barrier to prevent infection. Prototypically studied
microbes induce specific immune programs and these models provide insight into how the immune
system is regulated in this unique environment. Tritrichomonas species are protozoan symbionts
that are common in many mouse facilities. These protozoa typically induce a type-2 immune
program in the small intestine characterized by interleukin-25 (IL-25) signaling and secretory cell
hyperplasia that is primarily mediated through the action of GATA3+ innate lymphocytes (ILC2s).
However, unlike immunity to helminths, for which the type 2 immune program is evolved, this
immune response is self-limiting; a state of tolerance is developed whereby the protozoa continue
to occupy the lumen without continued immune activation or adaptive memory formation. We
previously identified small intestinal barrier dysfunction correlated with increased IL-25 signaling
in mice deficient for the DNA methylcytosine dioxygenase TET2. In these mice, Tritrichomonas
colonization induces a population of long-lived adaptive CD4 T lymphocytes expressing GATA3
(Th2 cells) that chronically propagate this IL-25 circuit. Naive lymphocytes typically require
paracrine interleukin-4 (IL-4) from various innate populations for efficient Th2 differentiation in
helminth infections. Tet2-deficient naive cells are able to make increased autocrine I1L-4, which
results in Th2 polarization even in the absence of helminth induced innate activation. In a model
of peanut allergy, loss of TET2 predisposed mice to anaphylaxis. Collectively, our findings
formally demonstrate that a cell-intrinsic checkpoint can prevent exacerbated immune responses

at homeostasis in the microbe- and stimulus-rich intestinal environment.
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1 INTRODUCTION

1.1 The methylcytosine dioxygenase TET2

Ten-eleven translocation 2 is a DNA methylcytosine dioxygenase that plays a role in the
methylation/demethylation cycle of cytosines. It was first discovered in the context of hematologic
malignancies though has since been interrogated in multiple immune contexts.

1.1.1 DNA Methylation

DNA methylation is a widespread cytosine modification (5mC) in the genome and is maintained
and removed through the concerted action of DNA methyltransferases and methylcytosine
dioxygenases. Members of the DNA methyltransferase (DNMT) family catalyze cytosine
methylation of cytosines (5SmC) present in the context of 5°’-CpG-3’ through a conserved catalytic
domain. DNMTT1 is thought to be important in preserving the methylation mark during DNA
replication, when the methylated sites necessarily become hemi-methylated after the synthesis of
the daughter strand. DNMT3 enzymes are responsible for de novo methylation, usually in the
context of development or differentiation. Generally speaking, DNA methylation represses
transcription when the CpG dinucleotides are concentrated in promoters called CpG islands. This
is either by directly preventing binding of transcription factors or by methyl binding proteins,
which can actively recruit other mechanisms of gene regulation, such as recruiting histone
modification enzymes.!

DNA methylation marks can be lost during cell division through passive demethylation or
they can be actively oxidized through the activity of TET enzymes. The first step in this process
creates 5-hydroxymethylcytosine (5-hmC) and these marks, like SmC, were observed several

decades ago. The characterization of TET proteins and their catalytic function have resulted in
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renewed interest in investigating their roles in gene regulation.? 5-hmC can then also be
progressively oxidized to 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC).>* The
demethylation from this point either occurs in passive fashion during replication in which 5-fC-
and 5-caC-CpGs are not recognized as methylated and therefore the daughter strand is not
methylated by DNMTs. Active demethylation can also occur when 5-fC and 5-caC are removed
by DNA glycosylases replaced by base excision repair enzymes.

1.1.2 Roles of TET?2 in physiology and disease

TET2 mutations are common in both myeloid leukemias and lymphoid leukemias though the
progression of these malignancies is distinct.’> Clonal hematopoiesis of indeterminate potential
(CHIP), first alluded to in the late 1990s® and formally described in the last decade’ !, is the
phenomenon by which competitively advantageous somatic mutations in hematopoietic
progenitors manifest as allelic mosaicism in the peripheral blood and hematopoietic compartments.
The initiating or causative agent for mutations is largely unknown but is likely a combination of
environmental stressors and germline susceptibility.!!!? The most common CHIP mutations show
a significant overlap with mutations identified in myeloid leukemias, such as DNMT34 and
TET2'3, and this has led to the hypothesis that CHIP represents a precursor stage for age associated
myeloid leukemias.> TET2 mutations are also present in lymphoid malignancies, primarily in acute
lymphoid leukemias (ALL). These can be of T cell or B cell origin and are usually not age
associated.

TET2 has been studied in various cell types and cell-specific roles for both its catalytic and
non-catalytic functions have been described. Myeloid cells deficient for 7et2 tend to have pro-

inflammatory phenotypes, and this in part was shown to be mediated through differential



recruitment of histone deacetylases.!* Interestingly, Tet2 deficiency in CD8 T cells also resulted
in a proinflammatory phenotype with increased cytokine production and degranulation in the
context of chronic viral infection.!* Regulatory T cells (Treg) require TET function for
stabilization of the lineage defining transcription factor Foxp3 and loss of multiple TET enzymes
results in inflammation and lymphoproliferation.'® Further roles for TET2, particularly in type 2
immune effectors are discussed below.

1.1.3 Motivations for present work and study

My thesis work was built on findings made previously in the Jabri Laboratory regarding barrier
dysfunction in the context of Tet2 deficiency and how this potentially contributes to systemic
malignancy.!” Tet2-deficient mice are characterized by an age-dependent myeloproliferation
phenotype that resembles a chronic myeloproliferative neoplasm.'®2° In our mouse facility, and
in other mouse facilities, it was observed that myeloproliferation was variably penetrant in Ter2”
mice. For example, in a given cage, one could observe littermate Tet2™* mice with no
myeloproliferation, Tet2”- mice with myeloproliferation and intriguingly, Tet2” mice that
phenocopy the wildtype mice in all measured hematologic parameters. In mice with
myeloproliferation, live bacteria could be cultured in the periphery, and these bacteria were driving
inflammatory processes that were required for myeloproliferation Antibiotic treatment reversed
this phenotype as did anti-inflammatory treatment with anti-IL6. These defects were traced to
changes in gene expression and permeability of the small intestine, particularly the jejunum.
Interestingly, treating the myeloproliferation with anti-IL6 did not impact the intestinal phenotype
and barrier defects were preserved, suggesting the peripheral immune activation and

myeloproliferation could be mechanistically decoupled from the intestinal barrier changes.



Further, providing bacterial ligands in the periphery was sufficient to drive myeloproliferation in
symptom-free Tet2”" mice, but this treatment did not induce barrier changes, suggesting distinct
bacterial signals were required for myeloproliferation and intestinal barrier dysfunction.!” My
focus for this thesis is primarily on the intestinal phenotype of these mice, but I have also worked
a bit on pre-malignant models of Tet2-deficiency, especially on how they relate to the hypothesized
progression of myeloid malignancies in patients. The findings below reflect my work on

understanding the intestinal phenotype.
1.2 Functional units of the intestinal immune system

1.2.1 Physical organization and barrier integrity

The regional and histological organization of intestinal tissue serves to separate digestive functions
as well as immune functions. The intestine is broadly divided into the small bowel and the colon.
The small bowel serves primarily for nutrient uptake and digestion, whereas the large bowel serves
to reabsorb water and minerals. Interestingly, the small bowel has much lower microbial presence
than the large bowel, an opposing gradient to their respective digestive functions. In both mice and
humans, the small bowel is significantly longer, allowing for maximum absorption of nutrients
during transit.2! The small bowel is further divided proximally to distally into the duodenum,
jejunum and ileum.

Microscopically, the functional unit of the intestine is the villus or a finger like projection
of tissue into the lumen. The villus is lined luminally with epithelial cells, which are separated via
a basement membrane from the underlying lamina propria. The epithelial cells serve to further
increase surface area digestion with membrane features called microvilli that resemble a brush.

The large intestine, however, does not have villi or microvilli, which is in line with its minimal
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digestive function. At the base of villi are crypts, which contain epithelial stem cells and other
specialized cells. The stem cells give rise to developing epithelial cells that progressively move
‘up’ the villus to replace extruded cells. As they develop, epithelial cells can acquire specialized
fates and functions that can be dictated by immune signaling on progenitors. The specialized cells
are also distributed differently across regions. For example, goblet cells are predominantly found
in the colon and Paneth cells are predominant in the distal small intestine.?! Below the epithelial
layer is the lamina propria that is characterized by connective tissue, blood vessels, lymph drainage
and neurons. The lamina propria and epithelium contain the majority of the immune cells and serve
distinct immunological functions. Below these two layers is the submucosa that is characterized
by its plexuses of nerves and thick muscles involved in peristalsis. This basic structuring of the
small intestine is visualized in Figure 1.

The intestinal tissue must strike a balance between promoting efficient digestion and
priming of immune responses and the maintenance of a selective barrier. The intestinal barrier is
formed by specialized protein interactions between epithelial cells, and this barrier is dynamically
regulated during the course of immune responses as the expression of involved genes can change.
These tight-junction associated proteins can be divided into several subgroups including claudins,
peripheral plaque proteins like ZO1 and other proteins associated with the tight junction like
occludin.?? The relative roles for these proteins in maintaining barrier integrity are difficult to
distinguish as genetic models using mice are embryonic lethal or show complex phenotypes
beyond intestinal barrier dysfunction. This is somewhat unsurprising, because mutations in these
proteins have also been documented in humans and they are usually unlinked to disease or linked

to complex disorders that go beyond the gastrointestinal system.?? Thus, understanding how these
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Figure 1. Microanatomy of the intestine

The intestine can be subdivided broadly into the mucosa and submucosa separated by the
muscularis mucosa and bounded by the epithelial surface luminally and the muscularis externa
basally. The mucosa consists of the epithelium, which coats the entire luminal surface from the
villus to the crypt and over lymphoid structures such as Peyer’s patches. Enterocytes and
epithelial cells of specialized lineages such as tuft cells, goblet cells, Paneth cells, M cell
compose the epithelial layer and serve specific functions. These cells are interspersed by intra-
epithelial lymphocytes, which have function in both homeostasis and disease. The lamina
propria consists of more diverse immune populations as well as stromal cells, which together
help support the epithelium and more broadly the immune and digestive functions of the
intestine. The submucosa consists of lymphatic vessels that drain intestinal lymphocytes and
metabolites to secondary lymphoid organs such as lymph nodes and blood vessels that bring
lymphocytes to the intestine and carry some nutrients and signals to the portal circulation. The
muscularis layers promote motility functions of the intestine during digestion and these actions
are coordinated by the submucosal and myenteric plexus, critical components of the enteric
nervous system.



proteins function at homeostasis and in the context of barrier dysfunction remains an important

question.?
1.2.2 Lymphoid organs and tissues

The functional units for induction and propagation of intestinal immune responses primarily
involve Peyer’s patches along the length of the intestine and mesenteric lymph nodes that drain
the various segments. These structures are critical for homeostatic immunity, such as the responses
to dietary antigens, as well as immunity against pathogens. Peyer’s patches contain abundant B
cell follicles with surrounding T cells and are characterized by M cells on their luminal surface.?!?*
Peyer’s patches are a predominant source of IgA plasma cells that reside in the small intestine,
which can be predicted from ongoing germinal center reactions that occur at these sites.?®
Mesenteric lymph nodes drain the intestine in segments?®?” and their immune composition and
activation largely reflect immune processes occurring in their corresponding tissue. As with other
tissues, dendritic cells migrate to lymph nodes to prime naive T cells to adopt effector programs.
For example, Esterhazy and colleagues demonstrated clear segregation between where immune
responses are mounted to different microbiota or pathogens and found them to be largely specific

to the region where the microbe or pathogen colonizes.?’
1.3 Type 2 Immunity

The immune system can be conceptualized as a collection of programs specialized to function in
different pathogenic contexts. It is thought type 1 immunity is specialized for viral and intracellular
pathogens, type 2 immunity is specialized for large parasitic and helminth pathogens and type 3
immunity is specialized for extracellular bacteria and fungi. In this section, I will introduce some

of the effector cell types of type 2 immunity, and when relevant, will reference identified functions
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of TET2 in these cell types. The primary focus will be the regulation of the lineage defining
transcription factor GATA3 and common cytokines involved in type 2 immunity followed by
discussion of the cell types that express these factors.

Type 2 immune effectors are of both myeloid and lymphoid lineages. Myeloid effectors
include mast cells, basophils, and eosinophils as well as specially programmed macrophages and
dendritic cells. Mast cells are tissue resident myeloid cells that are poised to release vasoactive
mediators to aid in initiating immune responses. They are primarily sensitive to activation via the
FceRI, which binds to IgE. IgE-bound to allergens will crosslink multiple Fc receptors and result
in potent release of preformed mediators by mast cells.?® Basophils are circulating myeloid cells
that share many characteristics of mast cells including developmental origins. They express many
of the same cytokines though they have a distinct morphology and lifespan.?®2° Eosinophils are
present in both the blood and peripheral tissues and are characterized by the presence of abundant
granules that contain cationic proteins like major basic protein, which function to attack large
extracellular parasites.?

Dendritic cells are professional antigen presenting cells that are essential for priming adaptive T
cell responses. They integrate a variety of signals from the tissue environment to ensure priming
of appropriate effector programs and their function in type 2 immunity is further discussed in the
Th2 section. Macrophages are phagocytic cells that can be either tissue resident or derived from
circulating monocytes. They are somewhat like dendritic cells in that the tissue environment
dictates their polarization and function. Myeloid cells have some of the highest expression of 7ez2
and some roles of Ter2 in macrophages has already been discussed. Mastocytosis, or the expansion

of mast cells, is a myeloproliferative neoplasm in which TE72 mutations cooperate with oncogenic



KIT mutations to drive hyperproliferation and pathology associated with accumulations of mast
cells.30-32

Lymphoid effectors include T-helper type 2 (Th2) cells, immunoglobulin E (IgE) class-
switched plasma B cells, natural killer T type 2 (NKT2) cells and type 2 innate lymphocytes
(ILC2s). Within the lymphoid compartment, Th2 and IgE+ plasma cells are considered adaptive
as they are elicited with epitope or antigen specificity whereas NKT2s and ILC2s are innate and
are pre-poised to produce effector cytokines. In B cells, TET2 appears to be required for efficient
transit through germinal centers and class switch recombination, the immune processes through
which B cells develop their avidity and affinity to immunogenic antigens and the process which
results in mature antibody secreting plasma cells.’® The functions of TET2 in Th2 cells and ILC2s
will be discussed in their respective sections.

Th2 cells and ILC2s are defined by the expression of the transcription factor GATA3,
although this expression is acquired in different contexts. Although GATA3 is required for and
expressed in developing lymphocytes, it is further upregulated in Th2 cells and ILC2s to enable
their effector function.®*>% In Th2 cells, it is upregulated upon specific immune challenge and
stimulation while it is linked to development for ILC2s. In addition to a dose-dependent regulation,
the diverse functions of GATAZ3 are also accomplished through differential binding.*® Through
analyzing the ChIP-Seq profiles of GATA3 in different lymphocyte lineages and the use of a Gata3
deletion model, Wei and colleagues identified cell type specific gene regulation mediated by
GATA3. For example, GATA3 regulated critical components of signaling pathways required for

T cell fate decision and development in the thymus such as Zbth7b (Th-POK), Runx1, Notchl, and

components of the TCR complex.® In Th2 cells, GATA3 binding was responsible for both gene



activation and repression of T-helper specific programs through the modification of histones.*’
GATA3 targets and function were primarily characterized in the context of development and Th2
cells, but after the characterization of ILC2s, GATA3 was also shown to be critical in ILC
development and function as well as ILC2 survival.*** Recently, a specific regulatory region
downstream of Gata3 was identified as an enhancer that was primarily required for the efficient
development and function of ILC2s while having less pronounced effects in Th2 induction and
function.** These data suggest the activity of GATA3 in different cell types even within the type
2 program is further controlled in a cell-type specific manner, which can be somewhat inferred
from the different functions of these cell types but the mechanistic basis continues to be
investigated.

The primary effector cytokines of type 2 immunity are IL-4, IL-5, and IL-13 and their
transcription ultimately requires the expression of GATA3, but studies of their transcriptional
control identified several other regulatory mechanisms.*-3* Much like is the case for GATA3,
many of the seminal findings involving regulation of this locus were made in Th2 cells and there
are likely additional levels of regulation that are different in ILC2s, which will be discussed below.
All three cytokines are located in the Th2 cytokine locus which is located on chromosome 5 in
humans and chromosome 11 in mice.> /4 and /13 are adjacent and transcribed in the same
direction, whereas //5 is positioned on the other end of this locus and is transcribed in the opposite
direction.>® The expression of this cytokine locus is controlled by a locus control region (LCR) in
the 3” end of the gene Rad50 which is located between the 715 locus and the 714 and 7/13 loci®” as
well as by several DNase I hypersensitivity (HS) sites located within (RHS) and outside (HS) of

this LCR.%® Differential binding of transcription factors at these sites results in positive and
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negative regulation of the gene loci. For example, there are RHS sites that are only bound by
GATA3* or STAT6?, whereas others are bound by both and the Th1 transcription factors Runx3
and Tbet negatively regulate //4 transcription by binding to the HS TV site®*¢!. In addition to direct
binding by transcription factors, this cytokine locus is also controlled through epigenetic
modification of histone methylation and acetylation as well as DNA methylation. The
methyltransferases MLL and Ezh2 control activating H3K4 methylation and repressive H3K27
methylation in Th2 and Th1 cells respectively to maintain cell fate by mediating proper repressive
and activating marks around the 7/4/1113 and Ifng loci.®*% In fact, a primary role of GATA3 in
addition to its direct transcription factor activity for this cytokine locus, seems to be in mediating
histone modification. When GATA3 is deleted from Th2 cells, ~5% of GATA3 bound Th2 genes
have altered expression but almost half of GATA3 bound Th2 genes have altered histone
modification.’* DNA methylation is also an important mechanism of control for the expression of
these signature cytokines. 7/4 is demethylated during Th2 commitment and deletion of methylation
machinery, such as DNA methyltransferase 1 (Dnmt-1) or methyl CpG-binding domain protein 2
(MBD?2), causes aberrant //4 expression.’®-% Thus, the Th2 cytokine locus is ultimately controlled
coordinated action of signature transcription factor expression as well as modification of
epigenetic states.

