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Byunghee Koh

TRANSCRIPTION FACTORS AND CIS-ACTING ELEMENTS IN T HELPER CELL

CYTOKINE EXPRESSION

The immune system provides resistance to the myriad of pathogens in the
environment, but can also respond inappropriately causing allergic inflammation and
autoimmune disease. CD4+ T cells, which play a crucial role in adaptive immune system,
can be divided into several subsets based on their effector functions. T helper 9 (Th9)
cells, derived by the IL-4/STAT6 and TGF-B signaling pathways, produce IL-9 as a
hallmark cytokine, as well as IL-10. Through IL-9 production, Th9 cells protect against
parasite infection but are also involved in allergic inflammation and autoimmune diseases.
Transcription factors that promote Th9 development include STATs, PU.1, BATF, and
IRF4. In this study, we identify ETVS as a factor that promotes IL-9 and IL-10 production
by binding to cis-acting regulatory elements in the respective genes. At the /19 gene, ETV5
cooperates with PU.1 in regulating gene expression. At the /10 gene, ETV5 facilitates
binding of other transcription factors to the locus. These studies and others suggested that
there may be additional cis-acting regulatory elements in the //9 gene. We demonstrate
that a conserved noncoding sequence (CNS) located 25 kb upstream of the /19
transcription start site, termed /19 CNS-25, is critical for regulating //9 expression in Th cell
subsets. Th9 cells derived from //9 CNS-25 mutant (//9 2°NS-25) mice produce significantly
less IL-9. /]9 CNS-25 promoted chromatin modifications at the promoter and accessibility
of the locus. /19 2°NS-25 mice showed attenuated airway inflammation compared to control
mice. The //9 CNS-25 region in mice is conserved with an /L9 CNS-18 region in the human
genome. We deleted CNS-18 in primary human Th9 cells and observed diminished IL-9

production. Thus, we have identified transcription factors that regulate multiple cytokines
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in Th cell lineages and have demonstrated that the /19 CNS-25/IL9 CNS-18 elements are

respectively critical for //9/IL9 gene expression.

Mark H. Kaplan, Ph.D. Chair
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INTRODUCTION

Innate and adaptive immunity

The immune system provides resistance to the myriad of pathogens in the
environment, but can also respond inappropriately causing allergic and autoimmune
diseases (1). The immune system can be largely classified into innate immunity and
adaptive immunity. Innate immunity is a fast and non-specific first line of defense. The
adaptive immunity is pathogen-specific, and provides long-lasting protection, contributing
fast and effective protection against repeat infections. Therefore, innate and adaptive

immunity cooperate to enhance protection against harmful foreign agents (1).

Innate immunity

Humans and other mammals are constantly exposed to various toxic substances
such as pathogens or nontoxic allergens such as pollen. Physiologic barriers, part of
innate immunity, provide a crucial first defense line against pathogens. The first barriers
to the environment are the epithelial cell layers that are tightly connected between cells
through cell-cell connections in the skin and mucosal layers. Epithelial cells also produce
protective enzymes and antibacterial peptides in tears and saliva, and provide a low pH
environment in stomach. Mucosal cells also contribute to the initial defense in the
respiratory and gastrointestinal tracts by secreting mucus. Additionally, commensal
microorganisms that reside at epithelial surfaces compete with harmful bacteria for space
and nutrients to survive.

When pathogenic microorganisms cross the epithelial layer, various types of innate
immune cells recognize and kill the pathogens by ingestion. The innate immune response
is very fast upon pathogen exposure and innate immune cells immediately generate
inflammatory mediators for protection. Innate immunity consists of cellular and humoral

components. Innate immune cells are cellular components which include macrophages,



dendritic cells, mast cells, neutrophils, eosinophils, natural killer (NK) cells, and NK T cells.
Humoral components including complement proteins, mannose binding lectin,
lipopolysaccharide (LPS) binding protein and anti-microbial peptides, augment the activity
of innate immune cells. Innate immune cells express invariant, germline encoded
receptors that recognize pathogen associated molecular patterns (PAMPs) which are
highly conserved microbial components or damage-associated molecular patterns
(DAMPs), which are metabolic consequences of infection and inflammation. One of the
families of pattern recognition receptors (PRRs) recognizing PAMPs are the Toll-like
receptors (TLRs). There are 10 TLRs in humans and each TLR specifically recognizes
microbial products. For example, TLR4 recognizes LPS, a component of the outer
membrane of Gram-negative bacteria and TLR5 recognizes flagellin. TLR3 and TLR7
recognize double-stranded RNA and single stranded RNA respectively. Leucine-rich
repeat containing receptor (NLR), one of the cytosolic PRRs, can recognize endogenous
signals of cellular damage such as K* efflux and uric acid crystals. Neutrophils recognize
and engulf microorganisms and digest them through intracellular vacuoles containing toxic
effector molecules such as nitric oxide, superoxide and degradative enzymes. Neutrophils
accumulate at the site of bacterial infections and produce large quantities of toxic reactive
oxygen species, enzymes, cytokines such as TNF and IL-12, as well as chemokines.
Macrophages and monocytes are recruited to the infection site and persist for long period.
Macrophages also act as antigen presenting cells (APC). Eosinophils have prominent
cytoplasmic granules containing toxic molecules which effectively eliminate helminthic
parasites. Mast cells are a key player in the initiation of immediate hypersensitivity
responses. Mast cells express FceRlI, high-affinity IgE receptor. After binding of antigen
specific IgE, mast cells are sensitized. Upon exposure to the same antigen, mast cells
rapidly release histamine and other inflammatory cytokines that stimulate tissue

inflammation. NK cells, large granular lymphocytes, recognize virus-infected cells or tumor



cells and kill them by releasing cytotoxic granules that induce apoptosis of target cells.
Through inhibitory receptors on their surface, NK cytotoxic activity is inhibited when their
receptors bind to the self-major histocompatibility complex (MHC) molecules. Dendritic
cells (DCs) are present in most tissues and express both MHC Il and | molecules that are
recognized by CD4* and CD8" T cells respectively. After ingestion of foreign antigens, DCs
migrate to the draining lymph nodes (dLNs) via afferent lymphatics through chemokine
receptors such as CCR7 and CCRS8. In the lymph nodes, DCs process antigens and load
peptides on the MHCII molecules which are recognized by T cell receptor (TCR) on naive

CD4* T cells (1, 2).

Adaptive immunity

During development in the thymus and the bone marrow, T and B lymphocytes
express a randomly generated repertoire of T and B cell receptors through somatic gene
recombination. Naive T lymphocytes develop in the thymus, a primary lymph node, and
circulate in the blood and enter the dLNs, secondary lymph nodes. In the dLNs, T cells
are activated through interactions between TCR and MHC molecules. MHC 1| is
constitutively expressed by all nucleated cells, while MHC Il is expressed on APCs (1, 3).

CD8* T cells, also called cytotoxic T cells (CTL) when they are primed, express
the CD8 coreceptor for MHC |. By recognizing cytosolic antigenic peptides bound to MHC
I, CD8" T cells kill target cells infected with intracellular pathogens or tumor cells through
cell-cell contact. Using CTL granules containing granzymes and perforin, CD8* T cells
induce lysis or apoptosis of target cells. Additionally, TCR activation promotes Fas ligand
(CD95L) expression on the CD8* T cells which bind to Fas (CD95) on the target cells
leading to apoptosis of the target cells. Most CD4" and CD8* T cells have a TCR consisting
of a and B chains. Unlike these a3 T cells, y& T cells have a TCR consisting of y and &

chains that recognize mycobacterial antigens presented by the CD1 family and through



other less well-defined mechanisms. Natural killer T cells (NKT), another subset of T cells,
are characterized by the expression of the NK receptor and invariant TCR. NKT cells
recognize glycolipid antigens presented by CD1d on APCs. Upon TCR activation, NKT
cells rapidly release large amounts of cytokines such as IL-4, IFN-y and IL-9, contributing
to the regulation of immune responses. Adaptive humoral immunity is mediated by
antibodies produced by plasma cells that develop from B cells. B cells produce five classes
of immunoglobulins (Igs): IgA, IgD, IgE, 19G and IgM, which are classified based on their
amino acid sequence in the constant region of antibody heavy chain. B cells develop in
the bone marrow and express the B cell receptor (BCR) consisting of membrane bound
Igs. In germinal centers (GCs), located inside of lymph nodes, B cells encounter follicular
helper T (Tfh) cells. Tfh cells promote the development of memory B cells and long-lived

plasma cells. IL-4, secreted by Tfh, mediate class switch of antibodies in B cells (1, 3).

CD4"* T helper cells

CD4" T cells play an essential role in adaptive immune system. With the help of
APCs, naive CD4* T cells differentiate into Th subsets to regulate host defense and
inflammatory responses (Figure 1). For optimal Th cell activation, APCs need to provide
three signals to induce lineage specific transcription factors (LSFs) that promote the
differentiation of naive CD4" T cells. TCR signal is the first signal through the interaction
between the TCR on the naive CD4* T cells and the antigen peptide-MHC Il complex on
the APCs. Co-stimulatory signals are the second signals mediated by cell surface
molecular interactions in a non-antigen dependent mechanism. For example, the co-
stimulatory molecule CD28 on naive CD4* T cells interacts with its corresponding ligands
CD80 or CD86 on the APCs. The third signal is mediated by cytokines, which can activate
the signal transducer and activator of transcription (STAT), Smads and NF-kB signaling

pathways thereby inducing a number of pertinent TFs (4).



Each CD4" T helper cell subsets has its own specific master regulators that
promote effector functions by inducing a subset specific cytokines. Th1 cells express T-
bet and produce IFN-y which stimulates macrophages to eliminate intracellular bacterial
pathogens (5, 6). IL-12 binds to the IL-12 receptor which consists of IL-12RB1 and IL-
12Rp2, and activates STAT4 which collaborates with T-bet to promote IFN-y production.
IFN-y further amplifies IFN-y production by binding to the IFN-y receptor which stimulates
STAT1 signaling to promote T-bet expression (6-8).

Th2 cells express GATAS3 and produce IL-4, IL-5 and IL-13 which further activate
innate immune cells such as eosinophils. STAT6 activated through the IL-4 receptor,
promotes the expression of GATA3 and Th2 cell specific cytokines (9-11).

Th17 cells express the master regulator RORyt and produce IL-17. Along with
TGF-B signaling, a STAT3 signaling pathway activated by IL-6, IL-21 and/or IL-23
promotes Th17 cell development (12, 13). IL-17 is an important cytokine for protection
against fungi and extracellular bacteria and is also known as a pro-inflammatory cytokine
(14, 15). Th17 cells are involved in many autoimmune and allergic disease such as
rheumatoid arthritis (RA) and inflammatory bowel disease (IBD) (16).

Tth cells express B-cell lymphoma 6 (Bcl6) which promotes Tth cell differentiation
while preventing differentiation of Th1, Th2 and Th17 cells. Tfh cells play an essential role
in germinal center reactions which are important for antibody production. Tfth cells produce
IL-4 which allows B cells to switch antibody class from IgM to IgE. The IL-6/STAT3 axis
and the inducible costimulator (ICOS) signaling pathway induce Bcl6, basic leucine zipper
transcription factor (BATF) and Interferon regulatory factor 4 (IRF4) which are important
for Tfh cell development (17-19).

Foxp3* regulatory T (Treg) cells play a pivotal role in maintaining immune tolerance
and controlling immune responses. Treg cells are also known as suppressor T cells

because they repress Th cell effector functions (20, 21). Foxp3 promotes and maintains



Treg cell population by interacting directly or indirectly with numerous TFs. Foxp3 belongs
to the forkhead-box/winged-helix transcription factor family, and the Foxp3 gene is located
on the X chromosome (21, 22). Foxp3 mutations cause severe autoimmune and
inflammatory diseases which are associated with a significant increase in Th1 cytokines.
These diseases are called IPEX (immune dysregulation, poly-endocrinopathy,
enteropathy, X-linked syndrome) in humans (23). Foxp3 mutant mice called “Scurfy”, show
similar symptoms of IPEX, and these symptoms are relieved by introducing wild type (WT)
Treg cells (21, 24). Treg cells use different suppressive mechanisms in lymphoid and non-
lymphoid tissues. In lymphoid tissues, Treg cells suppress effector T cells by preventing
dendritic cell maturation or directly inhibiting activation of effector T cells. In non-lymphoid

tissues, Treg cells secrete inhibitory cytokines such as IL-10, IL-35 and TGF-( (25).
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Figure 1. Model of differentiation and functions of Th cell subsets



Cytokines

Cytokines are soluble proteins secreted by various types of cells including immune
cells. Cytokines have distinct roles in the immunoregulation and inflammation. Cytokines
regulate the differentiation and proliferation of T cells through the Jak/STAT pathways.
Cytokines induce lineage specific TFs that are important for the development of Th cell
subsets. After differentiation, Th cells sense their cognate antigens and environmental
cytokines to control immune responses by secreting Th cell specific effector cytokines.

For optimal functions, the expression of cytokines needs to be strictly regulated (4).

Interleukin-10

IL-10, encoded by the /110 gene, is a critical regulatory cytokine produced by many
Th subsets including Th2 and Th9 cells. As an anti-inflammatory cytokine, IL-10
suppresses inflammatory responses at the mucosal surfaces (26). In the absence of IL-
10, mice develop spontaneous autoimmune inflammation (27). However, increased IL-10
production prevents clearance of pathogens resulting in chronic infection. Thus,
transcriptional control of the //70 gene is essential in maintaining disease-free immune

homeostasis (28).

Interleukin-9

IL-9, encoded by the /I9 gene, is a 40kDa glycoprotein with 144 amino acids.
Interleukin-9 was firstly discovered by stimulating murine T helper cell lines with
concanavalin A (29). Naive murine T cells cultured with IL-2, IL-4 and TGF- express IL-
9 (30). Secreted IL-9 binds to the IL-9 receptor (IL-9R), also known as CD129, which is a
heterodimeric protein consisting of the IL-9Ra chain and the common yc chain (31, 32).
IL-9R is expressed on various immune cells and mucosal layer cells such as smooth

muscle cells in the lung or epithelial cells in the gut and lung (32-36). Upon binding of IL-



9 to its receptor, JAK1 and JAKS3 are activated by phosphorylation leading to the activation
of STAT1, STAT3 and STATS (37). As other cytokines, IL-9 functions pleiotropically, as a
positive or negative regulator of immune responses. IL-9 contributes to allergic
inflammation and autoimmune diseases. IL-9 is critical for protection against parasites
such as helminths, for tumor immunity and for immunological tolerance during allograft
skin transplantation (38). In the following section, the roles of IL-9 in immunity and

diseases will be discussed in more details

Allergic asthma and atopic diseases

Allergic asthma is a chronic inflammatory disease of the lung airways
characterized by coughing, wheezing and shortness of breath which is caused by airflow
obstruction. In response to the allergens, the innate and adaptive immune systems are
highly activated and mediate mucosal inflammation by recruiting eosinophils to the
airways or by secreting proinflammatory mediators such as histamine (39).

Constitutive expression of IL-9 in the lung of transgenic mice causes airway
inflammation, mast cell hyperplasia, and bronchial hyperresponsiveness (40). Genetic
studies in asthmatic patients showed that genes related to asthma or atopy are located
near on chromosome 5q31-q33, and the //9 gene is also located near on this chromosome
(41). Asthmatic patients show higher serum IgE levels, /9 gene expression and a higher
number of IL-9 producing cells (Th9) in the airways compared to healthy subjects (42-45).
IL-9 receptor expression in airway epithelial cells, correlates with a high level of mucus
production, and is also higher in asthma patients (46). IL-9 activates lung smooth muscle
cells to produce cytokines and chemokines such as eotaxin which recruits eosinophils to
the airways (47). IL-9 also stimulates airway epithelial cells resulting in goblet cell

hyperplasia and a high amount of mucus production that leads to bronchial



hyperresponsiveness (48-50). IL-9 also acts as a growth factor for mast cells (51) and
enhances IL-4 mediated IgE and 1gG production by B cells (52, 53).

As a main source of IL-9, the Th9 cells are critical for the development of allergic
airway disease. Increased numbers of Th9 cells are detected in asthmatic and atopy
patients, and these patients express high levels of genes related to Th9 cell development
and function (42-45). In experimental models of asthma, Th9 cells mediate allergic
inflammation through their production of IL-9 (42, 54-56). Adoptive transfer of in vitro
cultured Th9 cells into Rag2-deficient mice promotes allergic inflammation characterized
by mast cell accumulation and mucus production, and these symptoms are ameliorated
through administration of an IL-9 neutralizing antibody (55). IL-9, produced by Th9 cells,
is required for accumulation of mast cells in the airways during asthma (57). These
features of inflammation are attenuated by natural or engineered deficiencies in the IL-9-

inducing TFs such as BATF, IRF4 and PU.1 (42, 44, 54-59).

Inflammatory bowel disease (IBD)

Inflammatory bowel diseases such as Crohn’s disease (CD) and ulcerative colitis
(UC) are characterized by chronic inflammation of the gastrointestinal tract that leads to
chronic diarrhea and abdominal pain (60-62). IBD is caused by deregulated activation of
several Th cell subsets. Th1 cells, activated by IL-18, IL-12 and IL-23, secrete IFN-y which
is essential for CD pathogenesis. Th2 cells produce Th2 specific cytokines inducing UC.
Th17 cells, activated by IL-23 and IL-6, produce IL-17A/F, IL-21 and IL-22 contributing to
both CD and UC (63-65). IBD patients show higher number of IL-9 producing cells and
higher gene expression of /19 and //9r compared with healthy people (66). In an oxazolone
induced colitis model, Th9 cells promote UC by regulating intestinal epithelial cells. In that
study, mice with PU.1 deficient T cells are resistant to colitis and IL-9 neutralizing antibody

treatment attenuates inflammation (66). Moreover, I1L-9 producing invariant NKT cells are



important for protection against autoimmune inflammation in the dextran sulfate sodium

(DSS)-induced colitis model (67).

Multiple sclerosis

In addition to induction of allergic inflammation in the lung and gut, Th9 cells are
also involved in multiple sclerosis, a T cell dependent demyelinating disease (68, 69). Th1
and Th17 cells are known as key players in an experimental animal model of multiple
sclerosis (70). During an experimental autoimmune encephalomyelitis (EAE), both Th17
and Th9 cells produce IL-9, and IL-9 neutralization or IL-ORa deficiency attenuate disease
progression. Transfer of myelin oligodendrocyte glycoprotein (MOG) specific Th9 cells into
RAG deficient recipient mice promotes EAE (69, 71, 72). However, other studies showed
IL-9Ra deficient mice develop more severe EAE due to the fact that IL-9 can also have

anti-inflammatory function in EAE by enhancing Treg cell activity (33, 73).