In addition to transcriptional control, there is also specialized expression of cytokine
receptors. IL-4 and IL-13 both signal through IL-4Ra but have distinct receptor complexes. IL-
4Ra is widely expressed with many cell types expressing low levels, but the restricted expression
of the second binding chains dictates sensitivity to IL-4 and IL-13.%° IL-4 can signal through the

type I IL-4 receptor complex consisting of IL-4Ra and the common gamma chain (yc) or the type
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I IL-4 receptor complex consisting of IL-4Ra and IL-13Ra.1.7° The type I IL-4 receptor complex
is primarily formed in hematopoietic cells, whereas the type II IL-4 receptor complex is more
widely expressed. IL-4 first binds to IL-4Ra and then will complex with one of the above
secondary chains. IL-13 also has two possible receptors but is distinct in that it can initially bind
with one of two different chains, IL-13Ra.1 and IL-13Ra2.%° The bound IL-13-IL-13Rou] complex
recruits IL-4Ra forming the type Il complex as described above. The role of the IL-13Ra2 is still
the topic of investigation and functions beyond just being a decoy receptor have been described.
The type 1 and type 2 complexes have both shared and distinct signaling outcomes. The chain-
associated Jak kinases become activated via phosphorylation and create docking sites for
intracellular signaling molecules, namely STAT6 and IRS, which further control the cellular
response through gene and protein regulation.®-’" It is important to recognize that these receptors
also can have distinct signaling outcomes. For example, only the type I receptor can induce IRS
molecules and which can subsequently activate signaling pathways that are independent of STAT6
such as PI3K, Akt, PKBE and mTOR.%-7

The functional diversity conferred by receptors and proximal signaling is concordant with
different outcomes observed in genetic models of cytokine deficiency. IL-4 is typically required
for Th2 induction (discussed below) and the class-switch of IgE and IgG1 plasma cells.”® IL-13
primarily acts on myeloid cells and non-hematopoietic cells, such as epithelial cells, smooth
muscle cells, endothelial cells, and fibroblasts and is often involved in orchestrating tissue
responses to type 2 insults.”*. Both can cause alternative activation of macrophages, because
macrophages are unique in that they can express both complexes.”>’¢ Further unique roles are

observed in helminth infection models. In Nippostrongylus brasiliensis infection, IL-4 deficient
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animals were able to clear the worm efficiently in a similar time frame as immunocompetent
mice’’, but IL-4Ra deficient mice and IL-13 deficient mice were greatly impaired in their clearance
of this pathogen.”® 8" This is not common to all infections, however—both cytokines appear to
play important roles in Trichuris muris infection models.”* These unique targets and functional
outcomes are the subject of extensive study as their roles in various type 2 pathologies, such as
allergy, asthma, and atopic dermatitis need to be studied in order to develop the proper and specific
biologics to modulate pathology.?!-%3

IL-5 in addition to other chemokines primarily serves to recruit eosinophils to the relevant

8485 as well as regulate their development and survival.’® IL-5 has primarily been

tissue
investigated in the context of asthma where eosinophils are prominent and clinical trials showed
efficacy of IL-5 blocking therapeutics in the context of eosinophilic asthma.?”-%% More recently,
novel roles of eosinophils at homeostasis have been uncovered. For example, in white adipose
tissue in mice, IL-4 produced by eosinophils is important for reconstituting alternatively activated
macrophages and contributing to glucose homeostasis. In the absence of eosinophils, mice were
less tolerant of a high-fat diet, which could be reversed through helminth-induced eosinophilia.®’
In addition to the prototypical cytokines encoded at the 1/4/5/13 locus, additional groups of
cytokines have been linked to type 2 responses. One such group is primarily released by epithelial
cells, and these include IL-25, IL-33 and TSLP.%¢ These are considered alarmins as they are
typically released in the context of immune activation. The specific functions of some of these
cytokines on Th2 cells and ILC2s is highlighted below, but I will focus primarily on IL-25. IL-25

(IL-17E) and its receptor (IL-17RB) was first identified as a member of the IL-17 family that

induced NF-kB activity.” It was subsequently identified to induce significant expression of other
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Th2 cytokines and type 2 associated pathologies in the lung and GI tract when injected in vivo, a
very distinct function when compared to other members of the IL-17 family.”! Various cell types,
both immune and non-immune across diverse tissues have been described to produce IL-25, but
the functional role of this expression is not always well-understood. However, IL-25 has been
associated with several disease pathologies in diverse tissues and therefore has remained a
potential target of interest for therapeutics.”?. In the lungs, airway brush cells have been
characterized to produce IL-25 in response to sensing of cysteinyl leukotrienes upon inhalation of
allergens and this drives subsequent type 2 inflammation.”® This pathway is reminiscent of
pathways regulated by tuft cells in the small intestine, discussed below in the context of type 2
immunity in the intestine.

1.3.1 T-helper type 2 cells: Differentiation and function

Initial work characterizing CD4 T cell clones found two dominant programs characterized by
distinctive cytokine expression, IFNy for Thl and IL-4 and IL-13 for Th2.°* Since this initial
characterization several important details regarding Th2 induction, signaling and function have
been elucidated along with the recognition of further specialized subclasses of T helper cells. After
the identification of Th2 cells, it was discovered that they could be differentiated in vitro by
recapitulating various requirements for effective induction: T-cell receptor stimulation and co-
stimulation (or chemical analogues) along with critical cytokine signals provided by IL-4 and IL-
2 result in upregulation of GATA3 and establish a Th2 program.’>-%

TCR stimulation is provided by the presentation of peptide antigen in the context of major

histocompatibility complexes (MHC). The major antigen presenting cells for T helper

differentiation are dendritic cells, presenting peptide in the context of MHC-II. This is common to
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all T helper lineages, but it was identified early on that the strength of this signal may impact
differentiation outcomes. Early work in the laboratory of Kim Bottomly found naive CD4 T cells
of the same specificity differentiated into a Th1 lineage and produced IFNy when exposed to high
doses of antigen, but low doses of the same antigen caused Th2 differentiation and the production
of IL-4.°” Work in the O’Garra laboratory found intermediate antigen doses promoted Thl
differentiation while very low or very high doses promoted Th2 differentiation,”® but these
differences can be explained by different experimental ranges—both groups found low
concentration stimulated Th2 but the high concentration in the Bottomly laboratory could have
been considered intermediate by the O’Garra group. Additional biochemical studies identified low
extracellular regulated kinase (Erk) activity was important for early IL-4 expression in naive CD4
T cells and sustained Erk activation resulted in Th1 differentiation.”® This effect could be reversed
with inhibition of Erk activity, further demonstrating the importance of quantitative signaling
differences in T helper polarization.!® Low affinity peptides were found to result in early IL-4
transcription within 48 hours of priming through differential activation of NFATSs, suggesting
qualitative differences also result from the quantitative difference in TCR signal.!°! In Schistosoma
mansoni infection, dendritic cell activation was suppressed by pathogen derived antigens and this
resulted in lower antigen presentation and conjugation with T cells, ultimately resulting in 1L-4
production and Th2 differentiation.!%? Using intravital imaging to assess T cell interactions with
dendritic cells, Germain and colleagues varied the adjuvant and antigen doses to determine relative
contributions to T cell polarization. They found longer T cell-DC interactions, stronger calcium
flux and larger synapse sizes in the presence of Th1- versus Th2-promoting adjuvants.'® However,

in the presence of the same adjuvants, differences in antigen concentration were able to overcome
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adjuvant-associated antigen presentation and T cell polarization differences with low
concentrations of peptide resulting in Th2 responses even in the presence of Thl-promoting
adjuvants and vice versa. Adjuvants were primarily responsible for differences in costimulatory
molecules on dendritic cells, whereas antigen dose determined differential cytokine receptor
expression on interacting T cells, suggesting antigen dose dependent signal strength is a primary
determinant of the polarization capacity of naive T cells.!%

A second requirement for efficient differentiation is co-stimulation. This classically occurs
through CD28 expressed on T cells, but various other co-stimulatory molecules have also been
identified. CD28 ligation is required for effective Th2 priming in vitro'®, and CD28 deficient mice
have defective Th2 responses as do mice injected with CTLA4!9:1%  which blocks this
costimulatory pathway. The in vitro defect was found to be mediated through IL-2 production and
signaling (discussed below) as exogenous IL-2 could override the requirement for CD28
ligation!%, however whether this mechanism holds in vivo is unclear. Another costimulatory
interaction, OX40/0X40L, was found to promote in vitro IL-4 expression by naive T cells isolated
from mice!'"” and humans!'%. Additionally, dendritic cells that are primed to increase expression of
OX40L are more efficient inducers of Th2 polarization'®. Thus, signaling through the TCR as
well as co-stimulation are both important aspects of determining T helper fates.

A third requirement for T helper polarization is a cytokine signal that helps upregulate
helper-specific programs, so-called signal 3. For Th2 cells, this is IL-4. IL-4 exerts its effect
through the type I IL-4 receptor complex, which transduces signal through phosphorylation of
STAT6, which can in turn bind to GATA3, the defining transcription factor for the Th2

program.*>!110-112 STAT6 is necessary and sufficient for driving Th2 differentiation, though IL4
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and STAT6 independent Th2 induction has been demonstrated in vivo and in vitro.!'*!15 In vivo,
sources of IL-4 include basophils!!3:116-118 NKT cells!!?, and naive CD4 T cells!?*!?! themselves,
but surprisingly not dendritic cells, which are capable of making other signature polarizing
cytokines such as IL-12 and IL-6.!2? Importantly, early IL-4 signaling induces increased IL-4Ra
expression on CD4 T cells in a positive feedback loop that potentiates further signaling.?’

IL-2 is a product of activated T cells that serves primarily as an autocrine cytokine. IL-2
binds to the IL-2 receptor and induces activation of STATS, which is necessary and sufficient to
induce Th2 differentiation'?*-125, TL-2 signaling, as discussed above, is a mechanism by which co-
stimulation through CD28 promotes Th2 differentiation.!® Further, low dose TCR stimulation,
which is known to favor Th2 differentiation, induces expression of IL-2 and its receptor early in
differentiation, suggesting another mechanism by which IL-2 is important in Th2 fate.!”° The
outcome of these various signaling pathways during Th2 differentiation is the induction of
GATA3, which is necessary and sufficient for Th2 polarization.* Further, GATAZ3 is required to
maintain cytokine producing capabilities of Th2 cells as well as the epigenetic landscape of Th2
cells, suggesting GATA3 is also an important regulator of Th2 identity.>3*126 Interestingly,
deletion of GATA3 in Th2 cells or ectopic expression of GATA3 in non T cells impacted IL-5 and
IL-13 production significantly more than IL-4 production, suggesting an additional level of
regulation beyond GATAZ3 in the cytokine function of Th2 cells.*>47:83.127

Once Th2 cells develop, their effector function is dictated by location and stimulation. For
example, using mice that were able to report transcript and protein expression of IL-4
simultaneously, Mohrs and colleagues found that although IL-4 competent cells (that expressed

114 transcript) could be identified disseminated across tissues in worm-infected mice, IL-4 protein
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was only secreted at sites where antigen was present, suggesting functional regulation of 1L-4
production. Further, IL-4 protein producing cells reverted to an IL-4 competent state after antigen
was removed and were again poised to produce protein after re-stimulation.!?® Although Th2 cells
are broadly defined by their three signature cytokines and early theories predicted coordinated
expression of these cytokines, early single cell analysis had already shown heterogeneity in which
cytokines were expressed by individual Th2 cells.!?*13% Using reporter strains, Locksley and
colleagues were able to segregate these functions further and attribute them to the physiology of
the type 2 response. Using models in which IL-4 or IL-13 producing cells were specifically deleted,
they first confirmed the importance of these cytokines for developing a humoral response and
clearing Nippostrongylus brasiliensis, respectively.’® Interestingly, deletion of IL-13 expressing
cells also led to a decrease in IL-5 and eosinophilia, suggesting these cytokines are coregulated in
this system. Further, IL-13 expressing cells were restricted to non-lymphoid tissues, which is in
line with the fact that IL-13 receptors are primarily expressed in the non-hematopoietic
compartment.®® In the lungs, although there were some co-expressing CD4 T cells, the larger
proportion were single expressers, further suggesting selective cytokine expression from the
common Th2 locus.?®

A critical function of type 2 immunity, as observed in various genetic models, is the
production of an IgE humoral response, which requires class switch in the germinal center reaction.
IgE class switching is accomplished through the production of IL-4 primarily by T follicular helper
(Tth) cells. In the same cytokine reporter models as above, IL-4 production in the lymph nodes
during worm infection was primarily from GATA3 non-expressing cells, whereas IL-4 expression

correlated with GATA3 expression in the tissue, suggesting bona fide Th2 cells express IL-4 in
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the tissue, while lymph node IL-4 is primarily produced by Tth cells. Although Tth cells do not
classically express GATA3, conditionally GATA3-deficient mice still fail to develop an IgE
response.’* However, when GATA3 is specifically deleted in IL-13 producing cells, effector Th2
and ILC2s, antibody responses are preserved.’® This suggests Tfh cells may have a lower
dependence on GATA3 for efficient IL-4 production, but there remains some role for GATA3 in
establishing a Tth population. If and how Tth and Th2 cells have a common precursor during the
course of the immune response is an open and important question as Tth cells adopt a unique
transcriptional and epigenetic state that is marked by the expression of BCL6 and the inducing
signals for this program are incompletely understood. 3!

Effector helper cells primarily respond to TCR stimulation to produce cytokines, but also
have been known to respond to cytokine signals. Intriguingly, many of these cytokines are of the
IL-1 family and are able to signal through their respective STAT proteins in effector CD4
populaitons. IL-18 has been shown to activate Thl cells, and IL-18 has been shown to activate
Th17 cells. For Th2 cells, IL-33.13? In vivo and in vitro differentiated Th2 cells express high levels
of IL-33 receptor, ST2. Expression or function of this receptor was found to be important for
development and function of an antigen-specific Th2 response to Schistosoma mansoni infection
and in an allergic context in the lungs but did not appear to have an effect at homeostasis or in in
vitro Th2 differentiation.!3*!13* Recently, the Paul group posited the expression of this receptor on
effector Th2 cells was important for their function in heterologous protection. /n vitro and in vivo
differentiated Th2 OTII cells produced IL-13 in response to IL-33. This response to IL-33 was
dependent on ST2 but not on MHCII, suggesting effector cytokines can be produced in the absence

of cognate antigen.'*> Further, in mice that had formed a Th2 memory compartment in response to
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worm infection, house dust mite injections induced type 2 inflammation independently of MHCII
but dependent on IL-33. Finally, when mice were serially infected with two unrelated nematodes,
prior infection-induced CD4 T cells were necessary and sufficient to confer protection against
secondary infection.!*> These data suggested that IL-33 confers Th2 cells the ability to promote
immunity in an antigen-independent manner. The function of IL-25 signaling on Th2 cells is less
clear and somewhat controversial. The expression of IL-25 receptor on Th2 cells is not as clear as
the expression of ST2. In fact, small intestinal ILC2s are the highest expressers of 1/17rb, the
receptor for IL-25 (Immgen), although 7/17rb transcripts were also shown to be expressed in naive
and Th2 cells. Initial characterization of IL-25 linked its signaling with the establishment of Th2-
type responses. This was prior to the characterization of innate lymphocytes, however, and many
of those initial phenotypes are now recognized to be mediated through the action of ILC2s
(discussed below). IL-25 was shown to promote Th2 differentiation of naive T cells in vitro by
Dong and Foster, but Wang suggested the effect of IL-25 was primarily on differentiated Th2

136-138 Another group demonstrated IL-25 could induce Th2 differentiation of naive human

cells.
CD4 T cells.!3 However, using genetic models of IL-4 and IL-25 deficiency, the Le Gros group
demonstrated IL-25 was dispensable for in vivo Th2 induction and for primary or secondary
immunity against Nippostrongylus brasiliensis.'*® These data suggest IL-25 may have different
roles with respect to Th2 cells in different contexts and further investigation is required.

Two separate groups have published on the role of Ter2 in T-helper differentiation. The
Dong group assessed the effect of Tet2 deletion on classical in vitro T helper polarization. They

first described DNA methylation changes at signature genes for different effector programs and

thus decided to assess the role of active demethylation of these genes by TET2, the most
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abundantly expressed demethylase in effector CD4 cells. They found 7et2-deficiency impaired
Th1 and Th17 differentiation but not Th2 differentiation.!*! Anjana Rao and colleagues sought to
determine the absolute role for active demethylation in Th2 differentiation by using Tet-triple
deficient CD4 T cells and cells deficient in the enzyme required for base excision after
demethylation, TDG. Interestingly, they found when all three Tet enzymes were knocked out, IL-
4 production was impaired after Th2 differentiation in their culture system, in contrast to what was

found when polarizing cells deficient in only Tez2.!41:142

This suggests there may be some
compensatory role of the other TET enzymes when 7Tez?2 is absent in IL-4 production. However,
mice deficient for TDG had no deficiencies in Th2 differentiation, suggesting active demethylation
was dispensable for this differentiation and the TET enzyme-oxidized previously-methylated loci
were passively diluted. In their culture systems and genetic models, they did not observe
differences in GATA3 expression, suggesting acquisition of the Th2 program was not entirely
impaired and in line with what Dong and colleagues reported as well as what we have found.!4!:14?
Importantly, both of these studies were carried out in the context of classical Th2 polarization
where exogenous IL-4 was supplemented in the media. The work I will describe below describes

a mechanism found in a non-polarizing culture system that assessed IL-4 production by naive CD4

T cells.
1.3.2 Type 2 Innate lymphocytes: Signaling and function

ILC2s were formally described first in the early 2010s, though earlier studies alluded to a non-B/T
lymphoid population poised to produce type 2 cytokines. In particular, it was found that
administration of IL-25 was able to result in IL-5 and IL-13 production even in a Rag2-/- host that

lacks adaptive lymphocytes.!143 This population was also found to be important for the expulsion
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of helminth parasites.!** In 2010, several independent groups formally characterized this
population in adipose tissue, the small intestine and lymphoid tissues.!*~147 A few years later, an
IL-33 responsive ILC2 population was also characterized in the lung. Since these initial studies,
several salient properties of ILC2s have been described, including their dependence on the

3 4042

transcription factor GATA and developmental trajectory and how it relates to other ILC

populations, 48149

As has been observed with tissue resident T cells, ILC2 programs are in part imparted by
their tissue of residence. Locksley and colleagues profiled ILC2 populations from various tissues
and found distinct transcriptional programs and surface cytokine receptor expression that was
dictated by the tissue in which the ILC2 resided and presumably by the type of cytokine signal it
could receive in that location. For example, lung resident ILC2s were characterized by ST2, skin
resident ILC2s expressed IL-18R1 and small intestinal ILC2s express IL-25R.!%° Importantly, this
tissue-specific program was not pre-encoded, but rather established after the ILC2 had seeded a
tissue. Interestingly, some of these signals (e.g., IL-25, IL-33 and TSLP) were not required for
seeding, but rather for function, suggesting there are specific signals that are microbiota
independent that tissues use to impart ILC2 identity.!>® The contribution of neonatal generated
ILC2s and adult generated ILC2s in homeostasis and inflammation varies between different
tissues.!>! For a long time, it was thought that once an ILC2 has seeded a tissue, it remains at that
site and serves its role as a poised producer of type 2 cytokines. Parabiosis studies confirmed this
fact and there was little intermixing between tissue resident ILC populations.'*> However, through

two important studies, permanent tissue residency of ILC2s was challenged and revised to

appreciate the role of migrating ILC2s during inflammation. Using markers of tissue resident
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ILC2s, it was observed in the context of helminth infections that tissue ILC2 migrate via the blood
to distal sites and have a role in priming systemic type 2 immunity.!>*!>* The fact that ILC2s have
been described to express a broad array of receptors that encompass several cytokine families and
metabolites as well as somewhat controversial expression of MHCII further supports their
potential role as key arbiters of Th2 immunity.!> Using a mouse with impaired ILC2
differentiation and function, it was demonstrated that ILC2s were important for establishing
inflammatory responses to some type 2 challenges but not others, demonstrating ILC2s have
different functions depending on context.**

The role of TET enzymes in ILCs was investigated by profiling methylation and
hydroxymethylation patterns in ILC subsets. Unsurprisingly, differentially methylated regions
were enriched for genes that defined the identity and function of various ILC subsets.!*¢ Using
Tet2”~ mice, the Colonna group found that cytokine production was somewhat impaired in ILC2s,
but was impaired in the recently described inflammatory ILC2s that can produce IL-17. Thus, they
described a role for TET2 in promoting the functional plasticity of inflammatory ILC2s but did
not extensively explore its function in canonical ILC2s.!¢ Interestingly, small intestinal ILC2s are
among the highest expressers of 7et2 (Immgen, unpublished analysis), which may reflect its role
in the functional plasticity that Colonna and colleagues describe or may represent a function that

is still unknown.
1.3.3 Type 2 immunity in the intestine

Many distinct changes are observed in the organization and function of intestinal tissue when a
type 2 immune response is established, and these changes are primarily accomplished through the

action of effector cytokines. IL-5 serves to recruit eosinophils to the tissue where they can help
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expel parasites through the secretion of major basic protein. IL-13 remodels the tissue architecture
through smooth muscle hyperplasia and by inducing the development of secretory and sensory
epithelial lineages such as goblet cells and tuft cells, respectively. These two changes encompass
the so-called ‘weep and sweep’ response, where increased mucus production and smooth muscle
contractions help expel large parasites out of the gastrointestinal system.

Tuft cells are increasingly being recognized as serve as important regulators of immune
responses. Although they were identified several decades ago, their roles in physiological
processes are still being investigated. In 2008, tuft cells were found to express the transient receptor
potential channel TRPMS8 as well as several other taste receptor and genes involved in the
biosynthesis of neuronal and inflammatory mediators such as lipid derived molecules and 771 7¢.'>
In 2016, three different reports identified a key role for this tuft cell derived IL-25 in mediated
immunity to helminths and protists.!>316° Locksley and colleagues used an IL-25 reporter and
characterized epithelial cells at various surfaces, especially tuft cells in the GI tract, as primary
producers of homeostatic IL-25, but not hematopoietic cells.!®® In helminth infection models, they
observed an increase in tuft cells that was dependent on IL-13 signaling, which they sourced to
ILC2s. With these data, they were able to propose a tuft-ILC2 circuit that was important in
establishing effective type 2 immune responses. This was exemplified by the fact that deletion of
IL-25 from the epithelium impaired clearance of Nippostrongylus brasliensis.'®® Another group,
led by Wendy Garrett, showed this circuit was also relevant to homeostatic responses to protists

found in the microbiota.!8

It is now recognized that there are tuft cell subtypes characterized by
unique receptors ad biosynthesis pathways through which they have the capability to interface with

diverse cell types and signaling circuits.!¢! For example, in addition to production of IL-25,
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intestinal tuft cells produce leukotrienes in the context of worm infection, which activate ILC2

cytokine production via NFAT signaling and drive clearance of pathogens.!62:163

The sensing of
environmental stimuli by tuft cells is known to be important for their cytokine production and
initiation of inflammatory responses, but the mechanism of this sensation has not been described
in all contexts.!®! The most well-characterized is the sensing of succinate produced by protists in
the commensal microbiota (described below). In the context of helminth infections, however, the
initiating signal is not known.

Goblet cells are secretory cells that also differentiate from epithelial stem cells in response
to type 2 cytokines. They are also present in various barrier surfaces, including the ocular surface,
upper respiratory tract, and the intestinal epithelium. At steady state, they produce mucus that
provides a physical barrier in the intestinal lumen. Goblet cells also promote transfer of dietary
antigens from the lumen through use of goblet cell associated passages, although the role of this
function in immune activated states is not well known.!¢* They are more present at steady state in
the colon, but type 2 immune responses induce their differentiation through the action of type 2
cytokines on stem cells in the small intestine.!®® The enhanced production of mucus in conjunction
with smooth muscle hyperplasia promote clearing of worm infections. Unlike tuft cells, goblet
cells have not been shown to produce cytokines, although some studies have described cytokine
mRNA in goblet cells.!®* Importantly, the increased mucus production in type 2 activated intestines
makes them very difficult to profile by isolating cells from the epithelium or lamina propria
compartments and there is a significant amount of cell death of immune and non-immune cells.!®®

The intestine has been recognized as a potential site for the initiation of food allergy or the

intolerance towards food antigens that results in type 2 activation, because it is the major route of
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exposure to food antigens. The default reaction to ingested food antigens is tolerance, and this was
first described in 1911'%, and this can be observed practically by the fact that humans fail to
develop significant immune responses to most of the food antigens consumed during the lifespan.
This phenomenon is now known to be mediated by the action of regulatory T cells as well as other
passive forms of tolerance.!6”-1¢ Additional sites implicated in allergy initiation are the skin and
the respiratory epithelium. The loss of tolerance is further influenced by the type of immune
response that is mounted. For example, in celiac disease, a Thl response is mounted against the
dietary antigen gluten, and this response is thought to be influenced by viral infections and
interleukin signaling that promote a type 1 response.!'®-!7% To model food allergy in mice,
adjuvants are necessary to prime an inflammatory Th2 response against the provided antigen. This
usually comes in the form of two bacterial toxins: enterotoxin B or cholera toxin. This results in
the formation of a Th2 response as well as high affinity IgE and IgG1 antibodies specific to the
food antigen.!’"!72 Exposure to food antigen after this response has developed leads to
degranulation of mast cells via crosslinking of antibody receptors and release of vasoactive
mediators that result in systemic anaphylaxis. Anaphylaxis is not always manifest in patients,
however, many symptoms of food allergy may be more localized to abdominal discomfort and
intestinal pathology driven by local immune activation. Regardless, the study of food allergy and

the contributing factors is important as allergies are increasingly common.!”
1.4 Commensal microbiota

1.4.1 Prototypical models and major findings

The commensal microbiota contains species from multiple kingdoms and collectively has been

implicated in physiology and pathology of both mice and humans. The estimated species and
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organism abundance of the microbiota far outpaces the host in terms of cell number and has led to
the evolution and development of complex host-microbiota interactions. The development of next
generation sequencing and gnotobiotic facilities in combination with classical microbiology has
allowed the identification and characterization of several members of the commensal microbiota
as well as direct interrogation of their roles in host physiology. Members of the microbiome
interact with the host digestive and immune system in a myriad of ways including through the
production of digestive and/or immunomodulatory metabolites or direct modulation of host tissues
through close interactions and immune activation.

An extensively studied phenomenon is the production of butyrate and other short chain
fatty acids by the microbiome. The fermentation of dietary fibers and starch by the microbiota
produces millimolar quantities of short chain fatty acids in the intestinal lumen that have been
demonstrated to have local and systemic effects on the host.!”* Butyrate and other SCFAs can
provide energy to directly to epithelial cells by contributing to the TCA cycle. They can also alter
transcription and thus function in local immune cells by serving as inhibitors of histone
deacetylation.!” Distal effects have been also described. Strikingly, many neurological
phenotypes have been found to be altered by short chain fatty acids that either directly act on brain
cells or via peripheral signaling that ultimately impacts brain function.!7®

Direct immune activation by the microbiota is well appreciated through the profiling of
germ-free animals versus conventionally raised animals. Further, the use of mono-association
models has revealed specific adaptive responses in response to specific microbes. One of the first
such antigen specific circuits was described in the context of segmented filamentous bacteria

(SFB), which were found to induce a Th17 response in the ileum by attaching to the epithelial
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surface.!””!78 This process of inducing an antigen specific response to this one member in a
complex microbiota required several critical steps including signal amplification through the
coordinated action of diverse cell types.!#180 It is unsurprising, therefore, that such highly specific
responses are rare and only a handful of examples of such specificity have been described.'®! It is
metabolically costly to produce such highly specific responses, especially given the high diversity
of microbes and other antigen sources in the intestine. There have been prototypical models
described for the induction of microbiota specific CD8 T cell, Th1, Treg and Tth responses in the
intestine, but not for Th2.!82-18>

1.4.2 Tritrichomonas species

Tritrichomonas species have been characterized in various animal models and human populations
and their roles in host physiology likely vary with protozoa subspecies as well as tissue
localization.!86:187 Recent studies have elucidated their roles in physiology and pathology. In 2016,
three different groups described the role of these protists in physiological processes. Mallevaey
and colleagues identified these symbionts as exacerbating agents in a T-cell transfer model of
colitis.!®® Merad and colleagues demonstrated colonization with Tritrichomonas induced 1L-18
production by epithelial cells in the colon that drove Thl and Th17 responses, which were
pathogenic in the context of colitis but protective in the context of infection.!® The Garret group
described induction of tuft cell hyperplasia to be dependent on these protists and demonstrated this
was primarily mediated through the production of effector cytokines by ILC2s. Additionally, they
observed the IL-25 response induced by these microbes was downmodulated after persistent
colonization despite no changes in the amount of protist.!>® These findings are most relevant for

our studies and are roughly visualized in Figure 12A. These protozoa reside in the lumen of the
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intestine and ferment dietary fibers. This results in the liberation of metabolites, one of which is
succinate.!! Tuft cells, as described above, have the capacity to sense many environmental
metabolites, including succinate. In 2018, three different groups integrated these observations and
showed succinate produced by protists or bacteria can activate tuft cells and initiate type 2 immune
responses. Intriguingly, this was shown again to primarily be mediated by the action of ILC2s.!%2~
194 The consequences of this activation for general type 2 immunity was alluded to in a model

where overactivation of the circuit conferred protective immunity in the context of helminth

infection, but these effects continue to be studied.

2 TET2 REGULATES INTESTINAL TH2 RESPONSES

2.1 Summary

Our laboratory has previously characterized a model of Ter2-deficiency where we observed
intestinal barrier defects that led to hematologic pathology.!” We further investigated the intestines
of these mice and identified a strong IL-25 signaling signature exemplified by the presences of tuft
and goblet cells. This signature was microbiota dependent, and we found Tritrichomonas spp, a
member of the commensal microbiota, to be sufficient to induce IL-25 signaling, as previously
described. Interestingly, although this circuit was able to be induced in both wildtype and Tet2-
defeicient mice, we observed there was an eventual downregulation in wildtype mice that was
impaired in Ter2”” mice and resulted in persistent remodeling. We profiled the immune cells in
these mice and found a striking increase in Th2 cells that was dependent on and induced by
Tritrichomonas. These Th2 cells were required for persistent activation of this IL-25 circuit, and
their induction was dependent on IL-4. In vitro culture systems showed a specific propensity for
Th2 differentiation in the absence of definite polarizing signals and this was confirmed through
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transcriptional analysis. Further, when exogenous IL-4 was provided to wildtype animals in
conjunction with Tritrichomonas, we found this combination of signals to be sufficient to induce
a strong Th2 population as observed in Tet2”- mice. Th2 induction was comparable in helminth
infection models, suggesting a specific role for 7et2 in responding to type 2 inducing commensal
microbes. The persistent IL-25 signaling in Tet2-deficient mice was associated with intestinal
barrier dysfunction and we demonstrate a clear role for the IL-25/IL-13 circuit in mediating barrier
function. Further, mice with barrier function were susceptible to allergic pathology in a model of

peanut allergy and this susceptibility was dependent on IL-25.
2.2 Results

2.2.1 Tet2-deficient mice have a Tritrichomonas-dependent 1125 signature

To understand the intestinal changes observed in Ter2”- mice better, we re-visited our regional
gene expression dataset that highlighted the jejunum as the site with the most differentially
expressed genes. The intestinal tissue composition is known to vary depending on predominant
immune signals, and therefore, we chose to assess the composition of our bulk-sequenced tissue
using gene set enrichment analysis.!*>~1°7 Using published cell profiles from intestinal single-cell
datasets, we found enrichment of a tuft and goblet cell signature specific to the jejunum of Ter2”
mice (Figure 2A).!”® We confirmed this signature with immunofluorescent staining for DCLK 1+
tuft cells and periodic acid shift (PAS) staining for goblet cells, both of which were increased in
the jejunum of Tetr2”- mice (Figure 2B,C). Tuft and goblet cell hyperplasia in the small intestine
has been described in the context of helminth infections and other type 2 challenges that drive IL-
25 and IL-13 signaling'®®, and indeed both /125 and /13 transcripts were elevated in Ter2”~ mice

(Figure 2D). We previously found intestinal changes in Tet2”- mice were dependent on the
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microbiota and broad-spectrum antibiotic treatment reversed tuft and goblet cell enrichment
signatures along with //25 in the jejunum of Tet2”~mice (Figure 2D, E). In fact, antibiotic treatment
reversed most gene expression differences observed in the jejunum of wildtype and Tet2-deficent
mice (Figure 2F,G). Accordingly, germ-free Tet2”- mice do not demonstrate an increased tuft cell
and /25 signature by qPCR (Figure 2H). These data suggest the significant remodeling of jejunal
tissue in 7er2-deficient mice is dependent on the microbiota.

Tritrichomonas species are protozoan commensals that induce tuft and goblet cell
hyperplasia through //25 signaling and are common in the SPF microbiota of many mouse
facilities, including at the University of Chicago.!®¢ We identified a protozoan that shared
significant sequence similarity in the 28s ITS region with previously described species of
Tritrichomonas (Figure 3A). Colonization of Tet2"* and Tet2”- mice with in-house isolated
Tritrichomonas for 4-6 weeks was able to induce a significant upregulation of 7/25 and a tuft and
goblet cell signature in the jejunum and colonized Tet2*" and Tet2”~ equally (Figure 3B). When
aged beyond 16 weeks of age, we found Tet2"* mice had largely downregulated this axis, but Ter2-
~ mice had a persistent //25 signature compared to littermate colonized Tet2** mice despite
equivalent levels of Tritrichomonas in the microbiota (Figure 3C). We next assessed whether the
continued presence of Tritrichomonas was required for this axis by treating chronically colonized
mice with metronidazole, which efficiently depletes anaerobic bacteria as well as protozoa'®’.
Metronidazole-treated Tet2”- mice no longer had an elevated /25 and tuft cell signature,
suggesting the continued presence of Tritrichomonas is required for persistent IL-25 signaling
(Figure 3D). Collectively, we demonstrate Tet?2 is a host genetic factor that regulates the intestinal

response to a commensal protozoan.
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Figure 2. Microbiota-dependent IL-25 signature in the absence of 7er2

A. Results from GSEA for various cell types plotted as enrichment values over wildtype and
FDR with significance cutoff (<0.05) indicated with the dashed line. B. Tuft cell
immunofluorescence staining and quantifications. C. Goblet cell staining with periodic acid
Schiff stain and quantification. D. RT-PCR of selected genes from jejunal tissue. E. GSEA
results for untreated and antibiotic treated jejunum as in A. F. Heatmap curated from top
differentially expressed genes that were microbiota dependent. G. Volcano plots demonstrating
gene expression changes at steady state and upon antibiotic treatment of mice. H. RT-PCR of
selected genes from jejunum of germ-free animals. (¥, ** *** ****: n<(.05, 0.01, 0.005, 0.001)
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Figure 3. Tritrichomonas-dependent IL-25 signaling in acute and chronic colonization

A. The 28S ITS region was sequenced from purified Tritrichomonas protists and phylogenetic
analysis was conducted using published sequences of protists. B-C. RT-PCR of selected IL-25
signaling genes in the jejunum at the acute and chronic time points along with PCR
amplification results of Tritrichomonas genomes relative to host in colonic contents. D. RT-
PCR of IL-25 signaling genes in the jejunum after 4 week treatment of colonized mice with
1g/L metronidazole. (*,** #** *#**: nb<(.05, 0.01, 0.005, 0.001)
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2.2.2 Tet2 deficiency results in a long lived Th2 population and 1125 signaling

To assess which cell type(s) were responsible for regulating this host response, we crossed Tet2"/
mice with mice expressing Cre-recombinase under different promoters. We observed 1125
upregulation relative to littermates with hematopoietic (VavI-Cre), but not with epithelial (Vil-
Cre) deletion of Ter2, suggesting that although tuft cells are the primary producers of IL-25 in the
intestine'®®, there was an immune mechanism that determined tuft cell differentiation and
persistent signaling. Further, CLP-derived lymphocyte specific (#CD2-Cre)'*” deletion of Ter2,
but not myeloid (Lysm-Cre) compartment deletion was sufficient for elevated /25 (Figure 4A).

160 " also did not

Interestingly, Tet2™" [15-Cre mice, which primarily have recombination in ILC2s
have upregulated //25, suggesting TET2 regulates this circuit in an ILC2-extrinsic manner, unlike
what was recently described for the negative regulator A20 (Figure 4A).!%* Accordingly, the innate
lymphocyte compartment in Tet2”~ Rag2”’~ mice was not sufficient to drive increased 7125,
suggesting adaptive lymphocytes in Tet2”~ mice drive constitutive IL-25 signaling (Figure 4B).
We profiled the lamina propria compartment in chronically colonized Tet2”~ and littermate Ter2**
along with uncolonized mice and found a significant increase in CD4+ GATA3+ FOXP3- Th2
cells in Tritrichomonas-colonized Tet2”- mice (Figure 5A). A significant portion of GATA3-
expressing cells in the small intestine co-express FOXP3, and this population has been shown to
regulate homeostatic type 2 immune responses at barrier sites?>2°!, but this subset was not
different upon Tritrichomonas colonization or between genotypes (Figure 5A). The strong type 2
profile in the small intestine was also accompanied by an increase in eosinophils, but not by a

change in proportions of ILC2s, further suggesting Th2 cells were primary drivers of this response

(Figure 5B). The Tritrichomonas-dependent Th2 population was also present in #CD2-Cre mice,
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confirming that lymphocyte specific deletion of Tez2 gave rise to a unique Th2 population (Figure
5D). Finally, when we depleted Tritrichomonas in either Tet2” or Tet2™" hCD2-Cre mice, we
observed a decrease in expression of CD69, a marker for lymphocyte activation and tissue
residency.?>?3 These data suggest a Tritrichomonas-responsive CD4 Th2 population is
selectively induced upon Tet2 deficiency.

We next wanted to investigate whether this Th2 population interfaced in the intestinal IL-
25 circuit as has been described for ILC2s. Depletion of CD4+ cells in Tet2”~ and in Tet2"" Vavi-
Cre abrogated /25 expression suggesting the Th2 cells were responsible for persistent 1L-25
signaling in these mice (Figure 6A). To test whether this Th2 population also propagated the tuft
cell circuit through IL-13 production as has been described for ILC2s, we depleted IL-13 and found
that the IL-25 signaling associated signature was downregulated (Figure 6B). These data indicated
we had a Tritrichomonas-induced Th2 population that propagated the IL-25 signaling circuit in
the jejunum via the production of IL-13. We next deleted Tez2 specifically in the CD4 compartment
and found CD4-intrinsic 7et2-deficiency sufficient to drive this Th2 population and persistent IL-
25 signaling (Figure 6C). When we blocked IL-25 to assess whether the Th2 population, as is the
case with ILC2s, was dependent on tissue derived cytokine, we found a decrease in Th2 cells,
suggesting IL-25 is an important survival factor for these cells (Figure 6D). These data suggest
that when an innate lymphocyte-microbiota circuit is co-opted or replaced by an adaptive response,
persistent tissue remodeling and signaling ensues in response to an otherwise tolerated commensal.

2.2.3 Tet2 regulates CD4 IL-4 production and Th?2 differentiation

We next sought to understand why Ter2”, but not Tet2"*, mice were able to mount an adaptive

Th2 response in the context of Tritrichomonas. Th2 cells classically require IL-4 for induction and
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Figure 6. Adaptive Th2 responses propagate IL-25/IL-13 signaling in 7et2-deficient mice and
CD4-intrinsic 7et2 mediates this circuit.

A-B. RT-PCR for 1125 and Dclkl in jejunum of mice depleted for CD4 (A) or with IL-13
blockade (B). C. RT-PCR for /125 and Dclkl in jejunum of CD4-Cre Tet2? fl/fl mice and
littermates along with frequency of Th2 cells among CD4+ CD8a+ TCRb+ CD90+ CD45+
Live lymphocytes D. Quantification of Th2 frequency in mice treated with IL-25 blocking
antibody. (¥, ##x #ixx: n<0.05, 0.01, 0.005, 0.001)
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in vivo blocking of IL-4 with neutralizing antibody prevented the induction of Tritrichomonas-
induced Th2 cells in Tet2”~ mice (Figure 7A). These data, along with the finding that CD4-intrinsic
deletion of Tet2 sufficiently drove a Th2 population suggested differential IL-4 signaling or
upregulation in Tet2”- CD4 T cells. To test this hypothesis, we used an in vitro culture system and
first cultured naive CD4 T cells under Th2 polarizing conditions using recombinant IL-4. Under
these conditions, Tet2”- and Tet2** CD4 T cells equally differentiated to GATA3+ CD4 T-cells,
which is in line with previous studies!#! and suggests the functional response to extrinsic IL-4 is
not changed by the deletion of 7es2 (Figure 7B). As extrinsic IL-4 did not differentially induce
Th2 cells and lymphocyte-intrinsic deletion of 7er2 was sufficient to drive Th2 differentiation in
vivo, we assessed whether the CD4 T cells themselves produced IL-4, as has been described in
certain contexts and genetic backgrounds.!%%!2° When we cultured naive CD4 T cells under non-
polarizing conditions in which only TCR stimulation and IL2 were provided, we surprisingly saw
Tet2”- CD4 T cells had the capacity to make IL-4 and this IL-4 was necessary to drive polarization
of GATA3+ cells without the need for additional exogenous signals (Figure 7B, C). The ability to
make the Thl hallmark cytokine interferon-y (IFNy) was not different, suggesting a specific
dysregulation of IL-4 production (Figure 7B, C). To investigate the mechanism of how Th2
polarization occurred in the absence of exogenous IL-4, we performed a time course analysis of
naive CD4 T cells cultured under non-polarizing conditions. In our secondary cultures, we
confirmed acquisition of Th2 program and saw a significant upregulation of GATA3 target genes,
including several Th2 effector cytokines, in Tet2” cells (Figure 8D).