Rheumatoid arthritis (RA)

RA is a chronic autoimmune disease mediated by autoreactive Th1, Th17 cells
and impaired function of Treg cells (74). In an experimental antigen induced arthritis model,
IL-9 produced by type 2 innate lymphoid cells (ILC2) acts as an autocrine growth factor
and upregulates ICOS ligand and glucocorticoid-induced TNFR-related protein (GITR)
ligand on ILC2. Through interaction with these ligands, Treg cells enhance suppressive
activity which inhibits Th17 cell mediated inflammation. Therefore IL-9 is critical for

resolution of joint inflammation in RA (75).

Parasite infections
During nematode infections such as a Nippostrongylus brasiliensis infection, Th9

cells are essential for expulsion of the parasites from gastrointestinal tract (76). IL-9,
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produced by Th9 cells, stimulates mast cells to secrete inflammatory mediators that
stimulate epithelial cells to produce mucus, recruits eosinophils, increases intestinal

permeability, and induces smooth muscle contraction (76).

Tumor immunity

Depending on the types of cancer, Th9 cells can function positively or negatively
in tumor growth (77-81). In a melanoma model, adoptive transfer of Th9 cells into RAG
deficient recipient mice following B16-F10 melanoma cancer cell injection reduces tumor
growth compared to control (77, 78). Additionally, //9 deficient mice and mice treated with
IL-9 neutralizing antibody show accelerated tumor masses. In this model, the roles of IL-
9 in antitumor immunity depend on mast cell activation (77). Tumor specific Th9 cells
promote CD8" CTL mediated anti-tumor immunity (78). IL-21 produced by Th9 cells also

has an anti-cancer function by promoting CD8* CTL responses and IFN-y production (81).

Cellular sources of IL-9
IL-9 can be produced by a number of immune cell populations. In this segment,

we briefly discuss evidence for IL-9 production and function in these cells.

Type 2 innate lymphoid cells (ILC2)

Innate lymphoid cells (ILC), newly discovered immune cells, are groups of lineage
negative lymphoid cells (82). These cells lack T, B cell receptors and other lineage
markers, however their functions are similar to T helper cells. There are three types of
ILCs: ILC1, ILC2 and ILC3. ILC2 secrete Th2 type cytokines such as IL-5, IL-6, IL-13 and
IL-9 in response to helminth infection (76, 83). Moreover, ILC2 are the main source of IL-

9 during papain induced lung inflammation (83).
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Mast cells

Mast cells secrete both cytokines and pro-inflammatory mediators such as IL-6
and histamine. Toll-like receptor agonists and cytokines including IL-10 and IL-9 stimulate
mast cells to produce IL-9 (84-86). As a growth factor, IL-9 is also important for survival
and proliferation of mast cells (51). A recent study revealed that IL-9 producing mucosal
mast cells (MMC9s) induce anaphylaxis in response to food antigens by producing IL-9

and inflammatory mediators (87).

Natural killer T (NKT) cells

NKT cells produce Th2 type cytokines and IL-9 in vitro (67). In allergic inflammation
models, CD1d restricted NKT cell deficient mice are resistant to allergic inflammation
caused by decreased IL-9 production from NKT cells and by reduced mast cell recruitment
(88). Another study revealed that IL-9 producing NKT cells protect against DSS induced
colitis. In this study, NKT cells cultured under Th9 condition produced IL-9. Additionally,
a-galactosylceramide (a-GalCer) treated NKT cells produced more IL-9 compare to non-

treated controls (67).

Th9 cells — IL-9 producing T cells

Th9 cells are the most recently described Th cell subset and are derived by the IL-
4/STAT6 and TGF-f signaling pathways (32, 68, 89). Th9 cells are characterized by a
high amount of IL-9 production and a high expression of PU.1, a master regulator for Th9
cell development (59). Th9 cells also express a high amount of IL-10, however Th9 cells
do not co-express IL-4, IL-5, IL-13, IL-17 or IFN-y. Like other Th cell subsets, Th9 cells
can function as both positive and negative regulator of immune responses. Th9 cells
protect against extracellular parasites such as helminths and important for anti-tumor

immunity (76-78). However, Th9 cells are also involved in allergic inflammation or
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autoimmune disease (42, 54-56). Therefore, Th9 cell development and IL-9 production
need to be strictly regulated. To do this, many TFs cooperate with cis-regulatory elements

near the //9 gene.

Regulation of Th9 cell development

Cytokines activate STAT signaling pathways which induce TFs involved in //9
expression (Figure 2). These TFs promote /9 expression by directly binding to the /9
promoter or by mediating the //9 locus chromatin remodeling to a poised status ready to
be activated in response to TCR stimulation. TCR signaling activates NFAT and NF-kB,

enhancing /19 expression by binding to the //9 promoter (38).

STAT6

IL-4 binds to the IL-4 receptor (IL-4R), consisting of the IL-4Ra and yc chains, and
activates STAT6 through JAK activation (10). STAT6 regulates /9 expression in several
ways (Figure 2). STAT6 directly binds to the /9 promoter and promotes IL-9 production
(90). Previous report showed that STATG6 represses Foxp3 and Tbx21 which repress IL-9
production (90). Moreover, STAT6 induces IL-9 inducing TFs such as BATF and IRF4 (54).
BATF is required for Th9 cell development as well as Th17, Tth and Th2 cells. BATF
deficiency impairs Th9 cell development and BATF deficient mice show attenuated airway
inflammation in asthma model. Moreover, ectopic expression of BATF increases IL-9
production in Th9 cells. Like STAT6, BATF also directly binds to the //9 promoter and
enhances /19 expression (54). IRF4 is another essential TF for Th9 cell development as in
Th17 and Th2 cell development. IRF4 deficiency resulted in significantly less IL-9
production under Th9 cell condition and ectopic expression of IRF4 increases IL-9
production in Th9 cells. Moreover, mice with IRF4 deficient T cells show attenuated airway

inflammation in the acute OVA/Alum asthma model (55).
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BATF and IRF4 cooperate to regulate Th17 cell development (91, 92). BATF and
IRF4 cooperatively bind to specific DNA elements called “activating protein 1-IRF
composite elements (AICEs)” to enhance Th17 cell differentiation and gene expression
(93, 94). In Th9 cells, BATF and IRF4 also cooperatively bind to the //9 promoter.
Deficiency of either TF impairs the binding of the other TF to the //9 promoter, and mutation
of AICE in the //9 promoter decrease /19 promoter reporter activity (54).

GATAS, a master regulator of Th2 cells, is also induced by IL-4/STATG6 signaling
pathway in Th9 cells although expression is lower than in Th2 cells (32, 90). The function
of GATA3 in Th9 cell development is controversial because GATAS3 deficient T cells fail to
produce IL-9 (68), whereas ectopic expression of GATA3 inhibits IL-9 production in Th9
cells (90). These data suggest that balancing GATA3 expression is important for optimal

119 expression.

STATS

IL-2 binds to the IL-2 receptor, a heterotrimeric complex consisting of IL-2Ra called
CD25, IL-2RpB and y chains, and activates STAT5 (89). The IL-2/STATS signaling pathway
is also critical for Th9 cell development. Either IL-2 or STAT5 deficient T cells fail to
produce IL-9 under Th9 cell condition (89, 95). STATS5 positively regulates /19 expression
directly and indirectly. STATS directly binds to the //9 promoter and enhances //9
expression. STATS competes with Bcl6, a master regulator of Tth cells and a repressor of
119 expression by binding to the //9 promoter, to bind to the //9 promoter and repress Bcl6
expression (71, 95)

Thymic stromal lymphopoietin (TSLP), an epithelial cell derived cytokine, is critical
for Th2 mediated allergic inflammation (96). TSLP also induces //9 expression by

activating STATS that binds to the //9 promoter. IL-2 neutralization does not affect the
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ability of TSLP to induce /19 expression, suggesting that TSLP function is independent of

IL-2 (42).

STAT3

STAT3 might function differently in mouse and human Th9 cells. Mouse Th9 cells
produce a high amount of IL-10 which acts as a negative regulator of //9 expression (97).
STAT3 deficient Th9 cells produce a relatively high amount of IL-9 at later differentiation
stages meaning that activation of STAT3 by IL-10 results in instability of the Th9 cell
phenotype. Additionally, IL-10R blockade using anti-IL-10R antibody contributes to the
maintenance of IL-9 production (97). In contrast to murine Th9 cells, human Th9 cells
produce more IL-9 in response to IL-10. In addition to IL-10, IL-6 and IL-21 also promote

IL-9 production by activating STAT3 in human Th9 cells (98).

TGF-B signaling pathway

TGF-B can reprogram Th2 cells into Th9 cells (32, 68). TGF-3 binds to the TGF-
BR2 and activates Smad2, 3 and 4. The TGF- signaling pathway induces active histone
modifications at the /19 promoter (58, 99). By physical interaction with IRF4, Smad2/3
promote //9 expression by directly binding to the //9 promoter (58). Smad3 is also required
for Notch signaling mediated //9 expression (73).

TGF-B signaling pathway also induces the expression of PU.1. PU.1 is a member
of E-Twenty-Six (ETS) TF family and induced by a Smad independent TGF-f3 signaling
pathway (59, 90, 100). PU.1 is the only TF that can induce /9 expression in cells other
than Th9 cells. Ectopic expression of PU.1 in Th2 cells increases IL-9 production and
decreases IL-4 expression. PU.1 deficient Th9 cells produce significantly less IL-9 and
more IL-4, suggesting that PU.1 negatively regulates Th2 cell development (59). PU.1

directly binds to the //9 promoter and promotes /9 expression through permissive histone
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acetylation at the /19 locus by recruiting GCN5, a histone acetyltransferase (HAT) (101).

Mice with PU.1 deficient T cells are resistant to in vivo airway inflammation model (59).

Etvs

Etvb, or Ets variant gene 5, is an ETS family member that has largely been
examined for its roles in tissue development. Etv5 coordinates limb development, controls
spermatogonial gene expression, and regulates epithelial-mesenchymal gene expression
(102-105). Etv5 was also identified as an IL-12-induced Th1 gene, though recent work
suggests it only has a minimal role in IFN-y production, contrary to the original report (106,
107). Etvb-deficient T cells have diminished Th17 but slightly increased Th2 development
in vivo, and this correlates with decreased inflammation in the house dust mite model of
allergic lung inflammation. The diminished pulmonary inflammation is due to the lack of
IL-17-dependent immunity, because the addition of exogenous pulmonary IL-17 to Etv5

conditional mutant mice normalizes inflammation (107).

Foxo1

Forkhead box protein O1 (Foxo1) is required for IL-9 production in Th9, Th2, Th17
and Treg cells (108). The PISK/AKT pathway negatively regulates Foxo1 activity. In the
nucleus, Foxo1 is phosphorylated by AKT and moves out of the nucleus to the cytosol
leading to inactivation of its transcriptional activity. Foxo1 directly binds to the //9 and /rf4
promoters and promotes gene expression. Loss of Foxo1 through siRNA leads to less IL-

9 production in Th9 and Th17 cells resulting in attenuated allergic inflammation (108).

Co-stimulation
Like other Th cell differentiation pathways, CD28 stimulation by CD80/CD86 on

APCs is critical for Th9 cell development. The CD28/CD80 or CD86 stimulation transiently
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activate NF-kB and NFAT which directly bind to the /19 promoter (109, 110). The ligation
of OX40 on T cells by the OX40 ligand on APCs induces IL-9 in Th9 cells. OX40 activates
the TRAF6, an ubiquitin ligase, which activates NF-kB-inducing kinase (NIK) and the
noncanonical NF-kB signaling pathway to induce IL-9 (109). Notch and Smad3 cooperate
to induce IL-9. The ligation of Notch on T cells by the Jagged2 on APCs promotes Th9
cell development. After ligation, the Notch1 intracellular domain (NICD1) moves to the

nucleus and interacts with Smad3 to bind to the //9 promoter (73).

IL-4

TCR
Co-stimulation

CD28/CD80
0X40 / OX40L :: g

119 TSS

Figure 2. Transcriptional network for //9 expression in Th9 cells

Regulation of gene expression

For specific and precise gene regulation in different cell types, cooperation of TFs,
trans- regulatory elements, and cis-regulatory elements is critical. TFs recognize and bind
to specific DNA sequences in the genome through DNA binding domains, and these TFs
recruit other TFs such as histone modifying enzymes through activation or other

interaction domains (111).

17



Epigenetic pioneering TFs act to initiate gene expression by converting closed
chromatin to open chromatin. DNase | hypersensitive sites (DHS) are the result of less
tightly packaged nucleosomes or the absence of nucleosomes. The nucleosome is a basic
structural unit of DNA packaging, and consists of 146 base pairs (bp) of DNA wrapped in
histone octamer - two copies of core histones: H2A, H2B, H3 and H4. TFs can’t bind to
highly nucleosome packed regions, called heterochromatin. However, nucleosome free
regulatory elements, called euchromatin, are accessible to lineage specific TFs which
dictate lineage specific chromatin landscape by recruiting chromatin remodeling
complexes such as HATs and histone methyltransferases (HMTs). These epigenetic
modifications on cis-regulatory elements allow the binding of other TFs to regulate gene
expression (112-115).

Recent various genome wide association studies (GWAS) have revealed that
almost 90% of disease related single nucleotide polymorphisms (SNPs) are enriched in
the intronic and intergenic regions. Many SNPs in cis-regulatory elements are closely link
to diseases and these mutations affect the binding of TFs and chromatin conformation

which result in abnormal gene expression (112, 116-118).

Cis-regulatory elements

There are several types of cis-regulatory elements: promoters, enhancers,
silencers, insulators and locus control regions (LCRs). These cis-elements are located in
different regions of the gene (119) These regions can be evolutionarily highly conserved
between species and provide binding sites for multiple TFs to control gene expression
(120). Accessibility of TFs to these regions is regulated by epigenetic mechanisms such
as DNA methylation, histone modifications, chromatin remodeling and intra/ inter-

chromosome interactions (111).
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Enhancers

The location of enhancers varies among genes. Distal enhancers can be located
far from a gene transcription start site (TSS), and a DNA loop mediates enhancer-
promoter interactions (Figure 3)(121, 122). Active enhancers are characterized by high
DNase1 sensitivity, strong binding of p300, co-ocupation of TFs, and active histone
modification marks such as H3K4me1, H3K4me2 and H3K27ac, but low H3K4me3, an
active promoter marker (123).

Histone modifications are one of the key post transcriptional gene regulation
mechanisms. Histone tails can be modified with methylation, acetylation, phosphorylation,
ubiquitylation and sumoylation (111). Chromatin status is defined as “poised”, “active” or
“silent” depending on modifications of histone tails which affect gene expression patterns
(124-127).

Mono or di-methylation of lysine (K) 4 residue in Histone 3 (H3) tail is a poised or
primed enhancer marker which is strictly regulated by HMTs. H3K4me1 modified
enhancers without H3K27ac are termed as “poised” -ready to be activated by subsequent
stimulation. Enhancers marked by both H3K4me1 and H3K27ac are termed as “active’-
opened chromatin status which allows the binding of TFs (128). Acetylation of tails of H3
such as H3K27ac is a critical mechanism for active gene expression and it is strictly
regulated by histone deacetylases (HDACs) or HAT such as p300 (129, 130). Active
promoters are marked by H3K4me3 and active transcription elongation is marked by
H3K36me3 which is spread throughout the gene body (131). H3K27me3, catalyzed by
histone methyltransferase Ezh1 or Ezh2, a subunit of polycomb repressive complex2
(PRC2), is associated with “silent” enhancer- repressive and closed chromatin status. The

H3K4me3 and H3K27me3 bi-functional pattern is distinct among Th cell subsets (132).
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TFs shaping the epigenetic landscape in differentiating Th cells

In naive CD4" T cells, most gene loci of lineage specific TFs and cytokines are
inactive or have a repressed status marked by low DNase1 sensitivity and repressive
histone modifications. After TCR and cytokine stimulation, these gene loci are converted
to permissive chromatin with high DNase1 sensitivity and active histone modifications
which allow the binding of TFs. TCR signaling induces epigenetic pioneering TFs such as
NFAT and AP-1 that regulate chromatin landscape and other general TFs. In combination
with TCR stimulation, the STAT signaling pathway is essential for establishing lineage
specific epigenetic landscapes required for Th cell development. STATs sense
environmental cytokines secreted by APCs. After binding of a cytokine to a cytokine
receptor, JAKs activate STATs, and dimerized STATs translocate to the nucleus and
initiate Th cell specific gene expression (111).

Recent genome wide studies showed that about 20% of the binding sites for
STATSs are located in promoters with the remainder located in regulatory regions or within
genes. These data suggest that STATs are multifunctional, not only directly regulating
gene expression but also initiating the chromatin landscape by inducing histone
modification at regulatory elements through recruitment of p300 (8, 116, 133, 134). For
example, STAT6 and STAT4 bind to enhancers and initiate lineage specific chromatin

landscape through epigenetic modifications in Th2 and Th1 cell respectively (8).
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Figure 3. Cooperation of TFs and enhancer for gene expression. STATs bind to the
enhancer and mediate active histone modifications by recruiting p300, contributing to
induce LSFs through DNA looping. Expressed LSFs bind to the enhancer with STATs and
p300, leading to DNA looping which promote recruitment of RNA polymerase Il (RNAPII)
to the gene promoter.

Enhancers for cytokine expression in Th cell subsets

In Th cell subsets, cytokine loci are regulated by sophisticated enhancer structures
which contribute to tightly regulated gene expression in response to various stimulations.
In this section, the roles of enhancers in cytokine expression will be discussed in more

details.

1110 regulatory elements
The /10 and IL10 genes are located on chromosome 1 in both mouse and human
genomes. Both the //710/IL10 genes include 5 exons (Figure 4) (135). The /10 locus

contains a promoter, intronic regions and several CNSs. CNS1 is located 5 kb upstream

21



of /10 TSS. CNS2, CNS3 (+6.4) and CNS4 are located behind of 3’ of //10 gene (136).
However, not only these CNSs, conserved regions within //70 gene provide binding sites
for TFs. GATAS3 regulates /10 expression independently of IL-4 by binding to the /110
promoter, //10 intronic region +3.7 and CNS3. By doing so, GATA3 induces permissive
chromatin structure at the //710 locus (137). E4 promoter-binding protein 4 (E4BP4) is a
key player for /110 expression in most Th subsets, and its function is independent on
GATAS. In Th2 cells, E4BP4 binds to most intronic regions, CNS2 and CNS3, but not //70
promoter. E4BP4 deficient Th2 cells show repressive chromatin structure at the //70 locus
suggesting that E4BP4 epigenetically regulates the //70 locus in Th2 cells (138). CNS3
region contains AP-1 binding sites which allow the binding of c-Jun and JunB. In Th2 cells,
these proteins bind to the CNS3 and promote //70 expression. But these proteins do not
activate /170 promoter activity in reporter assays, suggesting that they might not bind to
the /110 promoter (136). In Th2 cells, IRF4 binds to both //70 promoter and CNS3
contributing to //10 expression. In the absence of PU.1, IRF4 binds more strongly to the
1110 locus and enhances [/10 expression, suggesting that PU.1 acts as an //70 repressor
by inhibiting IRF4 activity (139). In Th1 cells, Ets-1, another ETS family member,
negatively regulates //70 expression by recruiting HDAC1 to the //710 promoter and intronic
regions (140). Therefore, /10 regulatory elements and //10-inducing or -repressing TFs

cooperate to control //10 expression.

CNS 1 Start Stop CNS2/CNS3 CNS4
5kb Exon1 2 3 4 5

Figure 4. Schematic of the //70 locus in mice
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114-115-1113 regulatory elements

Th2 cells expressing cytokines such as IL-4, IL-5 and IL-13 are activated by the
IL-4/STAT6 signaling pathway (141). IL-4 activates STAT6 which induce GATAS3, an
essential TF for Th2 cell development (9). STAT6 cooperates with GATA3 to mediate
chromatin remodeling of Th2 cytokine locus (142).

The Th2 cytokine locus, encoding IL-4, IL-5 and IL-13, contains more than 15
DHSs. The 1113 locus located 12.5 kb behind of 3’ of the //4 locus and the //5 locus is
located 86 kb upstream of the //73 promoter. The //4, /13 and /I5 genes are coordinately
regulated by Th2 LCR. Th2 LCR located between [/I5 and //13 promoters and contains
Rad50 hypersensitivity site (RHS) 4-6. RHS6 and RHS7 sites provide binding sites for
STAT6 and GATA3. GATAS3 binds to these sites and recruits p300 to make these regions
transcriptionally permissive. During differentiation, the Th2 LCR region is positioned
adjacent to the //4, 115 and 1/13 promoters by looping to promote gene expression (143).
HS2, located in second intron of //4 gene, is critical for IL-4 expression but dispensable for
IL-5 and IL-13 expression (144). Deletion of HS V, another DHS located downstream of
114 gene, does not affect Th2 cytokines under Th2 cell condition, however deletion of this
region impairs IL-4 and IL-13 expression in Tfh cells (145). GATAS3 represses Tbx21
expression by recruiting HDAC to the Tbx271 enhancer region during Th2 cell development
suggesting that GATA3 acts as both positive and negative regulator in same Th cell

lineage (146).

Ifng regulatory elements

Th1 cells producing IFN-y are activated by the IL-12/STAT4 and STAT1 signaling
pathway. Transcriptional regulation of IFN-y is controlled by the Th1 specific TFs: T-bet,
STAT1, STAT4 and STAT5. These TFs combinatorially regulate /fng gene expression by

binding to 12 enhancers in the Ifng locus (123, 147). In contrast to the Th2 cytokine locus,
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the Ifng locus is dispersed in naive CD4* T cell and begin to close to the /fng promoter
during Th1 cell development (6, 148, 149). T-bet is important for recruiting CTCF, CCCTC
binding factor, to enhancer regions which result in loops between enhancers and the Ifng

promoter (148).

1117 regulatory elements

Th17 cells produce proinflammatory cytokines such as IL-17A and IL-17F, two
highly homologous cytokines. Th17 cells are differentiated from naive CD4* T cell by the
TGF-B and STATS signaling pathways, the latter activated by IL-6, IL-21 and IL-23 (15).
STATS3 directly binds to the //77 gene promoter and induces Rorc which encodes RORyt,
a master regulator of Th17 cell development (150, 151). In addition to RORyt, another
orphan nuclear receptor RORa is also important for IL-17A and IL-17F expression (152).
STAT3 mediates permissive histone modifications at the //77 gene locus that contains the
l117a, 1117f promoters and eight CNSs (153, 154). CNS2, located upstream of //17a,
interacts with the //17a and //17f promoters leading to gene expression. /l17a and II17f
promoters do not contain ROR response element (RORE), a binding sequence for ROR,
however CNS2 does have ROREs (152). Therefore, RORa and RORyt bind to the CNS2

and mediate chromatin remodeling resulting in //17 gene expression.

119 regulatory elements

The Th9 cells are main producer of IL-9. The /9 gene is located on chromosome
13 in the mouse genome and the /L9 gene is located on chromosome 5 in the human
genome. Both /19/IL9 genes consist of 5 exons. The //9 locus contains 3 CNSs which are
highly conserved between mice and human. CNSO (-6) is located 6.3 kb upstream of the
119 TSS, CNS1 is the promoter region of //9, and CNS2 (+5.5) is located 5 kb behind of the

119 TSS (Figure 5) (155). Many IL-9-inducing factors such as IRF4, BATF, STAT6 and
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PU.1 directly bind to the //9 promoter and promote //9 expression (54, 55, 59, 90). STAT6
also binds to the CNS-6 region in Th9 cells but binding strength is lower than in the //9
promoter (90). However, detailed functions of CNSs at the //9 locus and existence of other

enhancers for /19 expression are not fully understood.

CNS-25 CNS-6 Start Stop CNS+5.5
~25 kb Exon1 2 3 4 5

Figure 5. Schematic of the //9 locus in mice

Research goals

Transcription factors and cis-regulatory elements cooperately regulate gene
expression. Many studies revealed TFs and cis-regulatory elements which regulate
cytokines expression such as [l4-115-1113, ll17a-1117f, Ifng and /[10 loci. However,
identification and functions of trans- and cis-regulatory elements in //9 and //70 loci are still
not completely defined. The goals of this research are to identify transcription factors
binding to cis-regulatory elements of //9 and //10 loci and to define new enhancers that

promote //9 gene expression.
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Mice

C57BL/6 and BALB/C mice were purchased from Jackson Laboratory (Bar Harbor,
ME, USA). Etv5" mice were provided by Dr. Xin Sun (105). Etv5"" mice were crossed
with CD4-Cre transgenic mice to generate CD4 conditional Etv5 deficient mice (Etv5""
CD4-Cre*). Etv5"" CD4-Cre’ littermates were used as wild-type (WT) control mice (107).
Stat6 deficient mice and /rf4"" Lck Cre+ mice were described previously (156, 157). CNS-
25 deleted mice (//9 2°NS25) were generated by CRISPR/Cas9 mediated gene editing
(Taconic) (Figure 6 and Table 1). Mice were maintained under specific pathogen-free

conditions. All experiments were performed with the approval of the Indiana University

MATERIALS AND METHODS

Institutional Animal Care and Use Committee.
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Figure 6. Strategy for generating //9 2°NS25 mice
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D Proximal gRNA

aggtaattccaagtgtaacattgcacagtgaacttgtcagggttagttacaatcacctagetaactcggaggcaggtgcatttctgagaag
cccacccagcectgageaacagttcatgaaaagcetacattgttggagetcettgttctaccaaagagagtttaggaggttiggagagtctttttc

gatgctagggagaggactgaaggaagagaaatccagcaagtitccagtaaacagtttttectttgtttagcagaccttataatttgctaac
gagtatcttacaagacttcaaaggatgtcatgaggcttgtctgccaagcagetgttitttcttaaactgaacaaaagaaactgcaagagaa
acctcagaccacaggggcttgaagattaggagtgaatgaggtaacagaagatagtgactcttgataccagtectcatcatgecaattecat

tagtatgagctgtatcagtctctctgatcagatttttttcctitcaaaccacaaacaggatgcagaagacttgtgctgagacaaaaaaaaat
gtttggotgccagaaacagatcactaaaagagtgtgttttgcatagetttgtcaaagcaggcgaccactttaaaacttgecattttctagttt
taaattcagtcatgacaagcaatacgtccagtgattctttacagatataaacacatgctgagagttggcttgcccatecttttatatgcagec
attatgagcgaggaaaagggaaaccattttgctaccatttatattatataaattacattaaaatgatgctttttcttatcaagacagataggt
atagtaaatctctagagagcaccccaaactaaaaaaaaaccctcacttttagaactatagccaacattctccatgatatatcatgtactgtt
caatcaacaagcctcagtaaacttgtaaatatcaaatagaaatgaggttttatttatgtaaaaatcttcatggggacatactgaaaagaaa
tctaatttcagtcataaatgagttttaaagatacttictigtaaggcttaggagatggctcagcaggtgagagtacttgccaccaaagetaa

tgacctgagtttgattctggtaacctacatggtagacaaacageattgactcctacaagetgtcttctgaccttageatgcatgecatggtgt

Distal gRNA

Figure 6. Strategy for generating //92°NS25 mice. (A) Mouse //9 genomic locus (B) //9 CNS-
25 targeting gRNAs and genotyping primer set for detecting WT allele: Oligo #1 and #2
(C) Mouse 119 locus after CRISPR/Cas9 mediated gene editing and genotyping primer set
for detecting CNS-25 deletion allele: Oligo #1 and #3 (D) Sequence of mouse /19 CNS-25
region and sequences of CNS-25 targeting gRNAs. CNS-25 region is marked with yellow
highlight and deleted region is marked with red line.
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Table 1. Sequences of mouse //9 CNS-25 targeting gRNAs and //94°NS-25 mice genotyping

primers
CNS-25 mice Protospacer sequence (5’-3’)
119 CNS-25 KO 5° CAATCACCTAGCTAACTCGG
(Proximal gRNA)
119 CNS-25 KO 3 TGCATTCGAGTCCCCAAATG
(Distal gRNA)
Genotyping primers primer sequence (5’-3’) Program
95°C 5 mins
CNS-25 Primer #1 AAACCATTGTGTGATGTACCTGG
95°C 30 sec
58°C 30sec | X34
CNS-25 Primer #2 AAGCCTCATGACATCCTTTGA 72 °C cycle
1 min
72 °C 10 mins

CNS-25 Primer #3 AACTGACCAGATTTACTAGGTCCC

4 °C overnight

In vitro mouse T cell differentiation

Naive CD4*CD62L* T cells from mice were positively selected from the enriched
CD4* T cells from spleen and lymph nodes using MACS beads and columns (Miltenyi
Biotec). Naive CD4"CD62L* T cells were activated with plate-bound anti-CD3 (2 ug/ml
145-2C11 ; BioXCell) and soluble anti-CD28 (0.5 ug/ml ; BD Pharmingen) in complete
culture media, Roswell Park Memorial Institute 1640 (RPMI 1640, ThermoFisher Scientific)
containing 10% Fetal bovine serum (FBS, Atlanta Biologicals), 1% antibiotics (penicillin
and streptomycin / stock; Pen 5000 p/ml, Strep 5000 pg/ml), 1 mM sodium pyruvate, 1
mM L-Glutamine, 2.5 ml of Non-essential amino acids (Stock; 100 X), 5mM HEPES (all
from LONZA) and 57.2 uM 2-Mercapoethanol (Sigma-Aldrich), to generate ThO cells (10
U hIL-2) or with additional cytokines (all from PeproTech) and antibodies (all from BioXCell)

to generate Th2 cells (10 ng/ml IL-4; and 10 pg/ml anti-IFNy XMG), Th9 cells (20 ng/ml
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IL-4, 2 ng/ml hTGF-1, 10 pg/ml anti-IFNy XMG, 10 pug/ml anti-IL-10 receptor antibody),
Treg cells (5 ng/ml hTGF-B1, 10U hIL-2, 10 ug/ml anti-IFNy,10 ug/ml anti-IL-4), Th17 cells
(100 ng/ml IL-6, 2 ng/mI hTGF-B1,10 pug/ml anti-IFNvy,10 ug/ml anti-IL-4) and Th1 cells (20
ng/ml IL-12, 10 U hIL-2, 10 ug/ml anti-IL-4 11B11) culture conditions. Cells were grown at
37°C under 5% CO2 and were expanded after 3 days with original concentration of

cytokines in fresh medium. Cells were harvested on day 4 or 5 for analysis.

Isolation of human PBMCs from buffy coat

Peripheral blood mononuclear cells (PBMCs) were isolated from human buffy coat
(Indiana Blood Center, IN) by density gradient centrifugation using Ficoll-Paque (GE
Healthcare). 15 ml of the buffy coat was diluted with 35 ml of ice cold buffer (PBS with 2
mM EDTA). 25 ml of this diluted suspension was gently added to 15 ml of Ficoll-paque in
a 50 ml conical tube. After centrifuging at 400 x g for 40 mins at 20°C, the upper layer was
gently removed by aspiration. Mononuclear cell layer was transferred to a new 50 ml
conical tube and filled with buffer up to 50 ml. After mixing, cells were centrifuged at 300
x g for 10 mins at 20°C. After removing supernatant, cells were resuspended again with
50 ml of the buffer and centrifuged at 200 x g for 15 mins at 20°C. After repeating this
washing step, the number of cells were counted and used for the isolation of human naive

CD4* T cells.

In vitro human T cell differentiation

Human naive CD4* T cells were isolated from human PBMCs using magnetic
separation (Miltenyi Biotec), and these cells were activated with a receptor crosslinking
bead, Dynabead human T-activator CD3/CD28 (ThermoFisher Scientific) in complete

media to generate ThO cells (10 U hlL-2) and Th9 cells (20 ng/ml hiL-4, 2 ng/ml hTGF-31,
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10 ug/ml anti-IFNy). 3 x 10° of naive CD4* T cells and an equal ratio of beads in 300 pl of
culture media were added to 48 well plate. Cells were grown at 37°C under 5% CO, and
were expanded after 3 days with original concentration of cytokines in fresh medium. Cells

were harvested on day 4 or 5 for analysis.

Retrovirus production

Platinum E cells were grown in 10 ml of Dulbecco’s modified eagle medium 1640
(DMEM 1640) with 10% FBS and 1% antibiotics in a 100 mm tissue culture dish. When
confluency reached 80~90%, cells were transfected with control vector or retroviral vector
containing Etv5, GATA3, E4BP4, BATF, IRF4 open reading frame (ORF) using
lipofectamine 3000 (ThermoFisher Scientific). For transfection, 18 ug of vector, 6 ug of
pCL-Eco and 25 pl of P3000 were mixed in 500 pl of Opti-MEM®| reduced-serum medium
(ThermoFisher Scientific), and 25 pl of lipofectamine 3000 was mixed in another 500 pl of
Opti-MEM®I. After combining, this mixture was incubated for 10-15 mins at room
temperature (RT). The mixture was gently pipetted into culture dish. After 16 hours, the
media containing retrovirus was collected and changed with new fresh media. After 24
hours, the media was collected and centrifuged at 1500 rpm for 5 mins to remove cell
debris. Supernatant containing retrovirus was used for retroviral transduction or stored at

-80 °C for subsequent use.

Retroviral transduction

Activated mouse CD4* T cells were infected on day 1 with retrovirus containing
control or expressing the interested gene by centrifugation at 2300 rpm at 32°C for 90
mins in the presence of 8 ug/ml polybrene (Sigma-Aldrich). After spin infection, the
supernatant was replaced with the fresh Th cell condition media. Cells were expanded on

day 3 and analyzed on day 4 or 5.
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CRISPR /Cas9 plasmid construct
PX330A_D10A-1X2 (Addgene #58772) was modified by adding Clal site in front
of hU6 promoter, termed as ‘new pX330A_ D10A-1X2’. gRNAs were designed using Feng

Zhang lab’s online tool (http://crispr.mit.edu/). After annealing of gRNA oligos, the gRNAs

duplexes were cloned to new pX330A_D10A-1X2 and pX330S-2 (Addgene #58778) using
Bbsl (Bpil) (Table 2). Through Golden gate assembly using Eco31l, new pX330A_D10A-
1X2 which contains gRNA cassette containing two hU6 promoter and two gRNAs was
made. By using Cla1 and Kpn1, the gRNA cassette from this vector was inserted to new
lentiCRISPR v2 (modified from lentiCRISPR v2, Addgene #52961, by adding new cloning
site containing Cla1 and Kpn1) using Cla1 and Kpn1. Finally, DNA element containing
gRNA cassette of this new lentiCRISPR v2 was replaced with lentiCas9-EGFP (Addgene
#63592) using Not1 and Nhe1 (Figure 7). Plasmids and gRNA sequences are listed in

Table 2 and 3.

Table 2. CRISPR/Cas9 plasmids

Construct Oligo Overhang Protospacer Overhang
New sgRNA-1 5'-CACCG (N)20
PX330A_D10A sense
1X2 sgRNA-1 3-C (N)20 CAAA-5’
antisense complement
sgRNA-1 5'-CACCG (N)20
PX330S_2 sense
sgRNA-1 3-C (N)20 CAAA-5’
antisense complement
Table 3. Sequences of gRNAs targeting hIL9 CNS-18 and GM38602
gRNAs Target Protospacer sequence (5'-3’) Genome
location
hIL9 CNS-18 5A CNS-18 CAGAGTAGATCTTCCATTGG Human
hiIL9 CNS-18 3A CNS-18 | AGAGATGGGGTCTCCCTATG Human
mGM38602 5A | GM38602 | GCCCGGGCTCGATCTATTAA Mice
mGM38602 3A | GM38602 | CCTCTCCAGGTGTTAACTAC Mice
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Figure 7. Single lentiviral vector expressing Cas9 and gRNAs. (A) Simplified map and (B)
full map for vector

Lentivirus production

Human embryonic kidney (HEK) 293T cells were grown with 10 ml of DMEM 1640
with 10% FBS and 1% antibiotics in a 100 mm tissue culture dish. When confluency
reached 95~99%, cells were transfected with lentiviral vectors expressing Cas9 and
gRNAs targeting h/IL9 CNS-18 or GM38602 as a negative control using lipofectamine 3000.

For transfection, 10 ug of lentiviral vector, 8 ug of PAX2, 5 pg of PMDG.2 and 40 pl of
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P3000 were mixed in 1,500 pl of Opti-MEM®I, and 40 pl of lipofectamine 3000 was mixed
in another 1,500 pl of Opti-MEM®I. After combining, these mixtures were incubated for 10-
15 mins at RT, and gently pipetted into culture dish. After 6 hours, media was changed to
the lentivirus packaging media; Opti-MEM®I-GlutaMAX (ThermoFisher Scientific) with 5%
FBS and 0.2 mM sodium pyruvate, and incubated another 16 hours. The first batch of
virus was harvested, and fresh lentivirus packaging media was added. After 24 hours, the
second batch of virus was collected and combined with the first batch of virus. After filtering
media containing lentivirus using a 0.45 pm filter, Lenti-X-concentrator (Takara) was
added 1:3 volume and incubated at 4°C overnight with rotation. The following day, the
mixture was centrifuged at 1,500 x g for 45 mins at 4°C. The pellet was resuspended in

500 ul of PBS, aliquoted to 100 pl, and stored at -80 °C for future use.