Strikingly, we also identified several genes that were already differentially expressed in

unstimulated cells and in cells during the course of TCR stimulation that had not yet upregulated
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Figure 7. Intrinsic acquisition of a Th2 program

A. Th2 populations in WT or KO mice treated with anti-IL-4 for two weeks after colonization
with Tritrichomonas. B. Expression of GATA3 in cells from secondary cultures in indicated
culture systems. C. Cytokines produced in secondary cultures and genes expressed by cells
from non-polarizing secondary cultures measured by ELISA and RT-PCR, respectively.
(o e etk <0.05, 0.01, 0.005, 0.001)
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Figure 8. Differentially expressed genes in non-polarizing conditions

Volcano plots displaying genes upregulated (red) and downregulated (blue) at
log2FoldChange threshold of 0.6 and FDR threshold of 0.05 in secondary cultures (A),
unstimulated naive CD4 T cells (B), or naive CD4 T cells stimulated with Sug/mL aCD3,
lug/mL aCD28 and 10ng/mL IL2 for 4 hours (C) or 24 hours (D)
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a Th2 program (Figure 8). This suggested a mechanism by which Tet2-deficient CD4 T cells are
able to preferentially establish a Th2 program. Among these, we identified some genes and
signatures that are crucially involved in Th2 differentiation that were already differentially
expressed in the unstimulated cells, such as /rf4 and genes regulated by STATS and NFKB-
signaling.!23-204205 We are actively investigating these gene programs and their associated genomic
regions to assess how Tetr2-deficiency leads to transcriptional and epigenetic changes that
predispose cells towards a Th2 program.

We next tested whether IL-4 was sufficient to induce a Th2 population in the context of
Tritrichomonas in wildtype mice. We found recombinant IL-4 complexes (rIL-4c) sufficiently
drove Th2 polarization only when co-administered with Tritrichomonas, further suggesting that
tight regulation of IL-4 production and signaling on T cells is an important checkpoint in regulating
adaptive Th2 responses to the commensal microbiota (Figure 9A). To test if Th2 polarization was
altered in other in vivo models, particularly in response to pathogens, we infected mice with the
helminth pathogens Strongyloides venezuelensis and Nippostrongylus brasiliensis. Both worms
induce a Th2 population in the host, however N. brasiliensis induced Th2 populations are thought
to be IL-4 independent.?”-!!* We sacrificed animals 7 days post infection and found there to be an
equivalent Th2 induction in the lymph nodes of both genotypes and this response was also
appropriately regionally different. Further, whereas IL-4 blockade reduced the frequency of Th2
cells in S. venezuelensis-infected mice, there was no appreciable difference in N. brasiliensis-
infected mice, suggesting IL-4 dependent and independent Th2 responses to helminth pathogens
are preserved and not different in Ter2”~ mice (Figure 9B). These data suggest TET2 is primarily

involved in regulating cell intrinsic checkpoints to Th2 immunity in the context of commensals
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and is dispensable for Th2 responses in the context of pathogens where there are strong

exogenous signals to drive Th2 polarization.
2.2.4 IL-25 drives intestinal barrier function and allergic immunopathology

We previously observed microbiota dependent barrier dysfunction in the jejunum of Tet2”" mice
and sought to determine if this was also linked to IL-25 signaling. Strikingly, we found acute
upregulation of IL-25 signaling in Tet2*" and Ter2”~ mice was associated with downregulated
expression of barrier function genes and a functional barrier defect as measured by FITC-dextran
permeability (Figure 10A). As with IL-25 signaling, only chronically colonized 7et2-/- mice
maintained this barrier defect, suggesting chronic IL-25 signaling is associated with chronic barrier
dysfunction (Figure 10B). As Tritrichomonas spp ferment dietary fibers to make succinate, we
assessed whether succinate was sufficient to drive barrier changes. Interestingly, while we
observed upregulation of IL-25 signaling and downregulation of barrier function genes, we did not
see an increased FITC-dextran permeability, suggesting either that the IL-25 signaling was not
sufficiently upregulated, or there is some Tritrichomonas-derived factor responsible for this
phenotype (Figure 10C). To test formally if the [L-25/IL-13 circuit can drive barrier dysfunction,
we injected wildtype mice with recombinant IL-25 in combination with isotype control or IL-13
blocking antibody and found that IL-25 was sufficient to induce barrier dysfunction in an IL-13-
dependent manner (Figure 10D). These findings suggest the IL-25/IL-13 circuit is a previously
unappreciated pathway by which microbiota induced signals impact intestinal barrier function and
further emphasizes why this pathway should be tightly regulated. In line with these findings, we
observed that Tet2" hCD2-Cre mice, which are also characterized by chronic IL-25 signaling,

had barrier dysfunction as measured by gene expression and FITC dextran (Figure 10E).
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Figure 10. Chronic IL-25 signaling is associated with intestinal barrier function

Barrier function changes in mice colonized with Tritrichomonas for an acute (A) or chronic
(B) timepoint as assessed by 4kDa FITC-Dextran permeability or RT-PCR of 7jp2 or Ocln in
the jejunum C. Barrier function readouts in mice treated with 150mM succinate in the
drinking water for 6 weeks. D. Barrier function readouts in mice injected with recombinant
IL-25 with or without IL-13 blocking. E. Barrier function readouts in Tritrichomonas
colonized hCD2-Cre+ Tet2///l mice. (*,** *** #¥¥*: n<().05, 0.01, 0.005, 0.001)
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Intestinal barrier function is recognized as an important mediator of tolerance and host
response to intestinal derived antigens. Defects in barrier integrity have been associated with the
development of allergy.?’%-207 Additionally, IL-25 has been implicated as a potentiator of food
allergy in pre-clinical models and increased levels of IL-25 have been reported in patients with
food allergy.2%8-210 Therefore, we decided to investigate whether the chronic IL-25 signaling and
the barrier dysfunction observed in our Tet2-deficient mice was associated with the development
of allergic responses. We employed a model of peanut allergy in which mice are sensitized with
6mg of crude peanut extract in the presence of Sug cholera toxin via oral gavage 5 times over a 4-
week period. One week after the final sensitization, mice are challenged intraperitoneally with
Img of crude peanut extract and allergic responses are assessed (Figure 11A). We used Tet2™!
hCD2-Cre mice for these studies as Tet2”" mice have other immune phenotypes, such as
myeloproliferation, that may confound these studies. Upon antigen challenge, the body
temperature of Ter2-deficient mice dropped significantly more than littermate controls, a sign of
anaphylaxis (Figure 11B). This difference was in spite of equivalent and robust peanut-specific
antibody responses in the form of IgE and IgG1 in both genotypes (Figure 11C) and also in spite
of the fact we used a concentration of cholera toxin that is 2-3x lower than most published
models.?!! This phenomenon is also observed between mouse genetic backgrounds, where mice of
both susceptible and resistant backgrounds develop robust antibody responses to peanut antigen in
this model, but only susceptible mice have overt anaphylaxis.?!!?!2 When we neutralized IL-25 in
these mice, anaphylactic reactions were abrogated, suggesting a critical role for IL-25 signaling in

the development of allergic immunopathology (Figure 11D).
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Figure 11. IL-25 dependent allergic pathology in 7et2-deficient mice

A. Experimental outline of allergen sensitization and challenge. B. Serial core body
temperature readings after I.P antigen challenge. C. Crude peanut extract-specific antibody
responses. D. Maximum temperature drop in mice treated with or without anti-IL25.
(e ek etk p<0.05, 0.01, 0.005, 0.001)
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Figure 12. Type 2 responses to commensals and pathogens

A. The response to protozoa in a wildtype host. B. The response to protozoa in 7et2-deficient
mice. C. Series of events to develop normal protective immunity to helminth infection.
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Our findings collectively demonstrate the importance of host checkpoints in responses to the
microbiota. Loss of one checkpoint, Tet2, results in a chronic adaptive response to a commensal
protozoan and predisposes the host to barrier dysfunction and allergic immunopathology (Figure
12).

2.3 Materials and Methods

2.3.1 Mice and samples

Tet2”~ mice were obtained as previously described.!” The following strains were purchased from
Jackson lab and crossed in house: Tet2V (#017573), Vavi-Cre (#008610), hCD2-Cre (#008520),
1I5-Cre (#030926), Cd4-Cre (#022071), Rag2”~ (#008449). Germ-free mice were generated
previously

2.3.2 Mouse treatments

Depleting or blocking antibody treatments were injected IP in 200uL at the indicated doses every
3 days for the duration of the experiment: 500ug anti-IL25 (Amgen), 200ug anti-IL13 (Janssen),
200ug anti-CD4 (Bioxcell), 200ug anti-IL4 (Bioxcell). For rIL25 treatment, 300ng of IL25 (R&D)
was injected I.P for 3 days followed by end point analysis. For metronidazole treatment, mice were
provided with 2.5g/L metronidazole (Sigma) and 1% sucrose ad libitum in drinking water. Bottles
were replaced weekly.

2.3.3 Tissue processing

Mouse small intestines were removed and washed in cold PBS. 1-cm segments were cut from
relevant segments for RNA extraction and histology readouts. 12-cm of jejunum was measured for
lamina propria isolation. Briefly, intestines were cut open longitudinally, washed in cold PBS to

remove luminal contents and then were shaken 3 times in I[EL medium (2mM EDTA in HBSS) at
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37°C and 250rpm for 10 minutes each. Between shakes, the tissue pieces were washed with warm
HBSS on 100um filters to aid in removing epithelial cells. After the IEL shakes, the tissue pieces
were shaken in LPL medium (20% FBS, 0.05mg/mL DNAse I, I1mg/mL Collagenase A in RPMI)
for 30 minutes. After the LPL shake, digested issue pieces were passed through a 100um filter,
centrifuged and stained for FACS.

Mesenteric lymph nodes and Peyer’s patches were isolated and separated by segment as previously
described (source). Samples were collected in complete RMPI (10% FBS, 1% PenStrep
Glutamine) and shaken in ImL digestion medium (Img/mL Collagenase VIII in complete RMPI)
30 minutes at 37°C at 250rpm. Digestion was halted by adding 10uL 0.5 M EDTA and placing
samples on ice for 10 minutes. The media and remaining tissue were passed through 100uM filters
and mashed. Digested and dissociated samples were washed once and then stained for FACS.

2.3.4 Tritrichomonas identification, isolation and colonization

Ceca from Tritrichomonas colonized mice were excised and their contents were removed by
rinsing exposed contents in antibiotics-containing PBS (Abx-PBS). This slurry was passed through
a 100um filter and spun down at 1000rpm for 7 minutes after which it was re-suspended in SmL
40% v/v Percoll made in Abx-PBS and overlaid on SmL 80% v/v Percoll. The percoll gradient
was spun for 15 minutes at 1000g with no brakes at room temperature. The interphase was
collected and washed twice in fresh PBS before sorting 2e6 protists per mouse to be colonized.
Tritrichomonas burden was measured by extracting DNA from cecal or colonic contents using the
Qiagen Fast Stool kit (Qiagen). Contents were homogenized in 1mL InhibitEx buffer (Qiagen) in

2mL screw top tubes filled with 0.5mL of 0.1mm glass beads (Biospec) using the Omni Bead
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Ruptor Elite homogenizer prior to DNA extraction. PCR was performed as below using 10ng of

DNA as starting material.
2.3.5 RNA isolation and Quantitative RT-PCR

Tissues stored in RNAlater for 24-48h at 4C were transferred to RLT+ containing 2-
mercaptoethanol and homogenized using an equal mix of 0.5 mm and 1.0 mm zirconium oxide
beads (Next Advance) and a bead homogenizer. Cells were stored directly in RLT+ containing 1%
2-mercaptoethanol and frozen at -80°C. RNA for all samples was extracted using the Qiagen
RNeasy kit according to manufacturer instructions. Reverse transcription with 500ng of total RNA
was performed using a GoScript Reverse Transcriptase kit (Promega) and PCR was performed on
a Roche Light Cycler 480 machine using SYBR Advantage qPCR Premix (Clontech). Parameters
for amplification: denature for 10s at 95C, anneal for 10s at 60c and extension for 10s at 72C.
Relative expression was calculated using 1000* 22T with Gapdh as the housekeeping gene. To
account for technical variation, expression was normalized to wildtype or wildtype uncolonized

samples. The primer sequences are as follows:

Gene Forward Primer (5’ to 3°) Reverse Primer (5° to 3”)
Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
Gata3 CTGGCGCCGTCTTGATAGT GACGGTTGCTCTTCCGATCA
Thx21 AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC

114 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

Ifng ATGAACGCTACACACTGCATC CCATCCTTTTGCCAGTTCCTC
Spink4 TGCAGTCACATAGCTCACAAG CCATGCCAAGGAGGGGAA
Dclkl TGAACAAGAAGACGGCTCACTCC | GCTGGTGGGTGATGGACTTGG

1113 CCTCATGGCGCTTTTGTTGAC TCTGGTTCTGGGTGATGTTGA

1125 ACAGGGACTTGAATCGGGTC TGGTAAAGTGGGACGGAGTTG

Tipl GCCCTCCTTTTAACACATCAGA GCCGCTAAGAGCACAGCAA

Tjp2 AAGTTCCCTGCCTACGAG ATTCAACCGAACCACTCC

Ocln ACTGGGTCAGGGAATATCCA TCAGCAGCAGCCATGTACTC

Epcam GCGGCTCAGAGAGACTGTG CCAAGCATTTAGACGCCAGTTT
Asl TCTTCGTTAGCTGGCAACTCACCT | ATGACCCAGCAGCTAAGCAGATCA
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28s (Tritri) | GCTTTTGCAAGCTAGGTCCC TTTCTGATGGGGCGTACCAC
16s ACTCCTACGGGAGGCAGCAGT ATTACCGCGGCTGCTGGC

2.3.6 Library preparation and sequencing

RNA quality and quantity were assessed using the Agilent bio-analyzer. Strand-specific RNA-
SEQ libraries were prepared using a TruSEQ mRNA RNA-SEQ library protocol (Illumina
provided). Library quality and quantity were assessed using the Agilent bio-analyzer, and libraries

were sequenced using an [llumina NovaSEQ6000 (Illumina provided reagents and protocols).

2.3.7 Transcriptional Analysis

Raw reads were subjected to quality control checks, aligned using STAR (v2.6.1d, GRCm38,
Gencode vM25) and summarized with featureCounts (subread v1.5.3). Batch correction for
experimental batches was performed using ComBATseq?!"?, and differential expression analysis
was performed using DESeq22!*. For intestinal cell composition analysis, cell signatures were
obtained from PanglaoDB!”® and used for gene set enrichment analysis (GSEA). For interrogating
GATA3-regulated genes in non-polarizing cultures, we used gene lists from published ChIP-seq
and RNA-seq of naive and differentiated T helper cells.*”

2.3.8 Cell staining and flow cytometry

Cells were stained with FC block (10 min), fixable live dead dye (15 min), and surface markers
(25 min). Cells were then fixed and stained intracellularly using the eBioscience Foxp3 kit

according to manufacturer instructions.
2.3.9 Helminth propagation and infection

Strongyloides venezuelensis was generously provided by Daria Esterhazy (University of Chicago)

and Nippostrongylus brasiliensis was provided by Jakob von Moltke (University of Washington).
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To propagate and maintain cultures, NSG mice (Jax #00557) were infected subcutaneously with
10,000 L3 larvae. Fecal pellets from infected mice were homogenized in water and spread onto
filter paper that was partially submerged in tap water in a beaker. The beaker was loosely covered
with plastic film and placed at 30°C for 4 days after which water was collected and fresh larvae
were allowed to settle at room temperature. Larvae were counted and resuspended for an infection
dose of 700-1000 L3 in 100uL. Experimental mice were infected and sacrificed at day 7 to assess

priming of intestinal Th2 responses in mesenteric lymph nodes.

2.3.10 Naive CD4 cultures

Naive CD4 T cells were isolated from spleens of 6-8 week Tet2” or Tet2™* mice by homogenizing
spleens in RBC lysis (R&D #WL2000) and then enriching for naive cells using MACS enrichment
(Miltenyi #130-104-453). Cells were then further sort purified (CD4+ CD8- CD62L+ CD44-) and
seeded at 1e5 cells/well in 96 well plates pre-coated overnight with Sug/mL anti-CD3 (Biolegend
#100302). Cells were cultured in complete RPMI (10% FBS, 1% PenStrep Glutamine) with
soluble anti-CD28 (Biolegend #102102) and 10ng/mL mIL2 (Miltenyi #130-107-760) for non-
polarizing cultures. For Th2 polarizing cultures, 10ng/mL IL-4 (Miltenyi #130-107-760) was
added and for Th2-blocking cultures, 10ug/mL anti-IL-4 (Bioxcell #BE0045) was added. Cells
were cultured for 48 hours and then split and reseeded in the same media as secondary cultures
and analyzed at d4-6. For RNA, cells were collected in RLT+ and immediately stored at -80°C.
Cell supernatants were frozen at -20°C before analysis of cytokines by ELISA.

2.3.11 Invivo intestinal permeability

In vivo intestinal permeability was assessed by 4kDa FITC-dextran (Sigma-Aldrich #46944). Mice

were deprived of food and water for 5 hours and then orally gavaged with 60mg/kg of FITC-
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dextran in PBS. Two hours later, mice were cheek bled, and the blood was spun down for 10
minutes at 10,000rpm. The serum was collected and measured for FITC-dextran using an
excitation of 490nm and emission of 520nm on a fluorescent plate reader.

2.3.12 Cholera Toxin and peanut sensitization and challenge

Crude peanut extract (CPE) was prepared from roasted unsalted peanuts. Briefly, peanuts were
ground to and added to 20mM Tris buffer (pH 7.2) at 25 grams peanuts per 20mL 20mM Tris. The
solution was stirred at room temperature for 2 hours and then centrifuged at 3000 g for 30 minutes.
The aqueous fraction below the upper most fat layer was carefully removed and measured by BCA
assay for protein content. Mice were sensitized with 6mg of peanut extract and Sug of cholera
toxin in 200uL by oral gavage on day 0, 2, 7, 14 and 21. On day 28, mice were challenged I.P.
with 1mg of peanut extract in 200uL. Body temperature was measured using a rectal probe prior
to challenge and every 15 minutes after challenging up to one hour. Mice were bled on day 14 and
day 27 to assess antibody responses in the serum and were bled after challenge on day 28 to assess

systemic mast cell degranulation.