Lentiviral infection

Sterile non-tissue-culture treated 24 well plates were coated with 50 ug/ml of
Retronectin (Takara) and incubate at 4°C overnight. The next day, after washing the plate
with PBS, blocking buffer (PBS with 2% bovine serum albumin (BSA)) was added and
incubated at RT for 30 mins. After removing the buffer, lentivirus stock (100ul) and 500 pl
of culture media was added to the plate. After loading lentivirus to the plate using
centrifugation with 2000 x g at 32°C for 2 hours, day 1 cultured human T cells were
transferred to the plate and incubated for 2~3 days. Cells were harvested on day 4 or 5
for analysis using flow cytometry or sorted by fluorescence activated cell sorter (FACS;

BD FACSAria) based on EGFP for gene expression analysis.

Aspergillus fumigatus extract-induced allergic airway inflammation
Mice were challenged intranasally with Aspergillus fumigatus (A.fumigatus; Greer

Laboratories) extract every other day for 21 days. A. fumigatus (25-100ug) extract was
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diluted with PBS (20-50 ul) and administered into the nose. Mice were sacrificed 1 day
after final intranasal challenge. Bronchoalveolar lavage (BAL) cells were collected by
lavaging the lungs with 1 ml PBS. To prepare single cell suspension from lungs, lung
tissues were chopped and incubated with 0.5 mg/ml of collagenase A (Roche) in DMEM
at 37°C for 45 mins. After grinding tissues with mesh stainless steel strainer, red blood
cells were removed by Ammonium-Chloride-Potassium (ACK) lysing buffer (LONZA).
After stopping the reaction by adding buffer (PBS with 0.5 % BSA), cells were washed
with the buffer followed by filtering through 70 pm nylon mesh to remove debris. Single
cell suspensions were stimulated with phorbol 12-myristate 13-acetate (PMA) and
ionomycin for 6 hours to assess cytokine production using intracellular staining. Cytokines

in BALF were measured by enzyme linked immunosorbent assay (ELISA).

House dust mite extract-induced allergic airway inflammation

Mice were challenged intranasally with house dust mite (HDM; Greer Laboratories)
extract every other day for 16 days. HDM extract (25 ug) was diluted with 20 pl PBS and
administered into the nose. Mice were sacrificed 1 day after final intranasal challenge. The
subsequent procedures for sample harvesting are the same as for the A. fumigatus

extract-induced allergic airway inflammation experiment.

Reverse transcription (RT) and quantitative real-time PCR (qPCR)

Total RNA was extracted using TRIzol reagent (ThermoFisher Scientific) and
reverse transcribed using cloned Avian Myeloblastosis Virus (AMV) reverse transcriptase
(ThermoFisher Scientific). For qPCR, Tagman real time PCR assay (ThermoFisher
Scientific) was used for gene expression analysis. Tagman probes used for gPCR are
listed in Table 4. Gene expression was normalized to housekeeping gene expression (2-

microglobulin). The relative gene expression was calculated by the change-in-threshold
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(2-ACt) method. All experiments were performed in duplicate in two independent
experiments and results are presented as standard error of means (SEM) of biological

replicates.

Table 4. Tagman probes for gPCR

Mouse

Gene Cat. No.
B2m Mm00437762 m1
Batf MmO00479410 m1
Bcl6 Mm00477633 m1
Jun MmO00495062 s1
Foxp3 | Mm00475165 m1
Gata3 | Mm00484683 m1
1d3 Mm00492575 m1
Ifng Mm01168134 m1
119 Mm00434305 m1
1110 MmO00439614 m1
l117a Mm00439618 m1
114 MmO00445259 m1
Irf1 MmO00515191 m1
Irf4 MmO00516431 m1
Junb Mm04243546_s1
Nfil3 MmO00600292 s1
Rorc Mm00441139 m1
Runx3 | Mm00490666 m1
Spit Mm00488142 m1
Stat6 | Mm01160477 m1
Tbx21 | Mm00450960 m1
Human

Gene Cat. No.
B2M Hs99999907 m1
IL10 Hs99999035 m1
IL21 Hs00222327 m1
IL9 Hs00914237 m1
STAT6 | Hs00598625 m1
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Flow cytometric analysis

For cytokine staining, in vitro cultured CD4* T cells were stimulated with PMA and
ionomycin for 2 hours followed by monensin for a total of 6 hours. After fixation with 1%
formaldehyde for 10 mins at RT, cells were washed two times with FACS buffer (PBS with
0.5 % BSA). For transcription factor staining, cells were fixed with Foxp3/Transcription
factor fixation buffer (eBioscience) at 4°C in dark for 30 mins or overnight. Fixed cells were
permeabilized with permeabilization buffer (eBioscience), and stained for cytokines and
TFs with fluorochrome conjugated antibodies at 4°C in dark for one hour. Stained cells

were washed two times with FACS buffer and resuspended with 500 ul of FACS buffer for

flow analysis. Fluorescent antibodies for flow cytometric analysis are listed in Table 5.

Table 5. Fluorescent antibodies for flow cytometric analysis

Antigen/Name Clone Fluorochrome Company Cat. No.
CD11b M1/70 PerCP-Cy5.5 eBioscience 45-0112-82
CD11c N418 PE-Cy7 eBioscience 25-0114-82

CD3 145-2C11 PerCP-Cy5.5 BD Biosciences 551163
GK1.5 FITC BD Biosciences 553729
GK1.5 PE BioLegend 100408
cD4 GK1.5 PerCP-Cy5.5 BioLegend 100434
GK1.5 PE-Cy7 BioLegend 100422
GK1.5 APC BioLegend 100412
GK1.5 APC-Cy7 BD Biosciences 552051
F4/80 BMS8 FITC BioLegend 123108
Foxp3 MF23 FITC BD Biosciences 560403
IFN-y XMG 1.2 PerCP-Cy5.5 eBioscience 45-7311-82
IL-10 JES5-16E3 FITC BioLegend 505006
JES5-16E3 PE eBioscience 12-7101-82
IL-17A eBio17B7 PE-Cy7 eBioscience 25-7177-82
IL-4 11B11 AF647 BioLegend 504110
IL-9 RM9A4 PE BioLegend 514104
Ly6G 1A8 APC BioLegend 127613
SiglecF E50-2440 PE BD Biosciences 552126
Vi F|>.<§1ble eFluor 780 eBioscience 65-0865-14
iability dye
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Enzyme linked immunosorbent assay (ELISA)

Cytokine capturing antibodies were coated on 96 well plate (NUNC) with 50 pl of
coating buffer (dH.O with 0.1 M NaHCO3; pH 9) and incubated at 4°C overnight. After
washing the plate three times with washing buffer (PBS with 0.05% Tween-20), 250 pl of
ELISA buffer (PBS with 2% BSA) was added to well and incubated at RT for one hour to
prevent non-specific binding. After washing the plate three times with washing buffer, 100
I of diluted samples (10-100 fold diluted with ELISA buffer) and standard cytokines were
added and incubated at 4°C overnight. The next day, after washing the plate three times
with washing buffer, 100 pl of the biotinylated secondary antibody was added and
incubated at RT for one hour. After washing the plate three times with washing buffer, 100
ul of washing buffer with 0.05% of avidin-alkaline phosphatase (Sigma-Aldrich) was added
and incubated at RT for one hour. After washing the plate three times with washing buffer,
100 pl of the substrate buffer with p-Nitrophenyl Phosphate (PNPP) (Sigma-Aldrich), a
phosphatase substrate, was added to each well. Reaction was stopped by adding stop
solution (1N NaOH) and measured with the Biorad Microplate 680 ELISA reader. Primary

and secondary antibodies for ELISA are listed in Table 6.
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Table 6. ELISA capture and biotinylated secondary antibodies

Capture Abs Clone Stock Final Company Cat. No.
conc.

IL-17A TC11- 0.5mg/ml 2ug/ml BD 555068
18H10 Biosciences

IL-10 JES5-2A5 1mg/ml 4ug/ml BD 551215
Biosciences

IL-4 11B11 0.5mg/ml 2ug/ml BD 554434
Biosciences

IL-9 D8402E8 1mg/ml 1ug/ml BD 551218
Biosciences

IFN-y R4-6A2 1mg/ml 2ug/ml BD 551216
Biosciences

Secondary Clone Stock Final Company Cat. No.

Abs conc.

IL-17A TC11- 0.5mg/ml 1Tug/ml BD 555067
18H10 Biosciences

IL-10 SXC-1 0.5mg/ml Tug/ml BD 554423
Biosciences

IL-4 BVD6-24G2 0.5mg/ml Tug/ml BD 554390
Biosciences

IL-9 D9302C12 0.5mg/ml 1ug/ml BioLegend 504804

IFN-y XMG1.2 0.5mg/ml 1ug/mi BD 554410
Biosciences

Chromatin Immunoprecipitation (ChiP)

In vitro differentiated Th cells (1 x 107) were cross-linked for 15 mins with 1%
formaldehyde at RT with rotation. The reaction was quenched by adding 0.125 M glycine
and incubated at RT for 5 mins. Cells were washed with ice cold PBS two times. After the
second wash, cell pellets were processed for next step or stored at -80 °C for subsequent
use. Fixed cells were lysed by 400 ul of cell lysis buffer and incubated on ice for 10 mins.
After centrifugation, supernatant was discarded and lysates were incubated with 400 pl of
nuclear lysis buffer on ice for 10 mins. Nuclei were degraded and chromosomal DNA
were fragmented by sonication using sonicator. After sonication, debris were removed by

centrifugation at 13000 rpm for 10 mins at 4°C and supernatant was transferred to new
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tube. 40 pl of supernatant containing lysates of 1 x 10° cells was used for one ChIP
experiment. The supernatant was diluted 10 fold with ChIP dilution buffer. After pre-
clearing with salmon sperm DNA, bovine serum albumin, and a protein agarose A bead
slurry (50%, Millipore), the supernatant was incubated with the ChIP antibodies for either
rabbit polyclonal Etv5, p300, E4BP4, IRF4, STAT6, STAT5 (Santa Cruz Biotechnology),
GATAS3, IRF4 D9P5H, BATF D7C5, PU.1 (Cell Signaling Technology), SMC1 or
CRSP1/TRAP220 (Bethyl Laboratory), H3K14ac or normal rabbit IgG (Millipore),
H3K4me1, H3K27ac, H3K4me3 or H3K27me3 (Abcam) at 4°C overnight with rotation.
ChIP antibodies are listed in Table 7. The following day, immunocomplexes containing
antibody/protein/DNA were incubated with Protein Agarose A or G beads at 4°C for 2~4
hours. After centrifuging at 2000 rpm for 2 mins at 4°C, the supernatant of the IgG control
sample was kept for input samples. Immunocomplexes were washed one time with low
salt, high salt, LiCl and two times with TE buffer. After the last wash of TE buffer,
complexes were incubated with 250 ul of elution buffer at RT for 15 mins with rotation.
After centrifuging at 2000 rpm for 2 mins at RT, the supernatant was transferred to new
fresh tube. After repeating the elution step, 25 pl of 4M NaCl was added to 500 pl of
supernatant to reverse cross-links at 65°C overnight. The next day, DNA was purified
using phenol-chloroform extraction, and resuspended in 200 pl of nuclease free water and
analyzed by gPCR. SYBR green master mix (Applied Biosystems) was used to measure
amplification of DNA using 7500 Fast Real-Time PCR system (Applied Biosystems). ChlIP
primer sequences are listed in Table 8. After normalization to the Input DNA, the amount

of output DNA of each target protein was calculated by subtracting that of the IgG control.
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Table 7. Antibodies for ChlIP assay

Transcription factor

Antigen/Name Clone Host Company Cat. No.
BATF D7C5 | Rabbit | Gl Signaling 8638
Technology
C-Jun H-79 Rabbit Santa Cruz sc-1694
Biotechnology
CRSP1/TRAP220 polyclonal Rabbit | Bethyl Laboratories A300-793A
CTCF D31H2 | Rabbit | el Signaling 3418
Technology
Cc-18 Goat Santa Cruz Sc-9550
Biotechnology
EABP4 Santa Cruz
V-19 Goat >anta L Sc-9549
Biotechnology
ETV5 H-100 | Rabbit Santa Cruz Sc-22807
Biotechnology
GATA3 D13C9 | Rabbit |  C°! Signaling Sc-268
Technology
GCN5 H-75 Rabbit Santa Cruz Sc-20698
Biotechnology
DOPSH | Rabbit |  C8! Signaling 15106
Technology
IRF4 Santa Cruz
H-140 Rabbit ) Sc-28696
Biotechnology
Jun-B 210 Rabbit Santa Cruz Sc-73
Biotechnology
P300 N-15 Rabbit Santa Cruz Sc-584
Biotechnology
PU.1 9G7 Rabbit | C8! Signaling 2258
Technology
SMCA1 polyclonal Rabbit | Bethyl Laboratories A300-055A
STATS C-17 Rabbit Santa Cruz Sc-835
Biotechnology
STAT6 M-20 Rabbit Santa Cruz Sc-981
Biotechnology
Histone modification
Antigen/Name Clone Host Company Cat. No.
H3ac polyclonal Rabbit Millipore 06-755
H3K27ac polyclonal Rabbit Abcam Ab4729
H3K27me3 mAbcam6002 | mouse Abcam Ab6002
H3K4me1 polyclonal Rabbit Abcam Ab8895
H3K4me3 polyclonal Rabbit Abcam Ab8580
H4K16ac polyclonal Rabbit Millipore 07-329
H4K5ac monoclonal | Rabbit Millipore 04-118
H4K5ac monoclonal | Rabbit Millipore 04-118
H4K8ac polyclonal Rabbit Millipore 07-328
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Norm%' gabb” polyclonal | Rabbit Millipore 12-370
Table 8. Sequences of ChIP primers
Mouse
Primers Forward (5'-3") Reverse (5'-3")
I9CNS-6 | GAGCTGAACGCAGGCCAAG | CTTGGAACTAGTTATCTCTCC
6 kb AACGA ACTG
JI9 promoter | GTGGGCACTGGGTATCAGTT | CAGTCTACCAGCATCTTCCAG
“5bp ~ -67bp TGATGT TCTAG
I9CNS 25 1 | ATGTCATGAGGCTTGTCTGC | ACTCCTAATCTTCAAGCCCCT
II9CNS -25 2 | AGCAGGCGACCACTTTAAAA | GCCAACTCTCAGCATGTGTT
19-35kp | GACCOAGAGBGGAMMACAT | raccacTecacaGTCTAMT
119 -12 kb GTTGCCTTGGTTATGGTGCT | AGAATGGCCCATGAAGACCA
Human
Primers Forward (5'-3") Reverse (5'-3")
hIL9 CNS-45 | GTCACCTCACCTGTCTCCTT | ACATTGGTGCAGGGTTTGAG
hIL9 promoter | AAGTGGCCCCAACTTACAGA | CGCTTGCAGACACCTTCAAA
hIL9 CNS -18_1 | ACCTAGCCCACTGTGCAACT | CATGATGACCCTGTGGTCTG
hIL9 CNS -18_2 TTTCAGAGTA%gAAGAAAAG CATTTAGGGTGTTGCCTTTCA
AGACCAAGGACGTTAGAGC | GTTGCCATTTTAGCTAGCTTT
hIL9 -30 kb A s
hiL9-12kb | CTGGGCTCTTTGGAGAAATG | CAATGTGGCTTTTGGGATTT

Luciferase reporter assay

HEK 293T cells were grown in DMEM 1640 with 10% FBS and 1% antibiotics in a

12 well plate. When confluency reached 80~90%, cells were co-transfected with 1 ug of

the /110 promoter or CNS3 luciferase reporter vector (pGL3 basic) and 1 ug control or Etv5

expressing vector (pcDNA3.1) and 0.5 ug of pRL-TK for endogenous control using

lipofectamine 2000 (ThermoFisher Scientific).

EL4 cells, mouse lymphoma cell line, were grown in RPMI 1640 with 10% FBS

and 1% antibiotics in a 12 well plate. 2 x 10° cells were co-tranfected with 5 ug of the /9

41




gene locus containing pGL3 basic vector and 5 ug control or interested gene expressing
pcDNA3.1 vector and 0.5 pg of pRL-TK for endogenous control using Amaxa
Nucleofection Kit L (Lonza).

After 24 hours of transfection, cells were stimulated with PMA/ionomycin (only for
EL4 cells) for 6 hours and washed with PBS two times. After the second wash, cells were
lysed through 250 ul of passive lysis buffer followed by sonication. After centrifugation at
14000 rpm for 1 min at 4°C, supernatant was transferred to new tube to assess luciferase
activities. Luciferase activities were measured using the dual luciferase reporter assay
system (Promega) according to the manufacturer’s instructions. Firefly values were
normalized to renilla values; Firefly values from luciferase reporter vectors, renilla values

from pRL-TK

Statistical analysis
Two tailed Student’s t-test or one-way analysis of variance (ANOVA) were used to
generate p-value data for all data. Post hoc Tukey test was used for multiple comparisons.

p < 0.05 was considered statistically significant.
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RESULTS
Part I. The ETS family transcription factors Etv5 and PU.1 function in parallel to

promote Th9 cell development

Etv5 promotes IL-9 production

A recent report demonstrated that Etv5 promotes IL-17 production and is induced
in response to STAT-activating cytokines (107). However, EtvS had limited functions in
Th1 cells and seemed to repress IL-4 production. The repression of IL-4 was reminiscent
of the phenotype observed in T cells that lack PU.1 expression (158). Thus, we were
interested in determining the effects of EtvS on Th9 development. To test this, we isolated
naive T cells from Etv5" mice that were either negative or positive for CD4-Cre (referred
to in the figures as Etv54¢P4) and cultured them under Th2 or Th9 skewing conditions. By
intracellular cytokine staining, we observed a diminished percentage of |L-9—producing
cells in Th2 and Th9 cultures lacking the expression of Etv5 (Figure 8A). We also observed
an increased percentage of IL-4" cells in Th2 and Th9 cultures lacking Etv5 (Figure 8A).
This observation was consistent with decreased IL-9 and increased IL-4 in the
supernatants of Etv5-deficient Th2 and Th9 cultures, and with mRNA expression of these
cytokines (Figure 8B, 8C). We further observed that Th2 cytokines, including IL-5 and IL-
13, were increased in the absence of EtvS (Figure 8B). To directly demonstrate the
function of Etv5, we transduced developing Th9 cells with retroviruses containing either
no cDNA or expressing Etv5. Ectopic expression of Etv5 in Th9 cells increased the
production of IL-9 and further decreased the minimal production of IL-4 (Figure 8D).
Similarly, ectopic expression of Etv5 in Th2 cells repressed IL-4 production and increased
the percentage of cells positive for IL-9 (Figure 8D). Thus, Etv5 regulates production of IL-

9.
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Figure 8. Etv5 promotes IL-9 and inhibitsTh2-associated cytokine production. (A-D) Wild
type or Etv52CP4 naive CD4*T cells were cultured in vitro under Th2 or Th9 conditions for
5 days. (A) Representative FACS profiles of IL-9—and I[L-4—producing cells after
stimulation with PMA/ionomycin for 6 hours. Depicted cells were gated as
FSC°SSC'°CD4*. (B) Cytokines secreted after stimulation with anti-CD3 for 24 hours. (C)
119 and /14 expression after stimulation with anti-CD3 for 6 hours. Data were normalized to
B2m expression. /I9 expression was relative to wild type Th2, and //4 was relative to wild
type Th9. (D) Wild type naive CD4"T cells were cultured for 5 days in Th9 condition and
were transduced with control or Etv5-expressing retrovirus on day 2 of culture.
Representative FACS profiles of IL-9—and IL-4—producing transduced cells. Cells were
stimulated with PMA/ionomycin. Depicted cells were gated as FSC°SSC°CD4*Thy1.1*.
Data are represented as mean + SEM. (A—C) Data depicted are from two independent
experiments (four to five mice per experiment) (D) Data depicted are from three
independent experiments (two mice per experiment). A two-tailed Student t test was used
for pairwise comparisons. *p< 0.05, **p<0.01.
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Etv5 gene expression is induced after T cell activation. We compared the
expression of Etv5 during the development of Th2, Th9, and inducible Treg cells, and
observed that although there is no induction of Etv5 during Treg development, Etv5 is
dynamically regulated in Th2 and Th9 cells (Figure 9A). We observed a rapid increase in
Th2 cells and a slower increase in Th9 cells that ultimately fell to similar levels after 5 days
in culture (Figure 9A, 9B). After stimulation of Th9 cells after 5 days of culture, Eftv5 mRNA
is rapidly induced by 4 hours (Figure 9C). Consistent with regulation dissimilar from Sfpi1,
we observed Etv5 mRNA was dependent on STAT6 (Figure 9D). Etv5 mRNA was also
decreased in Th9 cultures by the absence of IRF4, suggesting Etv5 expression is
downstream of a STAT6/IRF4 network. In contrast, Etv5 expression was increased in Th9
cultures that lacked the expression of BATF or PU.1, suggesting that IL-4—dependent

expression does not require BATF (Figure 9D).

45



10 ~ -=Th2 87
P I
3 3
o Q
x x
w w
o ]
o o
2 2
W w
O-
Th2 Th9 Treg
Th Culture (Days)
C 10 Etv5 D Etvs =
c 31 I
g 8+ § —
5 61 £ o
x
w as
°>) 44 ) *¥
= 2 1= e
[+ -
Otr—r—r—T L Y
= < = = =
0 2 4 8 24 = = = =

Irfa Ad-Lck -3

CD3 Stimulation (hrs) g
[V

Sfpii ACD4

Figure 9. Etv5 expression in Th cell subsets. (A—C) Wild type naive CD4*T cells were
cultured in vitro under Treg, Th2, or Th9 conditions for 5 days. (A) Every 24 hours during
the culture period, RNA was isolated to assay for Etv5 expression by gRT-PCR in each
culture condition. (B) Comparison of Etv5 expression among the subsets at day 5 of
culture. (C) Etvd mRNA levels in Th9 cells activated with anti-CD3 for the indicated time
points. (D) T cells from mice of the indicated genotypes were cultured in vitro under Th9
condition over 5 days. Etv5 expression was measured using gRT-PCR at day 5 of culture.
A two-tailed Student t test was used for pairwise comparisons. *p< 0.05, **p<0.01. (A-D)
Data are represented as mean £ SEM from at least two independent experiments.
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Chromatin remodeling at the /19 locus by Etv5

Previous reports indicated that PU.1 bound to the //9 promoter and recruited Gen5b-
containing complexes to alter the histone modifications at the //9 locus (59, 101). We first
tested whether Etv5 also binds to the /19 locus at three CNS regions: CNS-6, CNS1 (//9
promoter), and CNS+5.5 (155). Etv5 binding was significantly enriched at the CNS-6 and
CNS+5.5 regions (Figure 10A). This was in contrast with PU.1 binding that is enriched
primarily at the /19 promoter (59, 90). Moreover, Etv5 binding at CNS+5.5 was significantly
greater in Th9 cells than in either Th2 or Th17 cells, and binding at CNS-6 was significantly
greater in Th9 than Th17, with a trend toward increased binding compared with Th2 cells
(Figure 10B). The binding of Etv5 to a nonconserved sequence in the //9 locus was barely
detectable (Figure 10B). PU.1 and Etv5 also had differential effects on the recruitment of
HAT proteins to the locus. In contrast with PU.1-deficient Th9 cells that had increased
p300 association and decreased Gcn5 association with the /19 locus (101), Etv5-deficient
cells had normal Gcn5 recruitment but significantly decreased p300 recruitment,
correlating with significant decreases in the overall histone H3 acetylation and H4K16
acetylation at the /19 promoter (Figure 10E, 10F). The histone acetylation events were
specific because there was no difference in the acetylation of H4K5 or H4K8 between
control and Etv5- deficient Th9 cells (Figure 10G, 10H). These results suggest that
although PU.1 and Etv5 have overlapping biological functions, they promote the

expression of //9 by acting on the //9 locus through distinct binding sites.
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Figure 10. Etv5 binds and enhances histone acetylation at the //9 locus (A—H) Wild type
or Etv54€P4 naive CD4*'T cells were cultured in vitro under Th9 condition, unless depicted
otherwise, for 5 days. (A) Etv5 binding, with respective isotype controls, at the //9 locus.
(B) Etv5 binding within indicated Th cultured cells at the //9 locus and a -12 kb region of
the 119 locus (negative control). (C and D) p300 or GCN5 binding to the //9 promoter. (E—
H) Depicted histone acetylation levels at the //9 promoter. (B—H) Percent input depicted
are the Etv5 ChIP values after subtraction of the control Ig ChIP values. Data are
represented as mean + SEM from two to three independent experiments (three mice per
experiment). A two-tailed Student ¢ test was used for pairwise comparisons. One-way
ANOVA with a post hoc Tukey test was used to generate p values for all multiple
comparisons. *p<0.05, **p<0.01, ***p<0.001.
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Parallel effects of PU.1 and Etv5 in vitro

These results suggested that Etv5 has distinct and overlapping functions with PU.1
in the development of Th9 cells. To test this directly, we mated mice with a conditional
PU.1-expressing allele (Sfpi1 ") with the Etv5"™ mice, in the context of the CD4-Cre
transgene. Naive CD4* T cells were isolated from control, Etv5"" CD4-Cre, Sfpi1"" CD4-
Cre, and Sfpi1 "/Etv5"" CD4-Cre mice, and cultured under Th9 conditions. Consistent
with our previous reports, Th9 cultures that were deficient in PU.1 had diminished IL-9
production (Figure 11). Similarly decreased levels of IL-9 were observed in Etv5-deficient
Th9 cultures. Importantly, Th9 cultures that were doubly deficient in PU.1 and Etv5
showed an additive effect of the deletion of each gene and had the lowest percentages of
IL-9 producing Th cells. Interestingly, although deficiency in either PU.1 or Etv5 increases
the production of IL-4, there was not an additive effect of deficiency in both factors, with

double-deficient Th9 cultures having intermediate percentages of IL-4 producing Th cells.
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Figure 11. Effect of deficiency in Etv5 and Sfpi1 on Th9 differentiation. Wild type, Etv5
ACD4 " Sfpi1 ACP4 or Etv5/Sfpi1 A°P* naive CD4* T cells were cultured in vitro under Th9
condition for 5 days. Representative FACS profiles of IL-9— and IL-4—producing cells. Cells
were stimulated with PMA/ionomycin. Depicted cells were gated as FSC°SSC°CD4*.
Data are represented as mean + SEM from three independent experiments (two to three
mice per experiment). One-way ANOVA with a post hoc Tukey test was used to generate
p values for all multiple comparisons. *p<0.05, **p<0.01, ***p<0.001. Experiments
performed in collaboration with Dr. Matthew Hufford.
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Parallel effects of PU.1 and Etv5 in vivo

We then tested whether combined deficiency in PU.1 and Etv5 had distinct effects
on IL-9 production when tested in vivo. We used the OVA/Alum allergic airway
inflammation model that has previously been shown to be partially dependent on IL-9 and
PU.1 expression in Th cells (59). Mice were sensitized and challenged as portrayed in
Figure 12A. Overall, we observed that there were parallel effects of deficiency in both PU.1
and EtvS in Th cells, with each affecting distinct aspects of inflammation. We observed
that PU.1 alone had a greater effect on total inflammation as assessed by histology and
eosinophils in the lung (Figure 12B, 12D, 12H). Etv5 deficiency resulted in significant
decreases in mucus production, polymorphonuclear leukocytes (PMNSs) infiltration, and
mast cell accumulation (Figure 12C, 12F, 12H, 121). Among these parameters, the double-
deficient mice were not significantly different from the respective single-deficient mice,
suggesting that PU.1 and Etv5 were controlling separate aspects of inflammation.
However, only the double-deficient mice were significantly lower than wild type mice in
total lung cell accumulation, Mucbac expression, and Mcpt2 expression (Figure 12E, 12G,
12J). Moreover, double-deficient mice demonstrated Mcpt71 expression that was

significantly lower than wild type and either of the single-deficient mice (Figure 12J).
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Figure 12. Pathology of mice deficient in both Etv5 and Sfpi7 in an allergic disease model.
(A) Schematic of OVA/Alum model used to promote allergic inflammation. Unchallenged
mice were sensitized with OVA/Alum but did not receive OVA challenge intranasally.
Representative images of H&E (B) and PAS staining (C) of inflamed lung tissue. (D)
Tabulated pathology scores from H&E-stained tissues. (E) Absolute cell numbers of the
lungs. (F) Tabulated PAS scores. (G) Mucbac expression in the lung. Data were
normalized to B2m expression. (H-l) Eosinophil (FSC"°SSC""SiglLecF*CD11c’),
neutrophil (FSC°SSC"Ly6G*CD11b"), and mast cell (FSC"SSCMFceR1*cKit*) absolute
numbers in the lung. (J) Mcpt1 and Mcpt2 expression in the lung. Data were normalized
to B2m expression. (D-J) Data represented as mean + SEM from two independent
experiments (five to six mice per treatment per experiment). One-way ANOVA with a post
hoc Tukey test was used to generate p values for all multiple comparisons. *p<0.05,
**n<0.01, ***p<0.001. Experiments performed in collaboration with Dr. Matthew Hufford.
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We then tested whether this corresponded to decreased IL-9 production in vivo.
Although there was a similar reduction in total CD4" T cells in the lung in each single- or
double-deficient mouse (Figure 13A), there was an overall decrease in the number and
percentage of IL-9 producing Th cells in the lung, with T cells from double-deficient mice
demonstrating IL-9 reduced to background amounts (Figure 13B, 13C), although these
values were not significantly decreased compared to mice with PU.1-deficient Th cells.
This is in contrast with the numbers and percentages of lung Th2 cytokine—producing Th
cells that were, respectively, modestly decreased or unaffected (Figure 13B, 13C). The
number of IL-13— producing Th cells in the lung was decreased in double-deficient mice,
although the percentages in the lung were not decreased, suggesting a link to overall
inflammation (Figure 12). Moreover, in the periphery, Th2 responses developed normally.
OVA stimulation of draining lymph node cells yielded normal or slightly increased
production of Th2 cytokines (Figure 13D). This was in contrast with OVA-stimulated IL-9
concentrations that were significantly decreased in cultures from mice with PU.1-deficient
or double deficient T cells (Figure 13D). Together, these data demonstrate a role for Etv5
in regulating IL-9 production and Th9 development in vitro and regulating allergic

inflammation in parallel with PU.1.
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Figure 13. CD4" T cell responses in Etv5- and Sfpi1-deficient mice during allergic
inflammation. Pulmonary allergic inflammation was generated as in Figure 12. (A)
Absolute number of CD4* T cells (FSC°SSC°CD3¢*CD4*CD8) in the lung. Numbers (B)
and percentage (C) of cytokine producing CD4* T cells in the lung. (D) Cells were collected
from the lung draining lymph nodes in allergic mice. Equivalent numbers of cells were
cultured with exogenous Ova for 36 hours. Supernatant was analyzed for depicted
cytokines. Data are represented as mean + SEM from two independent experiments (five
to six mice per treatment per experiment). One-way ANOVA with a post hoc Tukey test
was used to generate p values for all multiple comparisons. *p<0.05, **p<0.01, ***p<0.001.
Experiments performed in collaboration with Dr. Matthew Hufford.
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Part Il. Etv5 regulates IL-10 production in Th cells

Etv5 promotes IL-10 production in Th1 and Th2 cells

Our previous studies have demonstrated that Etv5 promotes the production of IL-
17A, IL-17F, and IL-21 in Th17 cells, while it had a modest repressive effect on Th2
cytokines (107). Interestingly, a recent study showed that Etv5 is highly expressed in IL-
10-producing Th1 cells (159). To determine if Etv5 had a role in regulating IL-10 production,
we isolated naive CD4* T cells from Etv5"" CD4-Cre mice and Cre-negative littermate
control and cultured them under Th1 and Th2 cell polarizing conditions before measuring
IFN-y, IL-4 and IL-10 production using intracellular cytokine staining. Although total IFN-
y-producing Th1 cells or IL-4-producing Th2 cell populations were not affected by Etv5
deficiency, we observed a significant decrease in IL-10-producing Th1 and Th2 cells in
the absence of Etv5 (Figure 14A-D). Consistent with these results, /1710 gene expression
and secreted IL-10 concentrations were significantly decreased in Etv5 deficient Th1 and
Th2 cells (Figure 14C &D). To further test the function of Etv5, we introduced EtvS into
Th1 and Th2 cells using retroviral transduction. Ectopic expression of Etv5 strongly
enhanced IL-10 production in both Th1 and Th2 cells (Figure 14E). However, the total
number of Th1 or Th2 cells were not affected (data not shown). Taken together, these
data suggested that Etv5 positively regulates IL-10 production in both Th1 and Th2 cells

without affecting lineage specific cytokine production.
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Figure 14. Etv5 promotes IL-10 but does not affect IL-4 and IFN-y production.



Figure 14. Etv5 promotes IL-10 but does not affect IL-4 and IFN-y production. (A-D) Naive
CD4* T cells from control and Etv5"" CD4 Cre* mice were cultured under Th1 or Th2 cell
conditions for 5 days. (A) On day 5, Th1 and Th2 cells were stimulated with
PMA/ionomycin for 6 hours to measure cytokine production using intracellular staining. (B)
Average percentage of IL-10-producing Th1 and Th2 cells. (C-D) Th1 and Th2 cells were
restimulated with anti-CD3 for 6 hours or overnight to measure //10 gene expression by
using gRT-PCR (C) or to assess cytokine production by means of ELISA (D). (E) Naive
CD4* T cells from wild type mice were differentiated under Th1 and Th2 cell conditions.
Twenty four hours after initiation of culture, cells were transduced with control or EtvS
expressing retrovirus. On day 5, cells were stimulated with PMA/ionomycin for 6 hours to
measure cytokine production using intracellular staining. Data are mean + SEM of 4 mice
per group and representative of three independent experiments. A two-tailed Student ¢
test was used for pairwise comparisons. *p < 0.05, **p <0.005.

Etv5 regulates IL-10 production in vivo

A. fumigatus-challenged //10-/- mice showed exaggerated airway inflammation
with significant increased production of Th2 cytokines (160). To define the effect of Etvs
on Th2 cells in vivo, we sensitized mice with A. fumigatus extract every other day for 21
days to induce type 2 inflammation (Figure 15A). One day following the final challenge,
we collected and counted BAL cells. There was no difference in cell numbers between
control mice and mice that had Etv5-deficient T cells (Figure 15B). However, the IL-10-
producing CD4" T cell population was significantly decreased in mice that had Etv5-
deficient T cells in both BAL and lung, compared to control mice (Figure 15C). This result
was consistent with decreased IL-10 present in the BAL fluid in mice with Etv5-deficient T
cells (Figure 15E). However, Etv5 deficiency did not affect the production of IL-4 in vivo
(Figure 15C-D). These data demonstrated that Etv5 plays a crucial role in regulating IL-

10 production in vivo.
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Figure 15. Etv5 deficient Th2 cells produce less IL-10 in A. fumigatus extract-induced
airway inflammation. (A) Control and Etv5"" CD4 Cre* mice were intranasally challenged
with A.fumigatus extract every other day for 21 days. (B) Total cell count in the BAL of
A.fumigatus extract-challenged control and Etv5" CD4 Cre* mice. (C-D) Lung and BAL
cells were stimulated with PMA/ionomycin for 6 hours to measure cytokine production
using intracellular staining. Representative dot plots (C) and average percentage of IL-10
producing Th2 cells in BAL and lung (D) are indicated. Cells for flow cytometric analysis
were gated on lymphocyte size and granularity, and the expression of CD4 and TCRp. (E)
IL-10 production of BAL cells was measured using ELISA. Data are mean + SEM of 6
mice per group and representative of two independent experiments. A two-tailed Student
t test was used for pairwise comparisons. *p < 0.05, **p <0.005.
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Etv5 directly binds to the //70 locus and promotes IL-10 production

The 1110 gene locus consists of a promoter and several CNS regions (28). Previous
studies reported that several IL-10 inducing transcription factors bind to the //70 locus and
promote //10 expression (136-139). Specifically, CNS3 is a primary target region of IL-10-
inducing transcription factors and critical for IL-10 regulation (Figure 16A). To test the
ability of Etv5 to directly activate gene expression from //10 regulatory elements, we co-
transfected 293T cells with Etv5 expressing vector and reporter vector containing the 1110
promoter or CNS3 region. Etv5 significantly increased CNS3 reporter activity but did not
activate the //70 promoter reporter activity (Figure 16B). We then tested whether EtvS
directly binds to the the //710 promoter and CNS3 region using ChIP assay. Etv5 strongly
bound to CNS3 region in Th2 cells but not in ThO cells that have the minimal expression
of IL-10 (Figure 16C and data not shown). As a control, EtvS did not bind to several
regulatory elements at the //4 locus, consistent with a lack of altered IL-4 production in Th2
cells lacking Etv5 (Figure 16C). These data suggest that Etv5 directly binds to the 1110

CNS3 region and promotes gene expression from binding this element.
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Figure 16. Etv5 binds to the //70 locus in Th2 cells. (A) Schematic of the //70 locus. (B)
Luciferase activity of 293T cells transfected with Etv5 expressing vector or control vector
along with /70 locus reporter vectors. (C) ChlIP analysis of Etv5 binding to the //70 and //4
loci in Th2 or ThO cells. Data are mean + SEM of two independent experiments or 4 mice
per group and representative of two independent experiments. A two-tailed Student ¢ test
was used for pairwise comparisons. *p < 0.05.
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Etv5 recruits IL-10-inducing transcription factors onto the //70 locus

Although the reporter assay would suggest that Etv5 can directly activate the /110
gene, it is also possible that Etv5 regulates the expression of other transcription factors
that are required for IL-10 expression. To determine whether Etv5 regulates the
expression of those transcription factors, we measured gene expression of the
transcription factors in control or Etv5-deficient Th2 cells. The expression of Nfil3, a global
IL-10 regulator that encodes E4BP4, was not affected by Etv5 deficiency (Figure 17A).
Similarly, gene expression of other transcription factors was not affected by Etv5
deficiency (Figure 17A).