2.3.13 Enzyme-linked immunoassay

Commercial ELISA kits were used to measure IL4 production and IFNy according to manufacturer
instructions (Invitrogen). Peanut specific IgE and IgG1 was measured by first coating high-binding
96-well plates (Corning 3690) with 20pg/mL CPE in 100mM Na,COs3 overnight at 4C.Plates were
washed three times in PBS plus 0.05% Tween-20 (PBS-T) and blocked with 150uL 1% BSA in
PBS-T for 2 hours at RT and then washed 1 time with PBS-T. Mouse serum obtained via
submandibular bleed was diluted in blocking buffer and added as 25uL per well and incubated for

1 hour at RT followed by 3 washes. 50 uL horseradish peroxidase-conjugated anti-mouse IgE or
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IgG1 (Southern Biotech) diluted 1:1000 in blocking buffer was added to well and incubated for 45
minutes at RT and then washed 5 times. S0uL TMB substrate was added and the reaction was
stopped by adding 50uL 1N H2SOs4. Absorbance at 450nm was read immediately after stopping

the reaction.
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3 DISCUSSION

In the work above, I identified Tez2 as a regulator of type 2 immunity in the intestine. Tet2-deficient
mice had intestines with a gene signature for strong type 2 activation characterized by tuft and
goblet cell expansion as well as high expression of the prototypical cytokines for type 2 activation
in the intestine, IL-25 and IL-13. This circuit required the presence of the microbiota and a specific
microbe, Tritrichomonas, was sufficient to induce activation of this circuit. The normal response
to this microbe in a wildtype background involves IL-25 signaling, however this response through
unknown mechanisms is eventually downregulated. We identified a Tritrichomonas-dependent
Th2 population in Tet2-deficient mice as the propagators of this circuit, representing an adaptive
population that co-opted a circuit normally mediated by innate lymphocytes. Due to the continued
presence of Tritrichomonas, these tissue resident lymphocytes had continuous stimulus to which
to respond and secrete effector cytokines to propagate tuft cell differentiation. This Th2 population
appeared to be induced through a classical IL-4 dependent mechanism, and using in vitro
differentiation cultures, we identified Tet2”- CD4 T cells themselves as the source of IL-4. This
autocrine 1L-4 signaling was sufficient to establish an effector program even in the absence of
exogenous polarizing signals. When we provided IL-4 to wildtype mice in the context of protozoa,
we were able to induce a Th2 population, suggesting this is the mechanism by which Tet2”" mice
mount this commensal-specific Th2 response. Importantly, helminth infection models that are
dependent on strong immune activation to induce Th2 populations did not demonstrate differential
induction of Th2 responses between WT and Tet2”- mice, suggesting this regulation of Th2
responses by 7Tet2 is specific to homeostatic microbiota responses. RNA-sequencing studies

confirmed these findings and elucidated several mechanisms by which naive CD4 T cells that were
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deficient for Ter2 had a predisposition for the Th2 lineage. Given the unique intestinal remodeling
that results from persistent type 2 activation and previous associations made in the lab, we assessed
whether there was a link to intestinal barrier function. Indeed, we found that barrier function was
acutely changed in a wildtype host in response to Tritrichomonas, but this response was resolved
in the same way significant IL-25 signaling was downmodulated. However, the barrier function
changes persisted in Tet2”~ mice, and they were predisposed to allergic immunopathology in an
IL-25 dependent manner. There are several tolerance mechanisms at play in the intestine ranging
from active tolerogenic responses to passive anergic responses. These can be mediated through
either the innate or adaptive immune system, but they all serve to establish a state of homeostasis
where the diverse microbiota and antigen rich intestinal environment exists in the context of a
functional but reasonable immune response. We propose Tez2 functions in naive CD4 T cells as a
cell intrinsic checkpoint to prevent adaptive type 2 responses in the context of type 2 promoting

microbiota.
3.1 Host responses to the commensal microbiota

Although the microbiota is a continuous source of diverse immunomodulatory signals, it is
somewhat paradoxical and metabolically prohibitive that a highly specific and continued immune
response be developed for every new species. We hypothesize the metabolic cost of such responses
is why there have been relatively few identified models in mice for which a defined microbe-
induced effector T helper response has been characterized.!®! Upon colonization of a complete
microbiota from Jackson Labs, for example, the immune response that develops across the small
intestine and colon is relatively muted given that millions of microbes were simultaneously

introduced.?’> There are several proposed ways by which the host can develop a tolerogenic
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response to the microbiota such that adaptive immunity is primarily developed in the context of
pathogens or novel microbes that are especially immune-stimulatory. First, the maintenance of an
intestinal barrier prevents most direct interaction with the microbiota. This mechanism is
especially at play in the large intestine, the site of highest microbial burden as well as the site with
the most developed mucus layer. Second, active tolerogenic signals through the action of
regulatory T cells can prevent active induction of adaptive responses to microbiota. These active
tolerogenic responses seem to be induced upon colonization of Clostridium.'®> Lastly, a division
of labor amongst immune subsets in the intestine can restrict initial responses to the microbiota to
specific cell types that is subsequently downregulated, and a state of tolerance is established. The
default response to Tritrichomonas in wildtype mice appears to be exemplary of the third case.
However, in the context of Ter2-deficiency, there appears to be an induction of transient innate
and chronic adaptive responses.

One example in which both innate and highly antigen specific mechanisms are at play is
the host response to segmented filamentous bacterium. Although the antigen specific Th17
response to SFB has been well documented, the role of ILC3s and the innate response has
increasingly been appreciated. The innate circuit in response to SFB was appreciated in Rag-
deficient mice where the epithelium and ILC3s had a persistent phospho-STAT3 signature driven
by an IL-23/IL-22 signaling axis that was dependent on the microbiota but absent in
immunocompetent mice. Adaptive Th17 cells and Tregs were shown to interrupt this axis and
thereby prevent persistent activation by SFB through control of its growth states and control of
SFB induced cytokine signaling?'®2!7. When neonatal mice were characterized over time, the

authors observed initial pSTAT3 signatures upon weaning that were eventually down-regulated in
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immunocompetent mice after an adaptive response was mounted, suggesting the ILC3-amplified
immune activation is the first wave of response to SFB whereas Th17 and Treg mediated control
is the second wave in which a more tolerant state is achieved. If this state is not achieved, as is the
case in Rag-deficient mice that are colonized with SFB, there are metabolic defects due to
epithelial programs of fat uptake being disrupted.?!6-2!7

First, it is important to make key distinctions between SFB and Tritrichomonas. SFB’s
primary interaction with the host occurs in the form of attachment and embedding on epithelial
cells and thus results in significant antigen transfer and direct host interactions. Tritrichomonas
primarily mediates its effects through the production of the metabolite succinate and does not have
such strong attachment to the host. Given the intimate relationship between SFB and the host
epithelial cell, an adaptive mechanism is how the innate circuit is resolved. With no such clonal
expansion of effector T cell in response to 7ritrichomonas in our wildtype mice, the mechanism
of downregulation of the IL-25 circuit is not understood. However, this downmodulation is
nonetheless important as continued IL-25 signaling, as with persistent 1L-23/IL-22 signaling,
results in epithelial remodeling that, when unchecked, has consequences in host physiology. This
is exemplified by what occurs in Tet2-deficient mice. In this setting, the mice developed an

adaptive Tritrichomonas dependent Th2 response that propagated a circuit that is usually

transiently induced by ILC2s. This resulted in intestinal barrier defects and allergic pathology.
3.2 T cell effector programs and the intestinal environment

T helper programs are specialized to different pathogenic contexts depending on the nature of the
pathogen. This is important as T-helper responses often dictate the subsequent responses of other

immune cells as well as the tissue response. In order to establish a specific response, three signals
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are required for development of a mature T-helper response. Signal 1 is provided in the form of
antigen presentation by a professional antigen presenting cell. Signal 2 is a provided in the form
of co-stimulation, which potentiates the TCR signal. Finally, signal 3 is a polarizing signal, usually
in the form of specific cytokines. The combination of these yield an effector program for the T
helper cell, and each signal individually is known to modulate the outcome. For example, the

intensity of TCR signaling®®1°1:103 the nature of co-stimulation!®-1%

and the availability of
polarizing cytokines®%:9>-114.118-120.128 haye a]l been demonstrated to be important in determining
Th2 differentiation in vivo and in vitro. We observed IL-4 dependent induction of Th2 cells in
response to the commensal Tritrichomonas and found Tet2 was a cell intrinsic checkpoint for IL-
4 derived from naive CD4 T cells. The mechanisms by which this checkpoint exerted its function
are still unclear. It is clear that naive CD4 T cells that are deficient for Tes2 already have gene
expression differences prior to stimulation, and these expression differences likely underlie
epigenetic differences that may or may not be mediated through the catalytic function of TET2.
We will pursue these mechanisms through the use of CD4 T cells that express a catalytically
inactive form of TET2, which will demonstrate whether the catalytic activity is required. We will
also perform methylation and hydroxymethylation profiling of naive CD4 T cells from wildtype
and Tet2”- mice to assess whether the differentially methylated regions are concordant with the
gene expression differences observed. There are already some targets that appear in our expression
dataset that are intriguing. Irf4 is upregulated in Ter2”~ naive CD4 T cells, and a NFkB signaling
response signature is persistent throughout TCR stimulation of naive CD4 T cells. IRF4 was found

to regulate Th2 cytokines in naive and effector Th2 cells.??>2!® NFkB was found to be important

in promoting IL-4 expression by cooperating with TCR signaling and GATA3 expression in
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allergic models, suggesting IRF4 potentiates acquisition of a Th2 fate.?**2!° The Irf4 locus can be
directly interrogated for methylation or hydroxymethlyation using targeted sequencing, whereas
the NFkB response signature may be more difficult. The functional responsiveness, however, can
be interrogated through in vitro TCR stimulation followed by assessment of phosphorylated p65
subunits. Although Ter2 was initially demonstrated to be dispensable for in vitro Th2
differentiation, these studies made use of exogenous IL-4 in forced Th2 polarizing conditions.'*!
Under these conditions, we also observed no difference in Th2 induction. Another group used mice
deficient for all three TET proteins and actually found IL-4 production to be impaired, but GATA3
induction preserved. They posited TET enzymes play important roles in aiding passive
demethylation in the process of differentiation as cells deficient in the terminal base excision
process of active demethylation had no defect in IL-4 production.!*? Thus, the role of TET enzymes
in Th2 differentiation is perhaps unique to differentiation and genetic contexts, and we hope to
identify a specific role for 7et2 in mediating the differentiation propensity of naive CD4 T cells in
non-polarizing contexts.

The nature of the T-helper response is known to impact the humoral response. Although
the relationship between T helper subsets and T follicular helper cells is not completely
understood, the role of T helper-associated cytokines in promoting class switch is well-recognized.
Antibody isotypes elicit different immune outcomes and thus it is important, for example, to
distinguish between IgE that will result in mast cell degranulation upon Fc receptor binding and
IgA that is secreted at mucosal sites to neutralize infection. We did not observe increased total IgE

(data not shown), suggesting there may be heterogeneity in T follicular helper responses and not
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all effector programs even of the same subtype may be potent inducers of class-switch
recombination.

T effector programs also determine which types of effector myeloid cells are recruited to
the site of the immune insult, which can result in vastly different effector molecules and cytokines
being secreted. For example, in type 2 responses, eosinophils produce large amounts of major basic
protein. This protein is highly cationic and is intended to kill large extracellular parasites, but the
cationic nature also results in some tissue destruction.?® In the same vein, neutrophils are recruited
during type 3 immune responses and have microbicidal functions. One such function is through
the release of neutrophil extracellular traps (NETs). Although these structures release a lot of anti-
microbial enzymes that serve to help control infection, they are also highly toxic and induce
cellular damage and exacerbate inflammation.??° The inappropriate or nonspecific recruitment and
activation of these effectors would cause unnecessary tissue damage thus emphasizing the need
for highly regulated determination of T effector fates. We observed eosinophilia in our tissues that
is common in the acute response to Tritrichomonas'®? but is normally downregulated. We did not
assess the direct consequence of this eosinophilia for tissue integrity, but this can be done using
Siglec-F depletion antibody in the peanut allergy model we employed as well as other models.

In addition to dictating the nature of humoral and recruited innate responses, the T effector
program also impacts the differentiation and function of tissue resident cells. Bystander tissue
resident lymphocytes can be stimulated through the action of cytokines, particularly those that
reside at epithelial sites.!*>?2! The polarization of tissue resident macrophages is dictated by the T
cell effector cytokines IFNy, IL-4 and IL-13. These cells then go on to function in either promoting

further inflammatory processes through the secretion of inflammatory cytokines like IL-6 or
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promoting tissue healing and fibrosis through the secretion of IL-10, for example. We did not
interrogate whether our persistent Th2 response led to more “M2” type macrophages, although
such studies would be interesting given the role of Tet2 in regulating inflammatory gene
expression in these cells.!+?22

Finally, the nature of the T-effector response also impacts non-hematopoietic
compartments. This is especially true in the intestine, a fast-dividing tissue that dynamically
responds to different immune insults and signaling. Within the intestine, the epithelium has been

196,223 This response can consist of

recognized as a significant responder to immune stimulation.
altering differentiation fates of epithelial cells as is the case with type 2 responses driving tuft and
goblet cell production.!®® This response can also impact anti-microbial peptide secretion by
epithelial cells.??* Another responding compartment of the intestine is the muscularis layer, which
can proliferate and increase motility, especially in the context of worm infections.??> Therefore,
the decision of whether to mount an adaptive T helper response and the nature of the adaptive
response has several consequences for host immunity and physiology. In our models of Ter2-
deficiency, induction of an effector Th2 response through aberrant IL-4 signaling led to persistent
remodeling of the tissue that involved tuft and goblet cell hyperplasia.

In addition to effector subtype, the antigen is an important determinant of how the host
physiology will be modulated by the effector response. In most cases, especially in those where
the antigen is pathogen derived and can be eliminated, the effector response has the opportunity to
subside and result in the formation of effector memory and central memory compartments toward

the specific antigen. In contexts where the antigen is persistent, however, the effector response can

in theory persist. Situations where this can occur are autoimmunity, persistent pathogens or the
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commensal microbiota, where self-antigens, pathogens and commensal antigens are ever present.
In all situations, there are active tolerance mechanisms to prevent significant immune activation
against these antigens and the lack of these tolerance mechanisms in certain genetic models, such
as Aire-deficiency??®, and in diseases such as Type 1 diabetes, makes evident the necessity of this
control. Persistent type 1 responses can lead to significant tissue destruction and loss of key
functional units in physiology such as the case in type 1 diabetes and celiac disease. Persistent type
2 responses can lead to sustained remodeling of tissue and cell programs such that certain functions
are fundamentally altered. An example of this is the chronic helminth pathogen H polygyrus, which
can directly modulate genetically susceptible hosts to avoid clearance. This results in some

227 but others such as

changes such as metabolism that is resistant to western diet challenges
modulation of the microbiota such that the host is more susceptible to enteric pathogen.?

In our model system, we found the persistent Th2 responses to a commensal protozoan to
negatively impact barrier function and cause a predisposition to allergic pathology. In contrast,
Th2 responses to helminths were preserved in Ter2-deficient mice and helminths were cleared
efficiently, suggesting the mechanism by which Tez2 regulates Th2 induction is specific to a
homeostatic response, such as responses to the microbiota, where strong innate activation is not
present to provide exogenous polarizing signals. These findings, particularly the finding that
chronic Th2 responses result in barrier dysfunction and allergic pathology, perhaps represent a
more general principle for intestinal type 2 responses. Effector Th2 responses in the intestine are
perhaps restricted to settings of strong immune activation, such as a worm infection. In other

settings, there are likely checkpoints to prevent IL-4 production and Th2 induction. One such

checkpoint is the requirement that type 2 myeloid and innate effectors must provide exogenous
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IL-4 and other signals that drive Th2 polarization. Another such checkpoint is the control of
autocrine IL-4 production by naive CD4 T cells and this mechanism appears to be mediated by

Tet2 (Figure 13).
3.3 Host and environmental factors in human pathophysiology

Modern understanding of numerous human pathologies implicates both host genetics and
environmental factors in pathogenesis. Environmental factors such as diet, pollution, and
carcinogens have been identified to play a role in many chronic pathologies and systemic and
public health changes have been implemented to control for and better understand these
interactions. Host genetics, while classically associated with germline variation and inheritance,
can also include somatic mutations in various tissues. These have been described primarily in fast-
dividing tissues such as epithelial surfaces and the hematopoietic system where cell turnover is
high. Increased cell division predisposes progenitor cells in these tissues to develop errors in
replication and create somatic variants. The somatic variants that provide some competitive
advantage in the survival or subsequent differentiation from these progenitors can be selected for
and eventually represent a significant fraction of the tissue. This is the case in CHIP, where allelic
frequencies of mutations can nearly reach 50%. These mutations are classically studied in the
context of malignant transformation, but these somatic changes can also change how the hosts
interacts with a pre-existing environment or how the host will adapt to a novel environment. For
example, CHIP-associated mutations exacerbate pathology of atherosclerosis.??*2** These new
host-environment interactions have not been extensively studied and represent a potential new lens

through which to study pathophysiology. As TET2 mutations are common amongst the elderly, it
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1. DC activation
3. Control of autocrine IL-4

Naive T Cell

NKT2

Basophils

2. Innate IL-4 producer recruitment/activation
Figure 13: Checkpoints in Th2 induction

Th2 induction requires several checkpoints to be fulfilled. First, productive antigen
presentation in addition to proper activation of the antigen presenting cell fulfill classical
signal 1 and signal 2 requirement. For signal 3, there either must be recruitment of IL-4
competent immune cells. Their recruitment is determined by inflammatory chemokines and
cytokines induced by the type 2 immune challenge. As naive CD4 T cells are also IL4
competent, we propose an additional requirement be the selective production of autocrine IL4
as a checkpoint to Th2 induction that is controlled by the action of TET2.
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is likely additional pathological processes that are altered as a result of this somatic mosaicism will
be identified.

Genetic backgrounds of mouse models have long been recognized as sources of
heterogeneity in infection models. Two models that are prototypical of these differences are the
C57Bl/6 and the BALB/c lines, which have different susceptibilities to infection with Leishmania
major 231232 The resistant line, C57B1/6 mice, are able to develop productive Thl responses to the
pathogen and clear it, whereas BALB/c mice do not mount a Thl response. Similar differences
have been observed in models of Francisella tularensis, T. cruzi, Encephalitozoon cuniculi, H.
polygyrus and Toxoplasma gondii.>3**3* Interestingly, many of these differences can explained by
the nature of adaptive responses that are mounted towards the pathogen. Not all of the responsible
genetic loci have been identified, but requirement and sufficiency experiments demonstrate clear
roles for IL-12, for example, in helping susceptible BALB/c mice resist L. major.?*! In addition to
infectious contexts, differences in adaptive immunity between mouse strains have also been
observed at homeostasis. For example, homeostatic IgA differs between the Balb/c and B6 strains
such that their microbiome is shaped differently.?*> These differences in adaptive immune
responses may also be due to different thresholds of activation required to induce effector
responses. For example, BALB/c mice have classically been considered apt for Th2 models as
they have strong immunological responses to type 2 challenges. Using a system similar to the one
we employed to assess autocrine IL-4 secretion by naive CD4 T cells, Kubo and colleagues have
described increased IL-4 production by BALB/c naive cells.?*® Whether this is due to differences

in Tet2 activity, as our results demonstrate, is unclear, but these findings nevertheless suggest cell
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intrinsic thresholds for mounting of adaptive response are greatly impacted by genetic

backgrounds and may be responsible for differences in host immunity.
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4 ADDITIONAL FINDINGS AND FUTURE DIRECTIONS

4.1 Mechanisms for intestinal barrier dysfunction

My work revealed a direct role for IL-25 signaling in mediating barrier dysfunction as measured
by FITC dextran permeability and the expression of barrier function genes. However, the
mechanism by which this is induced is still unclear. One possible explanation is the changed
composition of the epithelium after IL-25 signaling. Goblet and tuft cell hyperplasia is observed
in this context and perhaps they are less efficient at establishing barrier integrity and have lower
expression of barrier function associated genes and proteins. This could be tested by using models
deficient in tuft or goblet cells, such as Pou2f3-deficient or Klf4-deficient mice, respectively.237-238
If IL-25 is no longer sufficient to induce barrier dysfunction in these contexts, intestinal
permeability in IL-25 signaling likely stems from an inefficient barrier when there are excessive
tuft or goblet cells. If these mice still get barrier dysfunction, IL-25 signaling may induce changes
in the general Epcam® compartment of the small intestinal epithelium involving the regulation of
barrier function proteins. These data could inspire further investigation of other immune signaling

pathways in the intestine and their roles in maintaining barrier integrity.??*23

4.2 Further checkpoints to Th2 immunity

During my thesis work, I had to work with different barrier levels of animals characterized by the
presence or absence of certain members of the microbiota or pathogens. As we were studying host
responses to Tritrichomonas, this necessitated establishing colonies of animals free of these
protozoa through the use of metronidazole, and this approach generally allowed us to study the
response to protozoa when it was introduced to mice after weaning, namely the expansion of Th2

cells in Tet2-deficient models. However, we noticed that when mice were vertically colonized with
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Tritrichomonas from birth by the dam, there was an abundant Th2 population in both the wildtype
mice and in our 7et2-deficient models, whereas significantly higher IL-25 signaling was still
specific to Tet2-deficient models. These data suggest the microbiota plays a role in controlling Th2
responses in the intestine. When Tritrichomonas is present from birth, this checkpoint is not active,
and there are is an expansion of Th2 cells in both wildtype and deficient models. However, when
the protozoa are introduced after the mice already have a microbiota at weaning, the response is
specific to Tet2-deficient mice. These data are concordant with the elevated type 2 responses

observed in germ-free mice?40-243

, and provide a model to study this microbiota checkpoint. There
are several salient questions arising from these data that would be of interest to me. First, it would
be interesting to do host immune and transcriptional profiling to understand perhaps the
mechanistic basis of such differences. Specifically, mouse intestines could be transcriptionally
profiled and immunophenotyped in the neonatal period when they are first exposed to
Tritrichomonas from the mother, and these could be compared to neonates from Tritrichomonas
negative dams and to the transcriptional and immune responses observed upon colonization at
weaning. If such differences are identified, pathological models of allergy and helminth infections
could be used to see if there is differential protection or susceptibility, as has been done with germ-

free mice.?* 24 To

study this model further, one could mono-colonize germ-free mice with
Tritrichomonas to confirm whether a Th2 population is still induced. This would require either
culturing this protozoan in vitro or mice mono-associated with sorted protozoa and placed on
antibiotic treatment that would eliminate any carrier microbes. In this model, one could also test

whether, in a germ-free setting, vertical colonization and colonization at the time of weaning have

different outcomes in the response to 7ritrichomonas and in the general immune composition of
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the intestinal tissue. If protozoa induce robust Th2 responses in this setting, microbial consortia
could be used to identify if there is a specific effect of certain microbes in preventing this Th2
response. Similarly, this could be tested in the vertical colonization setting—weanlings from dams
harboring a limited consortium are colonized with Tritrichomonas to assess whether the consortia
limit strong Th2 induction—or after weaning, where germ-free weanlings are introduced to
Tritrichomonas and various consortia and then followed to assess the Th2 response. These series
of experiments would elucidate host and microbial factors that determine Th2 responses to a
specific commensal and would provide a mechanistic basis for a microbiota-dependent checkpoint

for Th2 immunity.
4.3 Preleukemic myeloproliferation and clonal hematopoiesis

A defining phenotype of Tet2-deficient mice is myeloproliferation characterized by the expansion
of mature and progenitor cells in the myeloid lineage as well as broadly increased
hematopoiesis.!®2° Previous work in the laboratory showed these phenotypes correlated with
intestinal barrier dysfunction and bacterial signal-induced IL-6 production.!” The production of
IL6 and the molecular mechanisms by which IL6 drives myeloproliferation are still unknown,
although in vitro assays suggested signaling at the level of hematopoietic progenitors was
important.!” We crossed Tet2”- mice with 1/67- mice to assess whether IL-6 was absolutely required
for the development of myeloproliferation. Tet2”~ 1l67- mice had attenuated myeloproliferation,
confirming a critical role for IL6 in this process (Figure 14A). One major distinction between

mouse models involving Tet2 and presumed pathogenesis of leukemia in patients is the
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requirement for additional mutations before dysplasia develops. In patients, a sole 7ET2 mutation
usually confers a condition called CHIP that is not characterized by hematologic abnormalities and
has a clone size much smaller than what is reflected in knock-out mice. In CHIP, low frequency
clones with mutations in genes such as TET2 expand over time and contribute increasingly to the

hematologic output.>%12-247

To model this condition, groups have often used mixed bone marrow
chimeras that require lethal irradiation of the host.!®2%2# However, since radiation leads to
breakdown of intestinal integrity and systemic release of inflammatory mediators?*-2!, these
models do not represent the steady state expansion seen in CHIP and actually are confounded by
factors known to influence Tet2”~ hematopoiesis.!” To this end, I developed a different model to
understand CHIP by injecting bone marrow directly into congenically marked neonates and
following clonal expansion over time (Figure 14B). These neonatal chimeras demonstrate the
engraftment and expansion advantage of Tet2” progenitors, because this fraction engrafts better
and expands over time, whereas Tet2"" marrow does not (Figure 14C). Additionally, as with
CHIP, our neonatal chimeras do not display overt hematological abnormalities or develop
myeloproliferation. Further, traditional chimeras show broad expansion of Tet2” clones in all
measured hematopoietic lineages, whereas expansion of TE72 mutated clones in humans favors
myeloid lineages (Figure 14 D,E). In my neonatal chimeras, I also capture this critical difference
and observe a myeloid-biased expansion in progenitor and mature immune cells (Figure 14E,F).
As myeloid progenitors were preferentially expanded, and our laboratory had demonstrated
previously increased expression of IL6Ra on their surface, I tested whether IL6 was required for

clonal expansion. In both genetic models and using a depleting antibody, I found IL6 was not

required for steady state clonal expansion, suggesting that other mechanisms are responsible for
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the steady state expansion prior to myeloproliferation (Figure 14G). The study of these factors is
of great interest to me and to other groups as CHIP has also been associated with other chronic
diseases in addition to myeloid leukemias, as discussed above.??*-23%-247 Studying the role of other
cytokines in steady state clonal expansion using blocking antibodies would be a relatively
straightforward and high throughput way to screen extrinsic signals. Additionally, studying which
genes are differentially expressed during clonal expansion compared to wild type non-expanding
clones and to input clones may reveal clonal expansion-specific molecular pathways. This analysis
may also reveal signaling pathways that implicate environmental factors or cytokines that cannot
be tested using blocking antibodies. Finally, a CRISPR-Cas9 library screen in which input cells
are barcoded and randomly genetically modified may test genetic targets directly and provide
hypothesis generating data. Clones that no longer expand in a chimera setting would be identified
using sequencing of the blood and identification of targets that were disrupted by genetic editing.
This would be a significant undertaking and would require very specific controls and lots of
recipient hosts for statistical power. Wildtype cells would also have to undergo the same screen,
although they engraft at much lower frequencies. If there are factors that non-specifically prevent
clonal expansion, such as crucial metabolic pathways, then all wildtype engraftment would be
abrogated as well. If this control is not well established, there is increased likelihood many false-
positive targets will be identified. Thus, mechanistic targets would be revealed by identifying
disrupted genes that alter the engraftment and clonal expansion of Tet2” cells, but not Tet2"," in
a neonatal chimera setting. A final question that is of interest for future studies stems from my
work with Lucy Godley’s group in processing marrow samples from patients undergoing hip

replacement surgery. In these studies, we obtained paired bone marrow samples from the hip being
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replaced as well as pre- and post-operative peripheral blood samples. Using a sequencing panel
that targeted CHIP-associated mutations, we identified a high prevalence of CHIP in our patient
population that was dominated by DNMT34 and TET2 mutations, as has been recurrently
observed. Interestingly, there were some patients that had mismatched clones such that a clone
was present in the bone marrow, but not in the blood, or vice versa. This suggested that
hematopoietic clones involved in CHIP were not uniformly distributed and could be site specific.
Further, in patients who were seen in follow-up, variant allele frequencies had changed or even
become undetectable, suggesting perioperative treatments or the removal of a significant amount
of hip marrow itself altered the clone size. These findings were primarily made by Afaf Osman,
Hematology fellow in Lucy Godley’s laboratory, and they are now under review at Blood
Advances. I am a co-author on this manuscript. These findings suggest that in addition to studying
the signals that drive clonal expansion in neonatal chimeras, one should also study the distribution
of clones across organs and sites of hematopoiesis. Variation in progenitor niches may reveal
certain sites to be preferential for clonal expansion. Collectively, applying single cell approaches
to our neonatal chimera model and to human samples, there is opportunity to better characterize

the mechanisms underlying CHIP.

75



10.

BIBLIOGRAPHY

Auclair, G. & Weber, M. Mechanisms of DNA methylation and demethylation in mammals.
Biochimie 94, 2202-2211 (2012).

Tahiliani, M. et al. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1. Science (1979) 324, 930-935 (2009).

Ito, S. et al. Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-
carboxylcytosine. Science (1979) 333, 1300-1303 (2011).

He, Y. F. et al. Tet-mediated formation of 5-carboxylcytosine and its excision by TDG in
mammalian DNA. Science (1979) 333, 1303—-1307 (2011).

Bowman, R. L., Busque, L. & Levine, R. L. Clonal Hematopoiesis and Evolution to
Hematopoietic Malignancies. Cell Stem Cell 22, 157-170 (2018).

Nonrandom X-Inactivation Patterns in Normal Females: Lyonization Ratios Vary With
Age. Blood 88, 59-65 (1996).

Jaiswal, S. et al. Age-Related Clonal Hematopoiesis Associated with Adverse Outcomes.
New England Journal of Medicine 371, 2488-2498 (2014).

Xie, M. et al. Age-related mutations associated with clonal hematopoietic expansion and
malignancies. Nature Medicine 2014 20.:12 20, 1472—-1478 (2014).

Genovese, G. et al. Clonal Hematopoiesis and Blood-Cancer Risk Inferred from Blood
DNA Sequence. New England Journal of Medicine 371, 2477-2487 (2014).

Young, A. L., Challen, G. A., Birmann, B. M. & Druley, T. E. Clonal haematopoiesis
harbouring AML-associated mutations is ubiquitous in healthy adults. Nature

Communications 7, 12484 (2016).

76



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Silver, A. J., Bick, A. G. & Savona, M. R. Germline risk of clonal haematopoiesis. Nature
Reviews Genetics 2021 22:9 22, 603—617 (2021).

Bick, A. G. et al. Inherited causes of clonal haematopoiesis in 97,691 whole genomes.
Nature 2020 586:7831 586, 763768 (2020).

Buscarlet, M. ef al. DNMT3A and TET2 dominate clonal hematopoiesis and demonstrate
benign phenotypes and different genetic predispositions. Blood 130, 753-762 (2017).
Zhang, Q. et al. Tet2 is required to resolve inflammation by recruiting Hdac?2 to specifically
repress IL-6. Nature 2015 525:7569 525, 389-393 (2015).

Carty, S. A. et al. The Loss of TET2 Promotes CDS8 + T Cell Memory Differentiation . The
Journal of Immunology 200, 82-91 (2018).

Yue, X. et al. Control of Foxp3 stability through modulation of TET activity. Journal of
Experimental Medicine 213, 377-397 (2016).

Meisel, M. et al. Microbial signals drive pre-leukaemic myeloproliferation in a Tet2-
deficient host. Nature 557, 580-584 (2018).

Moran-Crusio, K. ef al. Tet2 Loss Leads to Increased Hematopoietic Stem Cell Self-
Renewal and Myeloid Transformation. Cancer Cell 20, 11-24 (2011).

Li, Z. et al. Deletion of Tet2 in mice leads to dysregulated hematopoietic stem cells and
subsequent development of myeloid malignancies. Blood 118, 4509—4518 (2011).

Ko, M. et al. Ten-eleven-translocation 2 (TET2) negatively regulates homeostasis and
differentiation of hematopoietic stem cells in mice. Proc Natl Acad Sci U S A 108, 14566—

14571 (2011).

77



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Mowat, A. M. & Agace, W. W. Regional specialization within the intestinal immune
system. Nature Reviews Immunology 2014 14:10 14, 667—685 (2014).

Marchiando, A. M., Graham, W. V. & Turner, J. R. Epithelial Barriers in Homeostasis and
Disease. https.//doi.org/10.1146/annurev.pathol.4.110807.092135 5, 119—-144 (2010).
Odenwald, M. A. & Turner, J. R. The intestinal epithelial barrier: a therapeutic target?
Nature Reviews Gastroenterology & Hepatology 2016 14:1 14, 9-21 (2016).

Mabbott, N. A., Donaldson, D. S., Ohno, H., Williams, I. R. & Mahajan, A. Microfold (M)
cells: important immunosurveillance posts in the intestinal epithelium. Mucosal
Immunology 2013 6:4 6, 666—677 (2013).

Masahata, K. et al. Generation of colonic IgA-secreting cells in the caecal patch. Nature
Communications 2014 5:15, 1-13 (2014).

Carter, P. B. & Collins, F. M. THE ROUTE OF ENTERIC INFECTION IN NORMAL
MICE. Journal of Experimental Medicine 139, 1189—1203 (1974).

Esterhazy, D. et al. Compartmentalized gut lymph node drainage dictates adaptive immune
responses. Nature 2019 569:7754 569, 126—130 (2019).

Stone, K. D., Prussin, C. & Metcalfe, D. D. IgE, mast cells, basophils, and eosinophils.
Journal of Allergy and Clinical Immunology 125, S73—-S80 (2010).

Voehringer, D. Protective and pathological roles of mast cells and basophils. Nature
Reviews Immunology 2013 13:513,362-375 (2013).

Montagner, S. et al. TET2 Regulates Mast Cell Differentiation and Proliferation through

Catalytic and Non-catalytic Activities. Cell Reports 15, 1566—1579 (2016).

78



31.

32.

33.

34.

35.

36.

37.

38.

39.

Palam, L. R. ef al. Loss of epigenetic regulator TET2 and oncogenic KIT regulate myeloid
cell transformation via PI3K pathway. JCI Insight 3, (2018).

Soucie, E. et al. In aggressive forms of mastocytosis, TET2 loss cooperates with c-
KITDS816V to transform mast cells. Blood 120, 4846—4849 (2012).

Dominguez, P. M. et al. TET2 deficiency causes germinal center hyperplasia, impairs
plasma cell differentiation, and promotes b-cell lymphomagenesis. Cancer Discovery 8,
1633-1653 (2018).

Hosoya, T. et al. GATA-3 is required for early T lineage progenitor development. Journal
of Experimental Medicine 206, 2987-3000 (2009).

Pai, S. Y. et al. Critical Roles for Transcription Factor GATA-3 in Thymocyte
Development. Immunity 19, 863—-875 (2003).

Hattori, N., Kawamoto, H., Fujimoto, S., Kuno, K. & YoshiniotoKatsura. Involvement of
transcription factors TCF-1 and GATA-3 in the initiation of the earliest step of T cell
development in the thymus. Journal of Experimental Medicine 184, 1137-1147 (1996).
Ho, I. C., Tai, T. S. & Pai, S. Y. GATA3 and the T-cell lineage: essential functions before
and after T-helper-2-cell differentiation. Nature Reviews Immunology 2009 9:2 9, 125-135
(2009).

Liang, H. E. et al. Divergent expression patterns of IL-4 and IL-13 define unique functions
in allergic immunity. Nature Immunology 2011 13:1 13, 58—66 (2011).

Wei, G. et al. Genome-wide Analyses of Transcription Factor GATA3-Mediated Gene

Regulation in Distinct T Cell Types. Immunity 35, 299-311 (2011).

79



40.

41.

42.

43.

44,

45.

46.

47.

48.

Yagi, R. et al. The Transcription Factor GATAS3 Is Critical for the Development of All IL-
7Ra-Expressing Innate Lymphoid Cells. Immunity 40, 378-388 (2014).

Furusawa, J. et al. Critical Role of p38 and GATA3 in Natural Helper Cell Function. The
Journal of Immunology 191, 1818—-1826 (2013).

Klein Wolterink, R. G. J. et al. Essential, dose-dependent role for the transcription factor
Gata3 in the development of IL-5+ and IL-13+ type 2 innate lymphoid cells. Proc Natl Acad
Sci U S 4 110, 10240-10245 (2013).

Hoyler, T. et al. The Transcription Factor GATA-3 Controls Cell Fate and Maintenance of
Type 2 Innate Lymphoid Cells. Immunity 37, 634—648 (2012).

Kasal, D. N. et al. A Gata3 enhancer necessary for ILC2 development and function. Proc
Natl Acad Sci U S A 118, (2021).

Zheng, W. P. & Flavell, R. A. The Transcription Factor GATA-3 Is Necessary and
Sufficient for Th2 Cytokine Gene Expression in CD4 T Cells. Cell 89, 587-596 (1997).
Zhang, D. H., Cohn, L., Ray, P., Bottomly, K. & Ray, A. Transcription Factor GATA-3 Is
Differentially Expressed in Murine Thl and Th2 Cells and Controls Th2-specific
Expression of the Interleukin-5 Gene. Journal of Biological Chemistry 272, 21597-21603
(1997).

Zhu, J. et al. Conditional deletion of Gata3 shows its essential function in TH1-TH2
responses. Nature Immunology 2004 5:11 5, 1157-1165 (2004).

Yamashita, M. et al. 1dentification of a Conserved GATA3 Response Element Upstream
Proximal from the Interleukin-13 Gene Locus. Journal of Biological Chemistry 277,

42399-42408 (2002).

80



49.

50.

51.

52.

53.

54.

55.

56.

Ansel, K. M., Djuretic, I., Tanasa, B. & Rao, A. REGULATION OF TH2
DIFFERENTIATION AND 114 LOCUS ACCESSIBILITY.
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115821 24, 607-656 (2006).
Smale, S. T. & Fisher, A. G. Chromatin Structure and Gene Regulation in the Immune
System. https://doi.org/10.1146/annurev.immunol.20.100301.064739 20, 427-462 (2003).
Kishikawa, H., Sun, J., Choi, A., Miaw, S.-C. & Ho, [.-C. The Cell Type-Specific
Expression of the Murine IL-13 Gene Is Regulated by GATA-3. The Journal of Immunology
167, 4414-4420 (2001).

Siegel, M. D., Zhang, D. H., Ray, P. & Ray, A. Activation of the Interleukin-5 Promoter by
cAMP in Murine EL-4 Cells Requires the GATA-3 and CLEO Elements. Journal of
Biological Chemistry 270, 24548-24555 (1995).

Yamashita, M. et al. 1dentification of a Conserved GATA3 Response Element Upstream
Proximal from the Interleukin-13 Gene Locus. Journal of Biological Chemistry 277,
4239942408 (2002).

Zhu, J. et al. Conditional deletion of Gata3 shows its essential function in TH1-TH2
responses. Nature Immunology 2004 5:11 5, 1157-1165 (2004).

Loots, G. G. et al. Identification of a coordinate regulator of interleukins 4, 13, and 5 by
cross-species sequence comparisons. Science (1979) 288, 136—140 (2000).

Fields, P. E., Lee, G. R., Kim, S. T., Bartsevich, V. v. & Flavell, R. A. Th2-specific
chromatin remodeling and enhancer activity in the Th2 cytokine locus control region.

Immunity 21, 865-876 (2004).

81



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Lee, G. R, Fields, P. E., Griffin IV, T. J. & Flavell, R. A. Regulation of the Th2 Cytokine
Locus by a Locus Control Region. Immunity 19, 145-153 (2003).

Zhu, J. T helper 2 (Th2) cell differentiation, type 2 innate lymphoid cell (ILC2) development
and regulation of interleukin-4 (IL-4) and IL-13 production. Cytokine 75, 14-24 (2015).
Lee, D. U. & Rao, A. Molecular analysis of a locus control region in the T helper 2 cytokine
gene cluster: A target for STAT6 but not GATA3. Proc Natl Acad Sci U S A 101, 16010-
16015 (2004).