Despite normal expression of other IL-10-inducing transcription factors, it was still
possible that they were not able to bind to the //70 locus in the absence of Etv5. To test
whether these factors were still binding the //70 locus in the absence of Etv5, we used
ChIP assays to assess binding in control and Etv5-deficient Th2 cells. E4BP4 bound to
the 1110 promoter, intronic region (+2.5 kb) and more strongly CNS3 region in wild type
Th2 cells (Figure 17B). However, in absence of Etv5, E4BP4 failed to bind to these regions,
suggesting that Etv5 deficiency affected the binding of E4BP4 across the entire //10 locus,
especially at the CNS3 region. In the CNS3 region, recruitment of all transcription factors
was significantly decreased in Etv5 deficient Th2 cells (Figure 17C). Etv5-deficient Th2
cells also showed decreased H3K4me3. (Figure 17D). p300 strongly bound to the CNS3
region, but binding was greatly decreased in Etv5-deficient Th2 cells (Figure 17D). Histone
3 lysine 14 acetylation, linked to p300 activity, was also significantly decreased in Etvb
deficient Th2 cells (Figure 17D). Thus, Etv5 is required for the maximal binding of IL-10-

inducing transcription factors to the CNS3 region in Th2 cells.
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Figure 17. Etv5 enhances the binding of IL-10-inducing transcription factors. (A)
Expression of IL-10-inducing transcription factors in control and Etv5""CD4 Cre* Th2 cells
were measured using qRT-PCR. (B-D) ChIP analysis of E4BP4 (B), IL-10 inducing
transcription factors (C), or histone modifications and p300 (D) at the //10 locus in WT or
Etv5-deficient Th2 cells. Data are mean £ SEM of 4 mice per group and representative of
two independent experiments. A two-tailed Student t test was used for pairwise
comparisons. *p < 0.05, **p <0.005.
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Etv5 functionally cooperates with GATA3 and E4BP4

The diminished binding of multiple transcription factors to the //70 locus suggests
that transduction of those factors into Etv5-deficient T cells would also have diminished
effects. To test this directly, we ectopically introduced Etv5, E4BP4, or GATAS3 into wild
type or EtvS-deficient Th2 cells using retroviral transduction and measured IL-10
production using intracellular staining. In wild type Th2 cells, ectopic expression of each
factor significantly promoted IL-10 production (Figure 18A-B). In Etv5-deficient Th2 cells,
ectopic Etv5 expression rescued IL-10 production to control levels (Figure 18A-B). Ectopic
expression of GATA3 and E4BP4 increased IL-10-producing cells, but effects were still
decreased in the absence of Etv5, compared to wild type Th2 cells. These data further
support an important role for Etv5 in the appropriate functions of GATA3 and E4BP4 in

1110 regulation.
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Figure 18. Etv5 deficiency decreases the ectopic expression effects of IL-10 inducing
transcription factors. WT and Etv5-deficient naive CD4* T cells were cultured under Th2
cell condition for 5 days. After one day of culture, cells were transduced with control or
transcription factor-expressing retrovirus. On day 5, cells were restimulated with
PMA/ionomycin for 6 hours to assess IL-10 production using intracellular staining analysis.
(A) Average percentage of IL-10 producing cells and (B) representative of flow cytometry
image of data in (A). Data are mean + SEM of 3 mice per group and representative of
three independent experiments. A two-tailed Student { test was used for pairwise
comparisons. *p < 0.05, **p <0.005.
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Ectopic Etv5 expression restores its function in Etv5 deficient Th2 cells

Our data suggests that IL-10-inducing transcription factors require Etv5 for optimal
binding to the /110 locus and IL-10 induction. To test whether re-introduction of Etv5
rescues the binding of other transcription factors to the //70 locus, we introduced Etv5 into
Etv5 deficient Th2 cells using retroviral transduction followed by ChIP assay. Etv5 deficient
Th2 cells infected by empty virus showed decreased binding of IRF4, GATA3 and E4BP4
at the CNS3 region, compared to wild type Th2 cells infected by the same virus (Figure
19), consistent with data in Figure 17C using non-transduced cells. Importantly, ectopic
Etv5 expression in Etvs-deficient Th2 cells restored the binding of all three transcription
factors at the CNS3 region indicating that Etv5 plays a pivotal role in regulating the binding

of transcription factors to the /10 locus.
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Figure 19. Ectopically introduced Etv5 in Etv5-deficient Th2 cells increases transcription
factor binding to the /10 locus. After one day of culture, Etv5-deficient Th2 cells were
transduced with control or Etv5 expressing retrovirus. On day 5 of culture, ChIP assay
was performed to examine transcription factor binding at the //710 locus. Data are mean *
SEM of 3 mice per group and representative of two independent experiments. A two-tailed
Student t test was used for pairwise comparisons. *p < 0.05, **p <0.005.
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Part Ill. Identification of novel enhancers for //9 gene expression in T cells

p300 ChIP and ChiIP-seq

Enhancers function independent of their location which makes identification of
enhancers more challenging. To narrow down enhancer candidates for /19 gene
expression, we used several strategies. Because enhancers are highly conserved
between species, we screened CNSs around the //9 locus using evolutionary conservation
of region (ECR) browser. In addition to CNS+5.5 and CNS-6, a region 25 kb upstream of
the //9 TSS in mice is highly conserved with a -18 kb region of the human //9 gene (Figure
20A). p300 binding is an indicator of active enhancers (111). To examine the binding of
p300 across the /19 locus, p300 ChIP assay was performed in T cell subsets. In Th9 cells,
p300 strongly bound to CNS-25, CNS-6 and the /9 promoter (//9p) (Figure 20B).
Consistent with p300 ChIP analysis, p300 ChlP-seq data showed strong signals at the
CNS-25, CNS-6 and /19 promoter (Figure 20C). We examined this region in Th2 cells using
publically available data (GSE 22104 (8)/ GSE 40463 (123)). We observed signals for
p300 and H3K4me1 at the CNS-25 and CNS-6 but not at the /19 promoter, consistent with
low or absent //9 expression in Th2 cells. STAT6 binding was also observed at the CNS-

25 and CNS-6.
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Figure 20. p300 binds to the CNS-25, CNS-6 and the //9 promoter. (A) Schematic of the
mouse //9 locus and conserved regions with the human /L9 locus. (B) Naive CD4* T cells
were isolated from WT mice and cultured under different Th cell polarizing conditions. On
day 5, cells were harvested for ChIP analysis using p300 antibody. ChIP analysis of p300
at the CNS regions of the //9 locus and at -12 kb, -35 kb regions for negative control.
Percent input depicted are the histone modification ChIP values after subtraction of the
control IgG ChIP values. (C) ChIP seq analysis of p300 in Th9 cells and p300, STAT6 and
H3K4me1 in Th2 cells. Data are mean + SEM (n=4/experiment). One-way ANOVA with a
post hoc Tukey test was used to generate p values for all multiple comparisons. **p <0.01,
***p <0.001
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Analysis of CNS-25 enhancer activity

Based on p300 ChIP and ChIP-seq analysis, we hypothesized that the CNS-25
region might be an enhancer for //9 gene. To test whether CNS-25 has an enhancer
activity, dual luciferase reporter assays were performed. We co-transfected EL4 cells with
the 119p reporter vectors with or without CNS-25, and an IRF4 expression vector.
Consistent with previous reports, IRF4 significantly increased //9p activity (Figure 21A). In
the absence of IRF4, CNS-25 did not enhance //9p activity. However, when co-transfected
with IRF4, CNS-25 significantly enhanced //9p activity. Because enhancers function
independently of their direction and location, //9p reporter vector was modified by adding
reverse direction of CNS-25 into upstream of //19 promoter or 3’ of the luciferase gene.
Regardless of direction and location, CNS-25 significantly enhanced IRF4-induced //9p
activity. These data suggest that CNS-25 has an enhancer activity. BATF and IRF4
cooperate to bind to an AICE element in the //19 promoter and promote //9 gene expression
(54). After screening AICE sites in CNS-25 region, the IRF4 consensus sequence in these
sites were point mutated in a CNS-25-//9p reporter vector (Figure 21B). After co-
transfection of EL4 cells with these vectors and IRF4 expression vector, //9p reporter
activities were measured. AICE#1~#3 mutations caused modest decrease in //9p reporter
activities. Point mutations in AICE#4~#7 did not affect //9p activity. Next, we deleted
sequences between AICE#1 and AICE#2 (25bp), AICE#3 and AICE#5 (40bp), AICE#6
and AICE#7 (85bp) in the CNS-25-1/9p reporter vector (Figure 21C). After co-transfection
of EL4 cells with these vectors and IRF4 expression vector, //9p reporter activities were
measured. Similar to the point mutations in AICEs, deletion of AICEs showed only modest
and insignificant decreases in /I9p reporter activity. These data suggest that these sites
might not be actual AICEs. Another possibility is that point mutations or deletions of AICEs
in CNS-25 might not be sufficient for a significant effect on the //9 reporter activity because

of redundancy of AICEs.
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Figure 21. CNS-25 enhances //9 promoter activity.
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Figure 21. CNS-25 enhances //9 promoter activity. (A) EL4 T cells were transfected with
IRF4 expressing vector or control vector along with the //9 locus reporter vectors following
activation with PMA/ionomycin for 6 hours to assess reporter activities. (B) Schematic of
the CNS-25-1I9p reporter vector with point mutations in AICE candidates and their effects
on /19p activity (C) Schematic of the CNS-25-//9p reporter vector with deletions of AICE
candidates and their effects on //9p activity. Data are mean + SEM of two independent
experiments. A two-tailed Student t test was used for pair wise comparisons. *p < 0.05,
**p <0.01, ***p <0.001

Histone modifications and the binding of transcription factors at the //9 locus

Previous studies showed that active enhancers have opened chromatin status with
active histone modifications such as H3K4me1 and H3K27ac (127). These histone
modifications change closed chromatin, called heterochromatin, to opened chromatin,
called euchromatin, which allows TFs to bind to accessible DNA (111).

To determine the chromatin status of CNS-25 in T cell subsets, ChIP assays were
performed using antibodies against active enhancer marks H3K4me1 and H3K27ac, and
repressive mark H3K27me3. Both H3K4me1 and H3K27ac modifications at the CNS-25
were significantly higher in Th9 cells than other T cell subsets (Figure 22B). In contrast,
H3K27me3 was significantly lower at both CNS-25 and //9 promoter in Th9 cells compared
to other T cell subsets. These results indicate that the CNS-25 has an activated and
opened chromatin status in Th9 cells which allow TFs easily get access to this region.
Next, we measured H3K4me3, an active promoter marker, to determine whether CNS-25
has a promoter activity. H3K4me3 was the highest at the //9 promoter in Th9 cells among
T cell subsets. However, H3K4me3 was much lower at the CNS-25 than at the //9 promoter
in Th9 cells suggesting that CNS-25 does not have a promoter activity. The histone

modification analyses further support that CNS-25 is an //9 enhancer.
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Figure 22. Active histone modifications at the //9 locus in Th cell subsets. Naive CD4* T
cells were isolated from WT mice and cultured under different Th cell polarizing conditions.
On day 5, cells were harvested for ChlIP analysis using H3K4me1, H3K27ac, H3K27me3
and H3K4me3 antibodies. (A) Schematic of the //9 locus in mice. (B) ChIP analysis of
histone modifications at the //9 locus. Data are mean + SEM (n=4/experiment). One-way
ANOVA with a post hoc Tukey test was used to generate p values for all multiple
comparisons. *p < 0.05, **p <0.01, ***p <0.001

In addition to specific histone modifications, active enhancers are co-occupied with
many TFs (111). The results of histone modifications at the CNS-25 suggest that //9
inducing TFs might bind to the CNS-25. To examine this, further ChIP assays were
performed to measure the binding of TFs such as BATF, IRF4, STAT6, STATS and PU.1.

Consistent with previous reports (54, 55, 59, 90), BATF, IRF4, STAT6, STAT5 and PU.1
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strongly bound to the /9 promoter in Th9 cells (Figure 23B). Interestingly, BATF, IRF4,
STAT6 and STATS5 also strongly bound to the CNS-25 in Th9 cells. However, PU.1 binding

was not detected at CNS-25.
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Figure 23. IL-9-inducing transcription factors co-occupy the //9 locus in Th9 cells. Naive
CD4* T cells were isolated from WT mice and cultured under different Th cell polarizing
conditions. On day 5, cells were harvested for ChIP analysis using STAT6, STATS5, IRF4,
BATF and PU.1 antibodies. (A) Schematic of the //9 locus in mice. (B) ChIP analysis of
the binding of transcription factors at the //9 locus. Data are mean + SEM (n=4/experiment).
One-way ANOVA with a post hoc Tukey test was used to generate p values for all multiple
comparisons. *p < 0.05, **p <0.01, ***p <0.001
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Effects of STAT6 and IRF4 deficiency on CNS-25 chromatin modifications

Previous studies revealed that STAT6 and IRF4 are critical IL-9-inducing factors.
Both STAT6 and IRF4 deficient CD4* T cells cultured under Th9 condition showed
dramatically reduced IL-9 production (55, 90). To examine the effects of STAT6 and IRF4
deficiency on CNS-25 chromatin modifications, ChIP assays were performed. Either
STATG6 or IRF4 deficient Th9 cells failed to recruit p300 and BATF to the CNS-25 (Figure
24A & B). Moreover, H3K4me1 level was also significantly decreased in these cells which

might result in failure of the activation of CNS-25.
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Figure 24. IRF4 and STAT6 are important for mediating chromatin modifications at the
CNS-25. Naive CD4* T cells were isolated from Irf4"" Lck Cre*, STAT6 KO and WT mice
and cultured under Th9 cell polarizing condition. On day 5, Irf4"" Lck Cre* (A) or STAT6
KO (B) Th9 cells cells were harvested for ChIP analysis using p300, BATF and H3K4me1
antibodies. Data are mean = SEM of 4 mice per group and representative of two
independent experiments. A two-tailed Student ¢ test was used for pair wise comparisons.
*p < 0.05, **p <0.01, ***p <0.001
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CNS-25 is critical for regulating //9 gene expression in vitro

To define the function and specificity of CNS-25 for /19 gene expression, CNS-25
germline deficient (//9 2°NS-25) mice were generated by Taconic using a CRISPR/Cas9
approach. (Figure 6). Mutant mice were bred to homozygosity and appeared normal.
Lymphoid organ cellularity and composition appeared normal. Proliferation rate and
viability of T cells were normal (data not shown). First, we compared IL-9 production in Th
cell subsets between /19 2°NS25 mice and their littermates as a wild type control. After
isolation of naive CD4" T cells from these mice, cells were cultured under the indicated
Th cell conditions for 4 or 5 days. On day 4 or day 5, IL-9 production of Th cell subsets in
wild type and //92°NS2° mice was analyzed using intracellular staining. IL-9 production was
significantly decreased by about 75% in /9 2°NS-25 Th9 cells compared to wild type Th9
cells on day 4 (Figure 25A, 25B). This defect in IL-9 production by //92°NS-25Thg cells on
day 4 was similar in the presence or absence of anti-IL-10R neutralizing antibody on day

5 (Figure 25A, 25B).
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Figure 25. CNS-25 deletion impairs IL-9 production in Th9 cells. Naive CD4* T cells were
isolated from WT or //92°NS-25 mice and cultured under Th9 cell polarizing condition with or
without anti-IL-10R antibody. (A) On day 4 or day 5, cells were restimulated with
PMA/ionomycin for 6 hours to measure cytokine production using intracellular staining. (B)
Average percentage of IL-9 producing T cells in total CD4" T cells. Data are mean + SEM
of 3 mice per group and representative of two independent experiments. A two-tailed
Student t test was used for pair wise comparisons. *p < 0.05, **p <0.01, ***p <0.001
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To confirm flow cytometry data, the amount of IL-9 in the supernatant and //9 gene
expression in Th9 cells were measured using ELISA and gRT-PCR, respectively.
Consistent with flow cytometry data, the amount of IL-9 and //9 gene expression level were
significantly decreased in /9 2°NS25 Th9 cells on day 4 and day 5 (Figure 26 and 27).
However, IL-4 and IL-10 production and their gene expression were not affected by CNS-

25 deletion suggesting that CNS-25 specifically regulates //9 expression (Figure 26 and
27).
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Figure 26. IL-9 production was impaired by CNS-25 deletion in Th9 cells. Day 4 (A) or
day 5 (B) cultured Th9 cells were restimulated with anti-CD3 overnight to assess cytokine
production by means of ELISA. Data are mean + SEM of 3 mice per group and
representative of two independent experiments. A two-tailed Student ¢ test was used for
pair wise comparisons. *p < 0.05, **p <0.01, ***p <0.001
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Figure 27. //9 gene expression was impaired by CNS-25 deletion in Th9 cells. Day 4
cultured Th9 cells with (A) or without anti-IL10R antibody (B) were restimulated with anti-
CDa3 for 6 hours to measure cytokine gene expression using gRT-PCR. Data are mean +
SEM of 3 mice per group and representative of two independent experiments. A two-tailed
Student t test was used for pair wise comparisons. *p < 0.05, **p <0.01
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To exclude the possibility that CNS-25 deletion affects //9 expression by altering
TF expression, TF gene expression was measured using qRT-PCR. Batff, Irf4, Stat6 and
Sfpi1 gene expression were similar between wild type and //92NS25Th9 cells (Figure 28A).
Additionally, gene expression of IL-9 repressing TFs such as T-bet, Foxp3, RORc, Bcl6,
Runx3, Id3 and IRF1, were also not affected by CSN-25 deletion (Figure 28B). These data
strongly indicate that CNS-25 specifically regulates /19 expression without affecting other

cytokine or TF expression which might affect Th9 cell development.
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Figure 28. CNS-25 deletion does not affect gene expression of TFs regulating //9
expression in Th9 cells. On day 4, Th9 cells were restimulated with anti-CD3 for 6 to
measure cytokine gene expression using qRT-PCR. The gene expression of IL-9-inducing
(A) or repressing (B) TFs in WT and //9 2°N$-25 were measured using gRT-PCR. Data are
mean = SEM of 3 mice per group and representative of two independent experiments. A
two-tailed Student t test was used for pair wise comparisons. *p < 0.05, **p <0.01, ***p
<0.001
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Next, we studied the effect of CNS-25 deletion on //9 expression in other Th cell
subsets. Human Th17 cells produce IL-9 in response to IL-10 and pro-inflammatory
cytokines, and murine Th17 cells also produce IL-9 (98, 161). As a previous report showed,
Th17 cells produced IL-9 although the expression was much less than in Th9 cells
(compare Figure 29 to Figure 25 and 26). However, /192°N$25 Th17 cells barely produced
IL-9. And CNS-25 deletion did not affect IL-17 production. To confirm this cytometry data,
the amounts of IL-9 and IL-17A in the supernatant of Th17 cells were measured by ELISA.
IL-9 production was significantly decreased in /9 2NS25 Th17 cells, however IL-17A
production was not changed (Figure 29C, 29D). Additionally, the gene expression of //17a

and Rorc were also not altered in /192°NS-25Th17 cells (Figure 30).