Djuretic, I. M. ef al. Transcription factors T-bet and Runx3 cooperate to activate Ifng and
silence 114 in T helper type 1 cells. Nature Immunology 2006 8:2 8, 145—153 (2006).
Ansel, K. M. ef al. Deletion of a conserved 114 silencer impairs T helper type 1-mediated
immunity. Nature Immunology 2004 5:12 5, 1251-1259 (2004).

Wei, G. et al. Global Mapping of H3K4me3 and H3K27me3 Reveals Specificity and
Plasticity in Lineage Fate Determination of Differentiating CD4+ T Cells. Immunity 30,
155-167 (2009).

Yamashita, M. ef al. Crucial Role of MLL for the Maintenance of Memory T Helper Type
2 Cell Responses. Immunity 24, 611-622 (2006).

Koyanagi, M. ef al. EZH2 and Histone 3 Trimethyl Lysine 27 Associated with 114 and 1113
Gene Silencing in TH1 Cells. Journal of Biological Chemistry 280, 31470-31477 (2005).
Tumes, D. J. ef al. The Polycomb Protein Ezh2 Regulates Differentiation and Plasticity of
CD4+ T Helper Type 1 and Type 2 Cells. Immunity 39, 819-832 (2013).

Lee, D. U, Agarwal, S. & Rao, A. Th2 Lineage Commitment and Efficient [L-4 Production

Involves Extended Demethylation of the I[L-4 Gene. Immunity 16, 649—-660 (2002).

82



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Makar, K. W. ef al. Active recruitment of DNA methyltransferases regulates interleukin 4
in thymocytes and T cells. Nature Immunology 2003 4:12 4, 1183—-1190 (2003).

Hutchins, A. S. et al. Gene Silencing Quantitatively Controls the Function of a
Developmental trans-Activator. Molecular Cell 10, 81-91 (2002).

Junttila, I. S. Tuning the cytokine responses: An update on interleukin (IL)-4 and IL-13
receptor complexes. Frontiers in Immunology 9, 888 (2018).

Nelms, K., Keegan, A. D., Zamorano, J., Ryan, J. J. & Paul, W. E. THE IL-4 RECEPTOR:
Signaling Mechanisms and Biologic Functions.
http://dx.doi.org/10.1146/annurev.immunol. 17.1.701 17, 701-738 (2003).

Heller, N. M. et al. Type I IL-4Rs selectively activate IRS-2 to induce target gene expression
in macrophages. Science Signaling 1, (2008).

McCormick, S. M. & Heller, N. M. Commentary: IL-4 and IL-13 receptors and signaling.
Cytokine 75, 38-50 (2015).

Kopf, M. et al. Disruption of the murine IL-4 gene blocks Th2 cytokine responses. Nature
1993 362:6417 362, 245-248 (1993).

Wynn, T. A. IL-13 Effector Functions*.
https://doi.org/10.1146/annurev.immunol.21.120601.141142 21, 425-456 (2003).

Gordon, S. Alternative activation of macrophages. Nature Reviews Immunology 2003 3:1
3,23-35(2003).

Junttila, I. S. et al. Tuning sensitivity to IL-4 and IL-13: differential expression of IL-4Ra,
IL-13Ral, and yc regulates relative cytokine sensitivity. Journal of Experimental Medicine

205, 2595-2608 (2008).

83



77.

78.

79.

80.

81.

82.

&3.

&4.

Lawrence, R. A., Gray, C. A., Osborne, J. & Maizels, R. M. Nippostrongylus
brasiliensis:Cytokine Responses and Nematode Expulsion in Normal and IL-4-Deficient
Mice. Experimental Parasitology 84, 65—73 (1996).

Barner, M., Mohrs, M., Brombacher, F. & Kopf, M. Differences between IL-4Ra-deficient
and IL-4-deficient mice reveal a role for IL-13 in the regulation of Th2 responses. Current
Biology 8, 669-672 (1998).

McKenzie, G. J., Bancroft, A., Grencis, R. K. & McKenzie, A. N. J. A distinct role for
interleukin-13 in Th2-cell-mediated immune responses. Current Biology 8, 339-342
(1998).

Urban, J. F. et al. IL-13, IL-4Ra, and Stat6 Are Required for the Expulsion of the
Gastrointestinal Nematode Parasite Nippostrongylus brasiliensis. Immunity 8, 255-264
(1998).

Bagnasco, D., Ferrando, M., Varricchi, G., Passalacqua, G. & Canonica, G. W. A Critical
Evaluation of Anti-IL-13 and Anti-IL-4 Strategies in Severe Asthma. International
Archives of Allergy and Immunology 170, 122—-131 (2016).

Bitton, A. et al. A key role for IL-13 signaling via the type 2 IL-4 receptor in experimental
atopic dermatitis. Sci Immunol 5, 2938 (2020).

Bao, K. & Reinhardt, R. L. The differential expression of IL-4 and IL-13 and its impact on
type-2 immunity. Cytokine 75, 25-37 (2015).

Coffman, R. L., Seymour, B. W. P., Hudak, S., Jackson, J. & Rennick, D. Antibody to
Interleukin-5 Inhibits Helminth-Induced Eosinophilia in Mice. Science (1979) 245, 308—

310 (1989).

84



85.

86.

87.

88.

&9.

90.

91.

92.

93.

Mishra, A., Hogan, S. P., Lee, J. J., Foster, P. S. & Rothenberg, M. E. Fundamental signals
that regulate eosinophil homing to the gastrointestinal tract. The Journal of Clinical
Investigation 103, 1719-1727 (1999).

Wynn, T. A. Type 2 cytokines: mechanisms and therapeutic strategies. Nature Reviews
Immunology 2015 15:5 15, 271-282 (2015).

Rothenberg, M. E. et al. Treatment of Patients with the Hypereosinophilic Syndrome with
Mepolizumab. New England Journal of Medicine 358, 1215-1228 (2008).

Foster, P. S., Hogan, S. P., Ramsay, A. J., Matthaei, K. I. & Young, I. G. Interleukin 5
deficiency abolishes eosinophilia, airways hyperreactivity, and lung damage in a mouse
asthma model. Journal of Experimental Medicine 183, 195-201 (1996).

Wu, D. et al. Eosinophils sustain adipose alternatively activated macrophages associated
with glucose homeostasis. Science (1979) 332, 243-247 (2011).

Lee, J. et al. IL-17E, a Novel Proinflammatory Ligand for the IL-17 Receptor Homolog IL-
17Rh1 *. Journal of Biological Chemistry 276, 1660—1664 (2001).

Fort, M. M. et al. IL-25 Induces IL-4, IL-5, and IL-13 and Th2-Associated Pathologies In
Vivo. Immunity 15, 985-995 (2001).

Deng, C. et al. Roles of IL-25 in Type 2 Inflammation and Autoimmune Pathogenesis.
Frontiers in Immunology 12,2051 (2021).

Bankova, L. G. et al. The cysteinyl leukotriene 3 receptor regulates expansion of IL-25—
producing airway brush cells leading to type 2 inflammation. Science Immunology 3, 9453

(2018).

85



94.

95.

96.

97.

98.

99.

100.

Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. A. & Coffman, R. L. Two types
of murine helper T cell clone. I. Definition according to profiles of lymphokine activities
and secreted proteins. The Journal of Immunology 136, (1986).

Gros, G. le, Ben-Sasson, S. Z., Seder, R., Finkelman, F. D. & Paul, W. E. Generation of
interleukin 4 (IL-4)-producing cells in vivo and in vitro: IL-2 and IL-4 are required for in
vitro generation of IL-4-producing cells. J Exp Med 172, 921-929 (1990).

Swain, S. L., Weinberg, A. D., English, M. & Huston, G. IL-4 directs the development of
Th2-like helper effectors. The Journal of Immunology 145, (1990).

Constant, S., Pfeiffer, C., Woodard, A., Pasqualini, T. & Bottomly, K. Extent of T cell
receptor ligation can determine the functional differentiation of naive CD4+ T cells. Journal
of Experimental Medicine 182, 1591-1596 (1995).

Hosken, N. A., Shibuya, K., Heath, A. W., Murphy, K. M. & O’Garra, A. The effect of
antigen dose on CD4+ T helper cell phenotype development in a T cell receptor-alpha beta-
transgenic model. Journal of Experimental Medicine 182, 1579—-1584 (1995).

Jorritsma, P. J., Brogdon, J. L. & Bottomly, K. Role of TCR-Induced Extracellular Signal-
Regulated Kinase Activation in the Regulation of Early IL-4 Expression in Naive CD4+ T
Cells. The Journal of Immunology 170, 2427-2434 (2003).

Yamane, H., Zhu, J. & Paul, W. E. Independent roles for IL-2 and GATA-3 in stimulating
naive CD4+ T cells to generate a Th2-inducing cytokine environment. Journal of

Experimental Medicine 202, 793—-804 (2005).

86



101.

102.

103.

104.

105.

106.

107.

Brogdon, J. L., Leitenberg, D. & Bottomly, K. The Potency of TCR Signaling Differentially
Regulates NFATc/p Activity and Early IL-4 Transcription in Naive CD4+ T Cells. The
Journal of Immunology 168, 3825-3832 (2002).

Steinfelder, S. ef al. The major component in schistosome eggs responsible for conditioning
dendritic cells for Th2 polarization is a T2 ribonuclease (omega-1). Journal of Experimental
Medicine 206, 1681-1690 (2009).

VanPanhuys, N., Klauschen, F. & Germain, R. N. T-Cell-Receptor-Dependent Signal
Intensity Dominantly Controls CD4+ T Cell Polarization In Vivo. Immunity 41, 63-74
(2014).

Seder, R. A., Germain, R. N., Linsley, P. S. & Paul, W. E. CD28-mediated costimulation of
interleukin 2 (IL-2) production plays a critical role in T cell priming for IL-4 and interferon
gamma production. Journal of Experimental Medicine 179, 299-304 (1994).

Corry, D. B., Reiner, S. L., Linsley, P. S. & Locksley, R. M. Differential effects of blockade
of CD28-B7 on the development of Th1 or Th2 effector cells in experimental leishmaniasis.
The Journal of Immunology 153, (1994).

Lenschow, D. J. et al. CD28/B7 Regulation of Thl and Th2 Subsets in the Development of
Autoimmune Diabetes. Immunity S, 285-293 (1996).

Flynn, S., Toellner, K. M., Raykundalia, C., Goodall, M. & Lane, P. CD4 T Cell Cytokine
Differentiation: The B Cell Activation Molecule, OX40 Ligand, Instructs CD4 T Cells to
Express Interleukin 4 and Upregulates Expression of the Chemokine Receptor, Blr-1.

Journal of Experimental Medicine 188, 297-304 (1998).

87



108.

109.

110.

111.

112.

113.

114.

115.

116.

Ohshima, Y. et al. OX40 Costimulation Enhances Interleukin-4 (IL-4) Expression at
Priming and Promotes the Differentiation of Naive Human CD4+ T Cells Into High IL-4—
Producing Effectors. Blood 92, 3338-3345 (1998).

Ito, T. et al. TSLP-activated dendritic cells induce an inflammatory T helper type 2 cell
response through OX40 ligand. Journal of Experimental Medicine 202, 1213—-1223 (2005).
Takeda, H. et al. Essential role of Stat6 in IL-4 signalling. Nature 1996 380:6575 380, 627—
630 (1996).

Kaplan, M. H., Schindler, U., Smiley, S. T. & Grusby, M. J. Stat6 Is Required for Mediating
Responses to IL-4 and for the Development of Th2 Cells. Immunity 4, 313-319 (1996).
Shimoda, H. et al. Lack of IL-4-induced Th2 response and IgE class switching in mice with
disrupted State6 gene. Nature 1996 380:6575 380, 630—633 (1996).

Voehringer, D., Shinkai, K. & Locksley, R. M. Type 2 Immunity Reflects Orchestrated
Recruitment of Cells Committed to IL-4 Production. Immunity 20, 267-277 (2004).

van Panhuys, N. ef al. In vivo studies fail to reveal a role for IL-4 or STAT6 signaling in
Th2 lymphocyte differentiation. Proc Natl Acad Sci U S A 105, 12423-12428 (2008).
Jankovic, D. et al. Single Cell Analysis Reveals That IL-4 Receptor/Stat6 Signaling Is Not
Required for the In Vivo or In Vitro Development of CD4+ Lymphocytes with a Th2
Cytokine Profile. The Journal of Immunology 164, 3047-3055 (2000).

Sokol, C. L., Barton, G. M., Farr, A. G. & Medzhitov, R. A mechanism for the initiation of
allergen-induced T helper type 2 responses. Nature Immunology 2008 9:3 9, 310-318

(2007).

88



117.

118.

119.

120.

121.

122.

123.

124.

125.

Sokol, C. L. et al. Basophils function as antigen-presenting cells for an allergen-induced T
helper type 2 response. Nature Immunology 2009 10:7 10, 713—720 (2009).

Min, B. et al. Basophils Produce IL-4 and Accumulate in Tissues after Infection with a Th2-
inducing Parasite. Journal of Experimental Medicine 200, 507-517 (2004).

Yoshimoto, T. & Paul, W. E. CD4pos, NK1.1pos T cells promptly produce interleukin 4 in
response to in vivo challenge with anti-CD3. Journal of Experimental Medicine 179, 1285—
1295 (1994).

Noben-Trauth, N., Hu-Li, J. & Paul, W. E. IL-4 secreted from individual naive CD4 + T
cells acts in an autocrine manner to induce Th2 differentiation. European Journal of
Immunology 32, 1428-1433 (2002).

Yamane, H., Zhu, J. & Paul, W. E. Independent roles for IL-2 and GATA-3 in stimulating
naive CD4+ T cells to generate a Th2-inducing cytokine environment. Journal of
Experimental Medicine 202, 793—-804 (2005).

Tough, D. F. Cytokines Produced by Dendritic Cells. Handbook of Dendritic Cells 1, 355—
383 (2008).

Zhu, J., Cote-Sierra, J., Guo, L. & Paul, W. E. Stat5 Activation Plays a Critical Role in Th2
Differentiation. Immunity 19, 739-748 (2003).

Kagami, S. . ef al. Both Stat5a and Stat5b are required for antigen-induced eosinophil and
T-cell recruitment into the tissue. Blood 95, 1370-1377 (2000).

Cote-Sierra, J. et al. Interleukin 2 plays a central role in Th2 differentiation. Proc Natl Acad

Sci U S 4101, 3880-3885 (2004).

&9



126.

127.

128.

129.

130.

131.

132.

133.

Yamashita, M. et al. Essential Role of GATA3 for the Maintenance of Type 2 Helper T
(Th2) Cytokine Production and Chromatin Remodeling at the Th2 Cytokine Gene Loci.
Journal of Biological Chemistry 279, 26983-26990 (2004).

Zhang, D.-H., Yang, L. & Ray, A. Cutting Edge: Differential Responsiveness of the IL-5
and IL-4 Genes to Transcription Factor GATA-3. The Journal of Immunology 161, (1998).
Mohrs, K., Wakil, A. E., Killeen, N., Locksley, R. M. & Mohrs, M. A Two-Step Process
for Cytokine Production Revealed by IL-4 Dual-Reporter Mice. Immunity 23, 419-429
(2005).

Guo, L., Hu-Li, J. & Paul, W. E. Probabilistic Regulation in TH2 Cells Accounts for
Monoallelic Expression of IL-4 and IL-13. Immunity 23, 89-99 (2005).

Kelso, A., Groves, P., Ramm, L. & Doyle, A. G. Single-cell analysis by RT-PCR reveals
differential expression of multiple type 1 and 2 cytokine genes among cells within polarized
CD4+ T cell populations. International Immunology 11, 617-621 (1999).

Ruterbusch, M., Pruner, K. B., Shehata, L. & Pepper, M. In Vivo CD4+ T Cell
Differentiation and Function: Revisiting the Th1/Th2 Paradigm.
https.//doi.org/10.1146/annurev-immunol-103019-085803 38, 705-725 (2020).

Guo, L. ef al. IL-1 family members and STAT activators induce cytokine production by
Th2, Th17, and Thl cells. Proc Natl Acad Sci U S A 106, 13463—13468 (2009).
Townsend, M. J., Fallon, P. G., Matthews, D. J., Jolin, H. E. & McKenzie, A. N. J. T1/St2-
Deficient Mice Demonstrate the Importance of T1/St2 in Developing Primary T Helper Cell

Type 2 Responses. Journal of Experimental Medicine 191, 1069—1076 (2000).

90



134.

135.

136.

137.

138.

139.

140.

141.

142.

Lohning, M. et al. T1/ST2 is preferentially expressed on murine Th2 cells, independent of
interleukin 4, interleukin 5, and interleukin 10, and important for Th2 effector function.
Proc Natl Acad Sci U S A 95, 6930-6935 (1998).

Guo, L. et al. Innate immunological function of TH2 cells in vivo. Nature Immunology 2015
16:10 16, 1051-1059 (2015).

Sharkhuu, T. ef al. Mechanism of interleukin-25 (IL-17E)-induced pulmonary inflammation
and airways hyper-reactivity. Clinical & Experimental Allergy 36, 1575-1583 (2006).
Wang, Y. H. et al. IL-25 augments type 2 immune responses by enhancing the expansion
and functions of TSLP-DC-activated Th2 memory cells. Journal of Experimental Medicine
204, 18371847 (2007).

Angkasekwinai, P. et al. Interleukin 25 promotes the initiation of proallergic type 2
responses. Journal of Experimental Medicine 204, 1509-1517 (2007).

Bredo, G. et al. Interleukin-25 initiates Th2 differentiation of human CD4+ T cells and
influences expression of its own receptor. Immunity, Inflammation and Disease 3, 455-468
(2015).

Mearns, H. et al. 1L-25 exhibits disparate roles during Th2-cell differentiation versus
effector function. European Journal of Immunology 44, 1976—1980 (2014).

Ichiyama, K. ef al. The Methylcytosine Dioxygenase Tet2 Promotes DNA Demethylation
and Activation of Cytokine Gene Expression in T Cells. Immunity 42, 613—-626 (2015).
Onodera, A. et al. Roles of TET and TDG in DNA demethylation in proliferating and non-

proliferating immune cells. Genome Biology 22, 1-27 (2021).

91



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Hurst, S. D. et al. New IL-17 Family Members Promote Th1 or Th2 Responses in the Lung:
In Vivo Function of the Novel Cytokine IL-25. The Journal of Immunology 169, 443-453
(2002).

Fallon, P. G. et al. Identification of an interleukin (IL)-25—dependent cell population that
provides IL-4, IL-5, and IL-13 at the onset of helminth expulsion. Journal of Experimental
Medicine 203, 1105-1116 (2006).

Price, A. E. et al. Systemically dispersed innate IL-13-expressing cells in type 2 immunity.
Proc Natl Acad Sci U S A 107, 11489-11494 (2010).

Neill, D. R. et al. Nuocytes represent a new innate effector leukocyte that mediates type-2
immunity. Nature 2010 464:7293 464, 1367-1370 (2010).

Moro, K. et al. Innate production of TH2 cytokines by adipose tissue-associated c-Kit+Sca-
1+ lymphoid cells. Nature 2009 463:7280 463, 540-544 (2009).

Kasal, D. N. & Bendelac, A. Multi-transcription factor reporter mice delineate early
precursors to the ILC and LTi lineages. J Exp Med 218, (2021).

Harly, C., Cam, M., Kaye, J. & Bhandoola, A. Development and differentiation of early
innate lymphoid progenitors. Journal of Experimental Medicine 215, 249-262 (2018).
Ricardo-Gonzalez, R. R. ef al. Tissue signals imprint ILC2 identity with anticipatory
function. Nature Immunology 2018 19:10 19, 1093—-1099 (2018).

Schneider, C. et al. Tissue-Resident Group 2 Innate Lymphoid Cells Differentiate by
Layered Ontogeny and In Situ Perinatal Priming. Immunity 50, 1425-1438.e5 (2019).
Gasteiger, G., Fan, X., Dikiy, S., Lee, S. Y. & Rudensky, A. Y. Tissue residency of innate

lymphoid cells in lymphoid and nonlymphoid organs. Science (1979) 350, 981-985 (2015).

92



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Huang, Y. ef al. S1P-dependent interorgan trafficking of group 2 innate lymphoid cells
supports host defense. Science (1979) 359, 114-119 (2018).

Ricardo-Gonzalez, R. R. et al. Tissue-specific pathways extrude activated ILC2s to
disseminate type 2 immunity. Journal of Experimental Medicine 217, (2020).

Klose, C. S. N. & Artis, D. Innate lymphoid cells as regulators of immunity, inflammation
and tissue homeostasis. Nature Immunology 2016 17:7 17, 765-774 (2016).

Peng, V. et al. Whole-genome profiling of DNA methylation and hydroxymethylation
identifies distinct regulatory programs among innate lymphocytes. Nature Immunology
2022 23:4 23, 619-631 (2022).

Bezengon, C. et al. Murine intestinal cells expressing Trpm5 are mostly brush cells and
express markers of neuronal and inflammatory cells. Journal of Comparative Neurology
509, 514-525 (2008).

Howitt, M. R. ef al. Tuft cells, taste-chemosensory cells, orchestrate parasite type 2
immunity in the gut. Science (1979) 351, 1329-1333 (2016).

Gerbe, F. et al. Intestinal epithelial tuft cells initiate type 2 mucosal immunity to helminth
parasites. Nature 2016 529:7585 529, 226-230 (2016).

von Moltke, J., Ji, M., Liang, H. E. & Locksley, R. M. Tuft-cell-derived IL-25 regulates an
intestinal ILC2—epithelial response circuit. Nature 2015 529:7585 529, 221-225 (2015).
Schneider, C., O’Leary, C. E. & Locksley, R. M. Regulation of immune responses by tuft
cells. Nature Reviews Immunology 2019 19:9 19, 584-593 (2019).

von Moltke, J. et al. Leukotrienes provide an NFAT-dependent signal that synergizes with

IL-33 to activate ILC2s. Journal of Experimental Medicine 214, 27-37 (2017).

93



163.

164.

165.

166.

167.

168.

169.

170.

171.

McGinty, J. W. et al. Tuft-Cell-Derived Leukotrienes Drive Rapid Anti-helminth Immunity
in the Small Intestine but Are Dispensable for Anti-protist Immunity. /mmunity 52, 528-
541.e7 (2020).

Knoop, K. A. & Newberry, R. D. Goblet cells: multifaceted players in immunity at mucosal
surfaces. Mucosal Immunology 2018 11:6 11, 1551-1557 (2018).

Ferrer-Font, L. ef al. High-dimensional analysis of intestinal immune cells during helminth
infection. Elife 9, (2020).

Wells, H. G. & Osborne, T. B. The Biological Reactions of the Vegetable Proteins I.
Anaphylaxis. The Journal of Infectious Diseases 8, 66—124 (1911).

Ngan, J. & Kind, L. S. Suppressor T Cells for IgE and IgG in Peyer’s Patches of Mice Made
Tolerant by the Oral Administration of Ovalbumin. The Journal of Immunology 120, (1978).
Berin, M. C. & Sampson, H. A. Mucosal Immunology of Food Allergy. Current Biology
23, R389-R400 (2013).

Sandberg-Bennich, S., Dahlquist, G. & Kaéllén, B. Coeliac disease is associated with
intrauterine growth and neonatal infections. Acta Peediatrica 91, 30-33 (2002).

Devendra, D. & Eisenbarth, G. S. Interferon alpha—a potential link in the pathogenesis of
viral-induced type 1 diabetes and autoimmunity. Clinical Immunology 111, 225-233
(2004).

Li, X. M. et al. A murine model of peanut anaphylaxis: T- and B-cell responses to a major

peanut allergen mimic human responses. Journal of Allergy and Clinical Immunology 106,

150-158 (2000).

94



172.

173.

174.

175.

176.

177.

178.

179.

180.

Ganeshan, K. ef al. Impairing oral tolerance promotes allergy and anaphylaxis: A new
murine food allergy model. Journal of Allergy and Clinical Immunology 123, 231-238.e4
(2009).

Nowak-Wegrzyn, A., Szajewska, H. & Lack, G. Food allergy and the gut. Nature Reviews
Gastroenterology & Hepatology 2016 14:4 14, 241-257 (2016).

Hugenholtz, F., Mullaney, J. A., Kleerebezem, M., Smidt, H. & Rosendale, D. I. Modulation
of the microbial fermentation in the gut by fermentable carbohydrates. Bioactive
Carbohydrates and Dietary Fibre 2, 133—142 (2013).

Deleu, S., Machiels, K., Raes, J., Verbeke, K. & Vermeire, S. Short chain fatty acids and its
producing organisms: An overlooked therapy for IBD? eBioMedicine 66, 103293 (2021).
Dalile, B., van Oudenhove, L., Vervliet, B. & Verbeke, K. The role of short-chain fatty
acids in microbiota—gut-brain communication. Nature Reviews Gastroenterology &
Hepatology 2019 16:8 16, 461-478 (2019).

Ivanov, L. L. et al. Induction of Intestinal Th17 Cells by Segmented Filamentous Bacteria.
Cell 139, 485-498 (2009).

Yang, Y. et al. Focused specificity of intestinal TH17 cells towards commensal bacterial
antigens. Nature 2014 510:7503 510, 152—156 (2014).

Sano, T. et al. An IL-23R/IL-22 Circuit Regulates Epithelial Serum Amyloid A to Promote
Local Effector Th17 Responses. Cell 163, 381-393 (2015).

Ladinsky, M. S. ef al. Endocytosis of commensal antigens by intestinal epithelial cells

regulates mucosal T cell homeostasis. Science (1979) 363, (2019).

95



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Ivanov, L. I., Tuganbaev, T., Skelly, A. N. & Honda, K. T Cell Responses to the Microbiota.
https.//doi.org/10.1146/annurev-immunol-101320-011829 40, 559-587 (2022).

Atarashi, K. et al. Ectopic colonization of oral bacteria in the intestine drives THI cell
induction and inflammation. Science (1979) 358, 359-365 (2017).

Ansaldo, E. ef al. Akkermansia muciniphila induces intestinal adaptive immune responses
during homeostasis. Science (1979) 364, 1179—1184 (2019).

Tanoue, T. ef al. A defined commensal consortium elicits CD8 T cells and anti-cancer
immunity. Nature 2019 565:7741 565, 600—605 (2019).

Atarashi, K. et al. Induction of colonic regulatory T cells by indigenous Clostridium species.
Science (1979) 331, 337-341 (2011).

Baker, D. G. Parasites of Rats and Mice. Flynn’s Parasites of Laboratory Animals: Second
Edition 303-397 (2008) doi:10.1002/9780470344552.CH11.

Roach, P. D., Wallis, P. M. & Olson, M. E. The use of metronidazole, tinidazole and
dimetridazole in eliminating trichomonads from laboratory mice. Laboratory Animals 22,
361-364 (1988).

Escalante, N. K. ef al. The common mouse protozoa Tritrichomonas muris alters mucosal
T cell homeostasis and colitis susceptibility. Journal of Experimental Medicine 213, 2841—
2850 (2016).

Chudnovskiy, A. et al. Host-Protozoan Interactions Protect from Mucosal Infections
through Activation of the Inflammasome. Cell 167, 444-456.e14 (2016).

Tielens, A. G. M. Energy generation in parasitic helminths. Parasitology Today 10, 346—

352 (1994).

96



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Miiller, M. et al. Biochemistry and Evolution of Anaerobic Energy Metabolism in
Eukaryotes. Microbiology and Molecular Biology Reviews 76, 444—495 (2012).
Nadjsombati, M. S. et al. Detection of Succinate by Intestinal Tuft Cells Triggers a Type 2
Innate Immune Circuit. Immunity 49, 33-41.e7 (2018).

Schneider, C. et al. A Metabolite-Triggered Tuft Cell-ILC2 Circuit Drives Small Intestinal
Remodeling. Cell 174, 271-284.e14 (2018).

Lei, W. et al. Activation of intestinal tuft cell-expressed sucnrl triggers type 2 immunity in
the mouse small intestine. Proc Natl Acad Sci U S A 115, 5552-5557 (2018).
Subramanian, A. et al. Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102, 15545-15550
(2005).

Biton, M. ef al. T Helper Cell Cytokines Modulate Intestinal Stem Cell Renewal and
Differentiation. Cell 175, 1307-1320.e22 (2018).

Haber, A. L. et al. A single-cell survey of the small intestinal epithelium. Nature 2017
551:7680 551, 333-339 (2017).

Franzén, O., Gan, L. M. & Bjorkegren, J. L. M. PanglaoDB: a web server for exploration
of mouse and human single-cell RNA sequencing data. Database 2019, 46 (2019).
Siegemund, S., Shepherd, J., Xiao, C. & Sauer, K. hCD2-iCre and Vav-iCre Mediated Gene
Recombination Patterns in Murine Hematopoietic Cells. PLOS ONE 10, e0124661 (2015).
Josefowicz, S. Z. et al. Extrathymically generated regulatory T cells control mucosal TH2

inflammation. Nature 2012 482:7385 482, 395-399 (2012).

97



201.

202.

203.

204.

205.

206.

207.

208.

209.

Wohlfert, E. A. et al. GATA3 controls Foxp3+ regulatory T cell fate during inflammation
in mice. The Journal of Clinical Investigation 121, 4503-4515 (2011).

Cibrian, D. & Sanchez-Madrid, F. CD69: from activation marker to metabolic gatekeeper.
European Journal of Immunology 47, 946-953 (2017).

Hirahara, K., Kokubo, K., Aoki, A., Kiuchi, M. & Nakayama, T. The Role of CD4+
Resident Memory T Cells in Local Immunity in the Mucosal Tissue — Protection Versus
Pathology —. Frontiers in Immunology 12, 1218 (2021).

Das, J. et al. A critical role for NF-kB in Gata3 expression and TH2 differentiation in
allergic airway inflammation. Nature Immunology 2001 2:1 2, 45-50 (2001).

Honma, K. et al. Interferon regulatory factor 4 differentially regulates the production of Th2
cytokines in naive vs. effector/memory CD4+ T cells. Proc Natl Acad Sci U S A 105, 15890—
15895 (2008).

Kalach, N., Rocchiccioli, F., de Boissieu, D., Benhamou, P. H. & Dupont, C. Intestinal
permeability in children: variation with age and reliability in the diagnosis of cow’s milk
allergy. Acta Peediatrica 90, 499-504 (2001).

Samadi, N., Klems, M. & Untersmayr, E. The role of gastrointestinal permeability in food
allergy. Annals of Allergy, Asthma & Immunology 121, 168—173 (2018).

Lee, J. B. et al. IL-25 and CD4+ TH2 cells enhance type 2 innate lymphoid cell-derived
IL-13 production, which promotes IgE-mediated experimental food allergy. Journal of
Allergy and Clinical Immunology 137, 1216-1225.e5 (2016).

Aalberse, J. A. et al. Plasma IL-25 is elevated in a subgroup of patients with clinical

reactivity to peanut. Clinical and Translational Allergy 3, 1-4 (2013).

98



210.

211.

212.

213.

214.

215.

216.

217.

Khodoun, M. v., Tomar, S., Tocker, J. E., Wang, Y. H. & Finkelman, F. D. Prevention of
food allergy development and suppression of established food allergy by neutralization of
thymic stromal lymphopoietin, IL-25, and IL-33. Journal of Allergy and Clinical
Immunology 141, 171-179.el (2018).

Schiilke, S. & Albrecht, M. Mouse Models for Food Allergies: Where Do We Stand? Cells
2019, Vol. 8, Page 546 8, 546 (2019).

Orgel, K. et al. Genetic diversity between mouse strains allows identification of the
CC027/GeniUnc strain as an orally reactive model of peanut allergy. Journal of Allergy and
Clinical Immunology 143, 1027-1037.e7 (2019).

Zhang, Y., Parmigiani, G. & Johnson, W. E. ComBat-seq: batch effect adjustment for RNA-
seq count data. NAR Genomics and Bioinformatics 2, (2020).

Love, M. 1., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biology 15, 1-21 (2014).

Earley, Z. M. et al. GATA4 regionalizes intestinal metabolism and barrier function to
prevent immunopathology. bioRxiv 2021.10.28.466194 (2021)
doi:10.1101/2021.10.28.466194.

Huang, Y., Mao, K. & Germain, R. N. Thinking differently about ILCs—Not just tissue
resident and not just the same as CD4+ T-cell effectors. Immunological Reviews 286, 160—
171 (2018).

Mao, K. et al. Innate and adaptive lymphocytes sequentially shape the gut microbiota and

lipid metabolism. Nature 2017 554:7691 554, 255-259 (2018).

99



218.

219.

220.

221.

222.

223.

224.

225.

226.

Huber, M. & Lohoff, M. IRF4 at the crossroads of effector T-cell fate decision. European
Journal of Immunology 44, 1886—1895 (2014).

Li-Weber, M., Giaisi, M., Baumann, S., Palfi, K. & Krammer, P. H. NF-«xB synergizes with
NF-AT and NF-IL6 in activation of the IL-4 gene in T cells. European Journal of
Immunology 34, 1111-1118 (2004).

Mutua, V. & Gershwin, L. J. A Review of Neutrophil Extracellular Traps (NETs) in
Disease: Potential Anti-NETs Therapeutics. Clinical Reviews in Allergy & Immunology
2020 61:2 61, 194-211 (2020).

Vandereyken, M., James, O. J. & Swamy, M. Mechanisms of activation of innate-like
intraepithelial T lymphocytes. Mucosal Immunology 2020 13:5 13, 721-731 (2020).

Cull, A. H., Snetsinger, B., Buckstein, R., Wells, R. A. & Rauh, M. J. Tet2 restrains
inflammatory gene expression in macrophages. Experimental Hematology 55, 56-70.e13
(2017).

Andrews, C., McLean, M. H. & Durum, S. K. Cytokine tuning of intestinal epithelial
function. Frontiers in Immunology 9, 1270 (2018).

Zindl, C. L. et al. IL-22-producing neutrophils contribute to antimicrobial defense and
restitution of colonic epithelial integrity during colitis. Proc Natl Acad Sci U S 4 110,
12768-12773 (2013).

Shea-Donohue, T., Notari, L., Sun, R. & Zhao, A. Mechanisms of smooth muscle responses
to inflammation. Neurogastroenterology & Motility 24, 802—811 (2012).

Anderson, M. S. et al. The Cellular Mechanism of Aire Control of T Cell Tolerance.

Immunity 23, 227-239 (2005).

100



227.

228.

229.

230.

231.

232.

233.

234.

235.

Rajamanickam, A. ef al. Impact of Helminth Infection on Metabolic and Immune
Homeostasis in Non-diabetic Obesity. Frontiers in Immunology 11, 2195 (2020).

Su, C. et al. Helminth-induced alterations of the gut microbiota exacerbate bacterial colitis.
Mucosal Immunology 2018 11:1 11, 144—157 (2017).

Jaiswal, S. et al. Clonal Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease.
New England Journal of Medicine 377, 111-121 (2017).

Fuster, J. J. et al. Clonal hematopoiesis associated with TET2 deficiency accelerates
atherosclerosis development in mice. Science (1979) 355, 842-847 (2017).

Sacks, D. & Noben-Trauth, N. The immunology of susceptibility and resistance to
Leishmania major in mice. Nature Reviews Immunology 2002 2:11 2, 845-858 (2002).
Smiley, S. T. et al. Exacerbated Susceptibility to Infection-Stimulated Immunopathology in
CD1d-Deficient Mice. The Journal of Immunology 174, 7904-7911 (2005).

Sellers, R. S., Clifford, C. B., Treuting, P. M. & Brayton, C. Immunological variation
between inbred laboratory mouse strains: Points to consider in phenotyping genetically
immunomodified mice. Veterinary Pathology 49, 32-43 (2012).

Stark, J. M. ef al. Genetic susceptibility to respiratory syncytial virus infection in inbred
mice. Journal of Medical Virology 67, 92—100 (2002).

Fransen, F. et al. IgA-coated bacteria initiate a positive feedback loop of IgA production d
IgA diversity results in microbiota diversification Article BALB/c and C57BL/6 Mice
Differ in Polyreactive IgA Abundance, which Impacts the Generation of Antigen-Specific

IgA and Microbiota Diversity. (2015) doi:10.1016/j.immuni.2015.08.011.

101



236.

237.

238.

239.

240.

241.

242.

243.

244.

Yagi, J. et al. Genetic background influences Th cell differentiation by controlling the
capacity for IL-2-induced IL-4 production by naive CD4+ T cells. International
Immunology 18, 1681-1690 (2006).

Matsumoto, I., Ohmoto, M., Narukawa, M., Yoshihara, Y. & Abe, K. Skn-1a (Pou2f3)
specifies taste receptor cell lineage. Nature Neuroscience 2011 14:6 14, 685-687 (2011).
Katz, J. P. et al. The zinc-finger transcription factor Klf4 is required for terminal
differentiation of goblet cells in the colon. Development 129, 2619-2628 (2002).

Peterson, L. W. & Artis, D. Intestinal epithelial cells: Regulators of barrier function and
immune homeostasis. Nature Reviews Immunology 14, 141-153 (2014).

Cahenzli, J., Koéller, Y., Wyss, M., Geuking, M. B. & McCoy, K. D. Intestinal Microbial
Diversity during Early-Life Colonization Shapes Long-Term IgE Levels. Cell Host &
Microbe 14, 559-570 (2013).

Olszak, T. et al. Microbial exposure during early life has persistent effects on natural killer
T cell function. Science (1979) 336, 489493 (2012).

Mazmanian, S. K., Cui, H. L., Tzianabos, A. O. & Kasper, D. L. An Immunomodulatory
Molecule of Symbiotic Bacteria Directs Maturation of the Host Immune System. Cell 122,
107-118 (2005).

Hill, D. A. et al. Commensal bacteria—derived signals regulate basophil hematopoiesis and
allergic inflammation. Nature Medicine 2012 18:4 18, 538-546 (2012).

Moyat, M. et al. Microbial regulation of intestinal motility provides resistance against
helminth infection. Mucosal Immunology 2022 1-13 (2022) doi:10.1038/s41385-022-

00498-8.

102



245.

246.

247.

248.

249.

250.

251.

Herbst, T. et al. Dysregulation of Allergic Airway Inflammation in the Absence of
Microbial Colonization. https.//doi.org/10.1164/rccm.201010-15740C 184, 198-205
(2012).

Stetka, A. T. et al. Commensal bacteria protect against food allergen sensitization. Proc
Natl Acad Sci U S A 111, 13145-13150 (2014).

Jaiswal, S. & Ebert, B. L. Clonal hematopoiesis in human aging and disease. Science (1979)
366, (2019).

Cai, Z. et al. Inhibition of Inflammatory Signaling in Tet2 Mutant Preleukemic Cells
Mitigates Stress-Induced Abnormalities and Clonal Hematopoiesis. Cell Stem Cell 23, 833-
849.e5 (2018).

Paris, F. et al. Endothelial apoptosis as the primary lesion initiating intestinal radiation
damage in mice. Science (1979) 293, 293-297 (2001).

Leibowitz, B. J. et al. lonizing irradiation induces acute haematopoietic syndrome and
gastrointestinal syndrome independently in mice. Nature Communications 2014 5:1 5, 1—
10 (2014).

Fu, H. ef al. Plasma Proteins as Biomarkers of Mortality After Total Body Irradiation in

Mice. Dose-Response 18, (2020).

103