A WT 119 5CNs-25 Total IL-17A+ cell Total IL-9+ cell - W7
— = ACNS-25
0.240.05 3 ¥ T8 1119
o o
- 25 e 7
+ T + 6
<
a 2 s
O s O,
g B,
|C_> 10 '9
— s 2
0.5£0.02 ° 5 S,
, x® =
0 0
c IL-9 IL-A7A D IL-9 IL-47A
300 ¢ 20000 80 . 8000 )
250 [ 70 1 7000 =
I 15000 60 _ 6000
£ 200 = T € 50 £ 5000
D 150 S 10000 D 40 g 4000
Q o
_— 30 3000
5000 20 2000
50 , 10 N.D 1000
0 0 0 0

Figure 29. CNS-25 deletion impairs IL-9 production in Th17 cells. Naive CD4* T cells were
isolated from WT or //92NS-25 mice and cultured under Th17 cell polarizing condition. On
day 4, cells were harvested for analysis. (A) Cells were restimulated with PMA/ionomycin
for 6 hours to measure cytokine production using intracellular staining. (B) Average
percentage of IL-9 producing T cells in total CD4* T cells. Day 4 (C) or day 5 (D) cultured
Th17 cells were restimulated with anti-CD3 overnight to assess cytokine production by
means of ELISA. Data are mean + SEM of 3 mice per group and representative of two
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independent experiments. A two-tailed Student ¢t test was used for pair wise comparisons.
*p < 0.05, **p <0.01, ***p <0.001. N.D., not detected.
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Figure 30. CNS-25 deletion does not affect the gene expression of //17a and Rorcin Th17
cells. Day 4 cultured Th17 cells were restimulated with anti-CD3 for 6 hours to measure
cytokine gene expression using qRT-PCR. Data are mean + SEM of 3 mice per group and
representative of two independent experiments. A two-tailed Student ¢ test was used for
pair wise comparisons. **p <0.01, ***p <0.001
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In contrast to the effects of CNS-25 deletion in Th9 and Th17 cells, //92CNS-25Th2
cells produced more IL-9 than wild type Th2 cells although still much less than Th9 cells
(compare Figure 31 to Figure 25 and 26). However, //92°NS25Th2 cells produced normal
amount of IL-4. To confirm this cytometry data, the amounts of IL-9 and IL-4 in the
supernatant of Th2 cells were measured by ELISA (Figure 31C, 31D). IL-9 production was
significantly increased in /19 2°NS-25 Th2 cells, however IL-4 production was not changed.
Additionally, the gene expression of //4 and Gata3 were not altered in //92°NS2° Th2 cells
(Figure 32). These data suggest that CNS-25 might act as a repressor of //9 gene

expression in Th2 cells.
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Figure 31. Deletion of CNS-25 promotes IL-9 production in Th2 cells. Naive CD4* T cells
were isolated from WT or //92°NS-25 mice and cultured under Th2 cell polarizing condition.
On day 4, cells were harvested for analysis. (A) Cells were restimulated with
PMA/ionomycin for 6 hours to measure cytokine production using intracellular staining. (B)
Average percentage of IL-9 producing T cells in total CD4* T cells. Day 4 (C) or day 5 (D)
cultured Th2 cells were restimulated with anti-CD3 overnight to assess cytokine
production by means of ELISA. Data are mean + SEM of 3 mice per group and
representative of two independent experiments. A two-tailed Student ¢ test was used for
pair wise comparisons. *p < 0.05, **p <0.01, ***p <0.001
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Figure 32. CNS-25 deletion does not affect the gene expression of /14 and Gata3 in Th2
cells. Day 4 cultured Th2 cells were restimulated with anti-CD3 for 6 hours to measure
cytokine gene expression using qRT-PCR. Data are mean + SEM of 3 mice per group and
representative of two independent experiments. A two-tailed Student ¢ test was used for
pair wise comparisons. **p <0.01, ***p <0.001
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We also examined whether CNS-25 deletion affects IL-9 production and the
development of Treg and Th1 cells. To do this, Foxp3 and Ifng expression were measured,
as hallmarks of Treg and Th1 cells respectively. Both //9 2°NS-25 Treg and Th1 cells
expressed normal Foxp3 and Tbx21, which suggest that the CNS-25 deletion does not
affect Treg and Th1 cell development (Figure 33, 34). In Treg cells, //9 gene expression
was significantly decreased in /9 2cNS25 Treg cells, however //10 expression was not
altered (Figure 33). In Th1 cells, IL-9 was barely detected and there were no differences
between wild type and //9 2NS25 Th1 cells in either ICS or qRT-PCR (Figure 34). We
compared /19 expression in Th cell subsets and it was much higher in Th9 cells than other
Th cell subsets (Figure 35). These results strongly indicate that CNS-25 is a critical
enhancer for regulating /19 expression in T cell subsets, especially in Th9 cells, without

affecting other cytokines or TF expression which might affect Th9 cell development.
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Figure 33. Deletion of CNS-25 impairs IL-9 production in Treg cells. Naive CD4* T cells
were isolated from WT or //92¢NS-25 mice and cultured under Treg cell polarizing condition.
On day 4, cells were harvested for analysis. (A) Cells were stained with Foxp3. (B) Treg
cells were restimulated with anti-CD3 for 6 hours to measure cytokine gene expression
using qRT-PCR. Data are mean + SEM of 3 mice per group and representative of two
independent experiments. A two-tailed Student ¢t test was used for pair wise comparisons.
***p <0.001
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Figure 34. Deletion of CNS-25 does not impair IL-9 production in Th1 cells. Naive CD4*
T cells were isolated from WT or //9 2°N$25 mice and cultured under Th1 cell polarizing
condition. On day 4, cells were harvested for analysis. (A) Cells were restimulated with
PMA/ionomycin for 6 hours to measure cytokine production using intracellular staining. (B)
Th1 cells were restimulated with anti-CD3 for 6 hours to measure cytokine gene
expression using gRT-PCR. Data are mean + SEM of 3 mice per group and representative
of two independent experiments. A two-tailed Student ¢ test was used for pair wise
comparisons.
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Figure 35. Relative //9 expression among Th cell subsets. /19 expression in Th cell subsets
was measured by gqRT-PCR and normalized to 82m expression.
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CNS-25 deletion attenuates allergic inflammation in asthma models

To define the function of CNS-25 in vivo, the HDM and chronic A. fumigatus airway
inflammation models were used.

In the HDM extract-induced airway inflammation model, we intranasally challenged
wild type, I192CNS25 gnd [/9 */ACNS-25 mice with HDM extract 8 times, every other day for 16
days (Figure 36A). The day following the final challenge, we collected and counted BAL
cells (Figure 36B). The population of IL-9-producing CD4* T cells in the lung was
measured using intracellular cytokine staining, and it was significantly decreased in the
lung of /19 2CNS-25 mice, compared to wild type and /19 *ACNS-2% mice.

In the A. fumigatus extract-induced airway inflammation model, we intranasally
challenged wild type and /19 2°NS-25 mice with A. fumigatus extract, 3 times a week for 6
weeks (Figure 37A). The day after the final challenge, we collected and counted BAL cells
(Figure 37B). The number of BAL cells was significantly decreased in //92NS25 mice. The
IL-9-producing CD4" T cell population in BAL and lung was significantly decreased in //9
ACNS-25 mjce (Figure 37C, 37D). These results strongly indicate that CNS-25 is a critical

enhancer for promoting //9 expression in CD4* T cells in vivo.
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Figure 36. CNS-25 deficient Th9 cells produce less IL-9 in HDM extract-induced airway
inflammation. (A) WT, /9 2CNS-25 gnd /|9 */ACNS-25 mice were intranasally challenged with
HDM extract every other day for 16 days. (B) Total cell count in the BAL. (C) Lung cells
were restimulated with PMA/ionomycin for 6 hours to measure cytokine production using
intracellular staining. Representative dot plots (C) and average percentage (D) of IL-9
producing CD4*T cells in the lung. Cells for flow cytometric analysis were gated on
lymphocyte size and granularity, and the expression of CD4 and TCRp. Data are mean
SEM of 3 mice per group. A two-tailed Student ¢ test was used for pair wise comparisons.

*p < 0.05, **p <0.01
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Figure 37. CNS-25 deficient Th9 cells produce less IL-9 in A. fumigatus extract-induced
airway inflammation. (A) WT and //9 2°N$-25 mice were intranasally challenged with A.
fumigatus extract every other day for 42 days. (B) Total cell count in the BAL. (C-D) BAL
and lung cells were restimulated with PMA/ionomycin for 6 hours to measure cytokine
production using intracellular staining. Representative dot plots (C) and average
percentage of IL-9 producing CD4* T cells in BAL and lung (D). Cells for flow cytometric
analysis were gated on lymphocyte size and granularity, and the expression of CD4 and

TCRp. Data are mean + SEM of 5 mice per group. A two-tailed Student ¢ test was used
for pair wise comparisons. *p < 0.05
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Effects of CNS-25 deletion on histone modifications and TF binding at the //9
promoter

Both in vitro and in vivo data showed that CNS-25 is a critical enhancer for //9
expression. To define the molecular functions of CNS-25 on the /19 locus in Th9 cells,
histone modifications and the binding of IL-9-inducing TFs to the /19 promoter were
measured using ChIP assay. The active promoter markers H3K4me3 and H3K27ac were
significantly higher in wild type Th9 cells than in //92CNS-25 Th9 cells (Figure 38B). However,
H3K27me3 was similar between groups. Consistent with Figure 23, IL-9-inducing TFs
strongly bound to both CNS-25 and //9 promoter in Th9 cells (Figure 39B). However, CNS-
25 deletion caused significantly less binding of the TFs in the //9 promoter (Figure 39B).
Based on the data, we conclude that CNS-25 is critical for the binding of TFs and histone

modifications at the //9 promoter.
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Figure 38. CNS-25 deletion impairs active histone modification at the //9 promoter. Naive
CD4* T cells were isolated from WT or /|9 2NS-25 mice and cultured under Th9 cell
polarizing condition. On day 5, cells were harvested for ChIP analysis using H3K27ac,
H3K27me3 and H3K4me3 antibodies. (A) Schematic of the //9 locus in mice. (B) ChlIP
analysis of histone modifications at the //9 locus. Data are mean + SEM of 3 mice per
group and representative of two independent experiments. A two-tailed Student ¢ test was
used for pair wise comparisons. *p < 0.05, **p <0.01. N.D., not detected.
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Figure 39. CNS-25 deletion impairs the binding of IL-9-inducing TFs at the //9 promoter.
Naive CD4* T cells were isolated from WT or //92°NS-25 mice and cultured under Th9 cell
polarizing condition. On day 5, cells were harvested for ChIP analysis using STAT6,
STATS, IRF4, BATF and PU.1 antibodies. (A) Schematic of the //9 locus in mice. (B) ChlIP
analysis of the binding of TFs at the //9 locus. Data are mean + SEM of 3 mice per group
and representative of two independent experiments. A two-tailed Student f test was used
for pair wise comparisons. *p < 0.05. N.D., not detected.
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DNA Looping

To function properly, enhancers need to be in proximity to a promoter and they
accomplish this by making DNA loops (111). Med1, a mediator complex subunit, Smc1a,
structural maintenance of chromosomes 1a, and CTCF, CCCTC binding factor, are all
involved in making 3D DNA loop chromatin structure (148, 162). To provide evidence for
DNA looping between CNS-25 and the //19 promoter, ChIP assays were performed using
Smc1a, Med1 and CTCF antibodies. These proteins strongly bound to both CNS-25 and
the /9 promoter in Th9 cells, suggesting that CNS-25 functions through a DNA loop

(Figure 40).
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Figure 40. DNA loop mediating TFs bind to both CNS-25 and the //9 promoter in Th9 cells.
Naive CD4" T cells were isolated from WT mice and cultured under different Th cell
polarizing conditions. On day 5, cells were harvested for ChIP analysis using Smc1a,
Med1 and CTCF antibodies. (A) Schematic of the //9 locus in mice. (B) ChIP analysis of
the binding of at the //9 locus. Data are mean + SEM (n=4/experiment). One-way ANOVA
with a post hoc Tukey test was used to generate p values for all multiple comparisons. *p
< 0.05, **p <0.01
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Conserved Functions of /L9 CNS-18 in Human

Cis-regulatory elements can be highly conserved between species (111). As
shown in Figure 41A, the //9 CNS-25 region in mice shows high homology with an /L9
CNS-18 region in the human genome, suggesting that /L9 CNS-18 might have similar
function of /19 CNS-25. To measure chromatin status of /L9 CNS-18 in human T cell
subsets, ChlIP assays were performed using antibodies against H3K4me1 and H3K27ac.
Both H3K4me1 and H3K27ac levels at the CNS-18, and H3K4me3 level at the /L9

promoter were significantly higher in Th9 cells than in ThO cells (Figure 41C).
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Figure 41. Active histone modifications at the /L9 CNS-18 in human T cells. Naive CD4*
T cells were isolated from human PBMCs and cultured under ThO and Th9 cell polarizing
conditions. On day 4, cells were harvested for ChIP analysis using H3K4me1, H3K27ac
and H3K4me3 antibodies. (A) Schematic of CNSs in //9/IL9 locus in mouse and human
genomes (B) Schematic of the /L9 locus in human. (B) ChIP analysis of histone
modifications at the /L9 locus. Data are mean + SEM of 3 donors per group and
representative of two independent experiments. A two-tailed Student ¢ test was used for
pair wise comparisons. *p < 0.05, **p <0.01
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To prove whether /L9 CNS-18 is also critical for /L9 gene expression in human Th9
cells, we applied the CRISPR/Cas9 system to delete CNS-18 region in primary human T
cells. To do this, we generated a single lentiviral vector expressing Cas9 and gRNAs
targeting CNS-18. Cas9 in this vector is fused with EGFP with a connecting sequence
encoding the self-cleaving 2A peptide, so EGFP can be used as a marker for Cas9
expression. Lentiviruses expressing both Cas9 and gRNAs targeting CNS-18 or targeting
an irrelevant mouse DNA sequence for a negative control, were produced through
transfection of HEK 293T cells. After infection of human Th9 cells with lentivirus, IL-9
production between control and CNS-18 deleted Th9 cells were measured using ICS on
day 4. Consistent with mouse experiments, CNS-18 deleted Th9 cells produced
significantly less IL-9 compared to control Th9 cells (Figure 42A). Even though IL-9
production in Th9 cells was different among donors, the pattern of IL-9 reduction after
CNS-18 deletion was similar. The deletion efficiency of CNS-18 region was examined
using ChlIP primers for CNS-18 region and normalized to -12 kb sequence. The deletion

efficiency was around 40 to 50% (Figure 42C).

92



A Control gRNAs

IL-4

w
(e

I Control
[ gRNAs

Total IL-9* T cells

15

Control gRNAs

=%
- N
*

0.8
0.6
04
0.2

% of Total CD4+ T cell
Relative genomic DNA
abundance

Figure 42. Deletion of /L9 CNS-18 impairs IL-9 production in human Th9 cells. Naive
CD4* T cells were isolated from human PBMCs and cultured under Th9 cell polarizing
condition. After one day of culture, cells were transduced with lentivirus expressing Cas9
and gRNAs targeting CNS-18. On day 4, cells were restimulated with PMA/ionomycin for
6 hours to assess IL-9 production using intracellular staining analysis. (A) Representative
of flow cytometry image of data (B). (B) Percentage of IL-9 producing CD4* T cells from
individual donors after /L9 CNS-18 deletion. (C) On day 4, Cas9 and gRNAs expressing
Th9 cells were sorted based on EGFP expression. Deletion efficiency of /L9 CNS-18 was
measured using qPCR with ChIP primer for CNS-18 and normalized to -12 kb sequence.
Data are mean + SEM of 5 donors per group. A ratio paired t test was used for pair wise
comparisons. **p < 0.01
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To confirm the ICS results, Cas9 and gRNAs expressing human Th9 cells were

sorted based on EGFP expression on day 4, and mRNA was isolated for assessing

cytokine expression. Consistent with the cytometry data, /L9 gene expression was

significantly decreased in CNS-18 deleted Th9 cells (Figure 43), However, IL10 and IL21

expression was not altered by CNS-18 deletion. Overall, these data strongly indicate that

CNS-18 in human, highly conserved in mice, plays a key role for enhancing IL9 gene

expression.
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Figure 43. //9 gene expression was impaired by CNS-18 deletion in Th9 cells. On day 4,
Cas9 and gRNAs expressing Th9 cells were sorted based on EGFP expression. Gene
expression of cytokines was measured using gRT-PCR. Data are normalized to 82m
expression. Data are mean + SEM of 3 donors per group. A ratio paired t test was used
for pair wise comparisons. *p < 0.05
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DISCUSSION

For optimal differentiation and function of CD4* T cells, lineage specific TFs and
cis-regulatory elements cooperate to regulate gene expression (111). Here, we identified
Etv5 as an IL-9- and IL-10-inducing TF in Th9 and Th2 cells, respectively. Etv5 binds to
these gene promoters and CNS regions, suggesting that Etv5 not only directly promotes
gene expression but also mediates active chromatin structure at the //9 and //70 gene loci.

The 119 locus consists of 3 CNSs: CNS-6, CNS+5.5 and the /9 promoter. IL-9-
inducing TFs including PU.1 directly bind to the //9 promoter and promote //9 expression
(155). Interferon regulatory factors such as IRF1 and IRF4 also bind to the CNS-6 and
CNS+5.5 (163). We revealed that EtvS binds to the CNS-6 and CNS+5.5, and recruits
p300 to these regions which might contribute to active histone modifications. And Etv5
cooperates with PU.1 to regulate /19 expression in vitro and in vivo.

Th9 cells may produce IL-10 though the amount varies with culture conditions. The
1110 locus consists of 4 CNSs and the /110 promoter (136). The binding sites for /110
regulating TFs are spread across these sites. For example, GATA3 binds to the /70
promoter, intronic regions and CNS3 region (137). E4BP4 binds to the CNS2, CNS3 and
intronic regions, but does not bind to the /170 promoter (138). We revealed that Etv5
promotes IL-10 production in Th1 and Th2 cells. In Th2 cells, Etv5 mainly binds to the
CNS3 region and recruits p300 contributing to a permissive chromatin structure in CNS3.
In the absence of Etv5, active histone modifications at the CNS3 are decreased, which
impairs the binding of IL-10-inducing TFs.

To further resolve /19 regulation, we identified CNS-25, a novel enhancer for /9
expression in mice. CNS-25 specifically regulates /9 expression without affecting the
expression of other cytokines and TFs. CNS-25 promotes active chromatin modifications
at the /19 promoter, potentially through DNA looping. /L9 CNS-18 in the human genome,

conserved with //9 CNS-25, is also critical for IL9 expression in human Th9 cells. Overall,
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we have identified that Etv5 regulates expression of multiple cytokines, and demonstrated

that the /19 CNS-25/IL9 CNS-18 elements are critical for //9/ IL9 expression respectively.

Part I. The ETS family transcription factors Etv5 and PU.1 function in parallel to
promote Th9 cell development

Transcription factors play an obligate role in defining the phenotype and function
of Th cells. In this part, we have defined the contribution of the ETS family transcription
factor Etv5 to the Th9 phenotype. Etv5 shares many functions with the ETS family factor
PU.1 that we previously demonstrated was required for Th9 development (59, 101). Both
Etvb and PU.1 regulate IL-9 production, although they appear to work through different
regulatory elements in the /19 gene (Figure 44). Apart from IL-9, PU.1 and Etv5 regulate
some common and some distinct genes associated with the Th9 phenotype. Moreover, T
cells that lacked both Etv5 and PU.1 had decreased IL-9 production in vitro.

The concept of transcription factors from the same family having overlapping
functions is observed in other T cells. In Th17 cells, the loss of IL-17 production is more
severe in mice that lack both RORyt and RORa than either factor individually (152).
Similarly, Tc17 cells develop from CD8 T cells that are doubly deficient in the T-box factors
T-bet and Eomesodermin (164). This paradigm is also seen among ETS family factors
that are divided into four classes based on binding sequence and nine subfamilies based
on homology (165). The partial redundancy between PU.1 and Spi-B, two factors in the
same subfamily, has been examined in several models including myeloid and lymphoid
cell development, B cell function, and the development of leukemia (166-169). Other
examples of factors from the same subfamily having overlapping function include Etv1
and Etv4 that cooperate in prostate cancer, ELK1 and ELK4 in thymocyte development,
and FLI-1 and ERG in hematopoiesis (170-172). However, PU.1 and Etv5 are from

different subfamilies. This is not without precedent and ETS2 and ELF5, factors from
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distinct subfamilies, cooperate in development (173). Some of this redundancy is clearly
dependent on overlapping binding specificities of the family-defining DNA binding domain
(174). Yet, the protein sequences outside of the DNA binding domain are divergent and
suggest that the partial redundancies observed are limited by the ability of each ETS family
member to interact with other transcription factors at gene-regulatory elements (165).
Although Etv5 and PU.1 were clearly cooperating on IL-9 production within in
vitro—derived cells, we observed a trend but not a significant effect of Etv5 deficiency on
IL-9 production in vivo. This could be caused by several reasons including compensation
by increased the expression of PU.1 (Figure 11) or other signals in vivo that might bypass
the requirement for Etv5 in the OVA/ alum model. Despite these data, we observed distinct
effects of PU.1 and Etv5 on the overall allergic inflammation, suggesting that PU.1 and
EtvS are not exerting effects in vivo strictly through IL-9. This is consistent with the effects
of deficiency of either factor or both in T cells during the development of allergic
inflammation. Although deficiency in either factor results in diminished inflammation, PU.1
deficiency had a slightly greater effect on eosinophil accumulation during allergic
inflammation than did deficiency in Etv5. Conversely, Etv5 deficiency had a greater effect
on neutrophil recruitment, consistent with our previous studies (107). Importantly, although
we and others have shown that the HDM model of airway inflammation is dependent on
IL-17 (107, 175), the OVA-alum model is largely IL-17 independent (176), so that the
effects of Etvb deficiency on IL-17 should not impact the total cellular inflammation in our
studies. Both Etv5 and PU.1 contribute to the ability of Th9 cells to promote accumulation
and gene expression of mast cells in lung tissue, again consistent with our previous results
on the role of Th9 cells in mast cell accumulation in multiple models of allergic airway
disease (57). We did observe that IL-13—producing T cells in the lung were also decreased
in mice with T cells lacking both Etv5 and PU.1, although the proportion of these cells was

not different, suggesting the decrease in number was linked to decreased overall
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inflammation. IL-13 production from draining lymph node cells in mice with T cells lacking
Etvd and PU.1 was normal, leading to the conclusion that there is normal development of
the Th2 response in these mice. Still, it is possible that the observed decrease in IL-13—
producing T cells might contribute some aspect of the diminished inflammation observed
in vivo.

Although we have focused on conventional CD4* T cells in this part it is possible
that Etvs might be functioning in other types of cells. Other sources of IL-9 in the immune
system include NKT cells, y® T cells, and innate lymphoid cells (38). Among these, the
CD4-Cre should only affect expression in NKT cells. We previously suggested that PU.1
was not required for IL-9 production by NKT cells (57), but it is not clear whether Etv5
might play a role within these cells. The role of NKT cells in asthma models is still debated,
and what controls IL-9 within these cells is not yet clear.

As noted earlier, the ETS transcription factor family is divided based on binding
specificity and homology (165). As we have shown that PU.1 and Etv5 preferentially bind
to different sites in the /19 locus and recruit different HATs to the locus, they appear to
have distinct functions at a convergent target gene. It is not clear whether this is a common
theme among cooperating ETS factors. The ability of PU.1 and Etv5 to cooperate across
subfamilies suggests that redundancy of function is not restricted to family members that
have similar binding site specificities or similar structures outside of the common ETS DNA
binding domain. PU.1 interacts with GATA3 and IRF4 in Th2 cells (139). PU.1-IRF4 and
PU.1-GATAS3 complexes are different because IRF4 does not interact with GATA3. These
data suggest that PU.1 might interact with IRF4 at the /|9 promoter. BATF, another
essential factor for /19 expression, also binds to the AICE site in //9 promoter suggesting
that IRF4 is required for BATF binding at the //9 promoter (54). IRF4 strongly binds to the
CNS-6, CNS+5.5 and /19 promoter (55, 163). We further revealed that BATF only binds to

the 119 promoter, not CNS-6 and CNS+5.5. PU.1 might interact with BATF or be required
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for those TFs binding at the //9 promoter. Interactions of Etv5 with IRF4 or BATF have not
been studied yet. Etv5 might interact with IRF4 to regulate //9 expression in CNS-6 and
CNS+5.5. The functions of CNS-6 and CNS+5.5 are still not fully understood. These
regions might be essential for inducing /19 expression by mediating the //9 locus chromatin
conformation. Moreover, Etv5 might be important for the mechanism recruiting p300 to the
CNS-6 and CNS+5.5 elements. Further work will help to elucidate the rules governing the

development of evolutionary cooperation among this family of transcription factors.
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Figure 44. Etv5 and PU.1 regulate /9 expression in Th9 cells through different
regulatory elements in the //9 locus
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Part Il. Etv5 regulates IL-10 production in Th cells

IL-10 is a critical regulatory cytokine. In the absence of IL-10, mice develop
spontaneous autoimmune inflammation (27). Thus, transcriptional control of the //70 gene
is essential in maintaining disease-free immune homeostasis (28). In this part, we identify
EtvS as a regulator of IL-10 in Th1 and Th2 cells, in vivo and in vitro. Etv5 binds directly
to the /110 locus and facilitates the binding of a number of other transcription factors that
regulate IL-10 production (Figure 45).

The regulation of IL-10 production may be distinct among subsets of Th cells.
Previous reports identified several transcription factors that are involved in //10 regulation
in Th2 cells. GATA3 remodels the /110 locus independently of IL-4 production in Th2 cells
(137). JunB and c-Jun proteins bind to the CNS3 region in the //10 locus and induce IL-10
production in Th2 cells (136). In Th2 cells, IRF4 directly binds to the /10 locus and
promotes IL-10 production. E4BP4 is a reported universal IL-10 regulator in all Th cell
subsets (138, 139). E4BP4 deficiency causes impairment of IL-10 production, but does
not affect IL-13 production in Th2 cells. In this part, we add Etv5 to the list of factors that
promote IL-10 production, and show that it works in concert with other factors by facilitating
their binding to the //10 locus. It is not clear if Etv5 functions by directly interacting with
other transcription factors bound to the locus, or if it remodels chromatin allowing other
transcription factors to bind more efficiently. Nevertheless, Etv5 is required for the other
factors to optimally induce IL-10 production.

Etv5 adds to a subset of ETS family transcription factors that regulate //70. Ets-1
represses IL-10 expression in Th1 cells by recruiting HDACs to the /70 promoter and
intronic regions (140). Polymorphisms in the human //10 gene increase binding of the ETS
factor Elk1 (177). PU.1 also negatively regulates IL-10 in Th2 and Th9 cells (100, 139). At
least some of the mechanism of PU.1 function in Th2 cells is by interfering with IRF4

binding to the /70 locus regulatory elements (139). As each of these factors seems to
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function through different mechanisms, and having different effects on IL-10, it seems
unlikely that there would competition among them. This could be formally tested in future
studies.

Etvb does not work in a subset specific manner, regulating IL-10 production in both
Th1 and Th2 cells. Etv5 did not dramatically affect the lineage identifying cytokines for
these Th subsets. This is in contrast to Etv5 function in Th17 where it is required for optimal
expression of the lineage associated cytokines (107). We detected little IL-10 production
from Th17 or Th9 cells in our culture conditions (data not shown), making it impossible to
determine if Etv5 is contributing to //710 expression in these subsets. This function might
best be addressed in vivo in disease models where there are more IL-10-producing Th9
and Th17 cells.

Mice that have Etv5-deficient T cells clearly do not behave as IL-10-deficient mice.
The Etv5"" CD4 Cre* mice do not develop spontaneous autoimmune inflammation.
Moreover, A. fumigatus challenged //10-/- mice showed exaggerated airway inflammation
and excessive Th2 cytokines in BAL (160). In our studies, A. fumigatus extract-challenged
Etv5" CD4 Cre* mice demonstrated no difference in the overall inflammation, but had a
reduced number of IL-10-producing T cells in the BAL and lung. This is consistent with
the partial role for Etv5 in IL-10 production that we observe in vitro and in vivo. The
approximate 50% decrease in IL-10 production is not sufficient to result in the more
dramatic effects of IL-10-deficiency in vivo. Additionally, in non-T cells, where Etv5 is not
deleted, IL-10 production is likely normal, further attenuating the effects of the T cell-
specific deficiency of Etv5 in vivo.

Our studies identify Etv5 as a promoter of IL-10 regulation in Th subsets. It binds
to the /170 CNS3 element, and facilitates the binding of several other IL-10-inducing factors

that together control IL-10 production. This latest component of the //710 enhancer complex
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provides new insight into regulation of immunoregulatory cytokine production in Th

subsets and could provide another potential target for modulating IL-10 production in vivo.
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Figure 45. Etv5 regulates /10 expression in Th2 cells by recruiting IL-10-inducing factors

to the /110 CNS3
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Part Ill. Identification of novel enhancers for //9 gene expression in T cells

TFs and cis-regulatory elements cooperate to regulate gene expression, In CD4*
Th cell subsets, cis-regulatory elements including enhancers and LCRs for cytokine
expression were identified (111). Even though many //9 regulating TFs have been
identified, enhancers for //9 gene expression had not been studied. Previous studies
reported three CNS regions around the //9 locus: /19 promoter, CNS+5.5 and CNS-6 (155).
Many studies focused on the //9 promoter, and revealed that a few TFs can bind to the
CNS-6 or CNS+5.5. These CNSs are marked by active histone modifications and co-
occupied with several TFs, suggesting that these regions might be enhancers for //9
expression. However detailed functions of these regions were not studied yet. In this part,
we identified //9 CNS-25/ IL9 CNS-18 as novel enhancers for 119/ IL9 expression in mouse
and human Th9 cells.

Enhancers function independent of their direction and location which make it
challenging to identify them. Previous studies proved that active histone modifications
such as H3K4me1, H3K27ac and p300 binding are active enhancer marks (8, 127, 132).
Moreover, enhancers are evolutionally conserved between different species.

After screening CNSs in the //9 locus between the mouse and human genomes
using the ECR browser (online tool for visualizing whole genome alignments of multiple
vertebrates), we detected CNS located 25 kb upstream of the //9 TSS, termed as CNS-25.
To define whether the region has enhancer features, we examined p300 binding in Th
subsets using ChIP assay and ChlIP seq. We could see strong binding of p300 at the CNS-
25, CNS-6 and /19 promoter in Th9 cells. H3K4me1 and H3K27ac modifications at the
CNS-25 were significantly higher in Th9 cells. H3K27me3, a repressive mark, was
significantly lower at the CNS-25 and //9 promoter in Th9 cells. Moreover, IL-9-inducing
TFs also strongly bound to the CNS-25 and //9 promoter in Th9 cells. These ChIP analyses

suggest that CNS-25 has active enhancer features in Th9 cells.
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To identify the function of CNS-25, we generated CNS-25 deletion mice, termed
as 119 ACNS25 ysing the CRISPR/Cas9 system. We examined the effects of CNS-25
deletion on //9 expression in Th cell subsets through ICS, ELISA and qRT-PCR. IL-9
production and gene expression were significantly decreased in Th9, Th17 and Treg cells
from /19 2CNS-25 mjce. Effects of CNS-25 deletion on IL-9 production in Th9 cells were
independent of the time point analyzed or culture conditions with or without alL-10R
antibody. The CNS-25 deletion did not affect the expression of other cytokines and TFs in
all Th cell subsets, suggesting that CNS-25 specifically regulates /9 expression. An
opposite effects of the CNS-25 deletion was measured in Th2 cells. /19 2°NS-25 Th2 cells
produced more IL-9 compared to wild type Th2 cells while expressing normal level of IL-
4, suggesting that CNS-25 might act as a repressor of //9 gene expression in Th2 cells.

In this study, we showed that the function of CNS-25 is regulated by the binding of
IL-9-inducing TFs. However, the function of CNS-25 also might be regulated by IL-9
repressing TFs, because enhancer functions are regulated by both activating TFs and
repressing TFs. One of known IL-9 repressing TFs is GATA3, however, the function of
GATAZS in /19 expression is still controversial. Even though ectopic expression of GATA3
represses IL-9 production in Th9 cells, GATA3 deficient T cells failed to differentiate into
Th9 cells (68, 90). Additionally, GATAS3 binds to the //9 promoter to promote //9 expression
(178). These data suggesting that the amount of GATA3 might be important for regulating
119 expression. Existence of GATA3 binding candidate sites in CNS-25 and high Gata3
expression in Th2 and Th9 cells suggest that GATA3 might bind to the CNS-25 and
regulate /19 expression in Th2 and Th9 cells. The DNA binding inhibitor Id3 negatively
regulates /19 expression by inhibiting the binding of GATA3 at the //9 promoter in Th9 cells
(178). As a repressor, 1d3 might bind to the CNS-25 and repress /19 expression in Th2
cells. STAT3 is a negative regulator of IL-9 in Th9 cells and impairs the stability of Th9

cells (97). In Th2 cells, however, STAT3 is required for the development and cytokine
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expression of Th2 cells (179). We showed that STAT5 and STAT6 bound to the CNS-25
in Th9 cells. Based on these data, we hypothesized that STAT3 might compete with
STATS and STAT6 to bind to the CNS-25 and repress //9 expression in Th2 cells.

Next, we examined the function of CNS-25 in vivo airway inflammation models.
We used HDM and A. fumigatus extract to induce airway inflammation. In both models,
total number of BAL cells was significantly decreased in /9 2°NS25 mice. And, IL-9
production was also significantly decreased in lung CD4* T cells of //92NS25 mice. In A.
fumigatus-induced airway inflammation model, IL-9 producing CD4* T cells in BAL was
also decreased in /19 2°NS-25 mice. These data showed that CNS-25 is essential for IL-9
production in CD4* T cells in vivo. In addition to Th9 cells, ILC2, NKT and mast cells
produce IL-9 (67, 83-87). CNS-25 deletion might impair IL-9 production by these cells
which might attenuate airway inflammation in these models.

Next, we studied the molecular mechanisms by which CNS-25 may function in
regulation /19 expression. To do this, we compared the levels of H3K27ac, H3K4me3, and
the binding of TFs at the //9 promoter between wild type and /9 2°NS-25 Thg cells. As
expected, active histone marks and the binding of TFs were significantly decreased in //9
ACNS-25 Th9 cells. These data indicate that CNS-25 mediates active histone modifications
at the 119 promoter which promote the binding of IL-9-inducing TFs to the //9 promoter.
H3K27me3 modification at the //9 promoter in both wild type and //92°NS-25 Th9 cells was
much less compared to negative control regions (-35 and -12 kb regions). This indicates
that H3K27me3 function was not altered by CNS-25 deletion. IL-9-inducing TFs still bound
to the /19 promoter in //92CNS25 Thg cells, but much lower level than in wild type Th9 cells.
This might contribute to maintain basal level of H3K27me3 which leads to produce more
IL-9 in /19ACNS25Thg cells than in other Th cell subsets.

Enhancers function by looping to the promoter and many proteins are involved in

this process. To establish whether CNS-25 is a part of a DNA loop, we examined the
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binding of CTCF, Smc1a and Med1 at the CNS-25 and //9 promoter in Th subsets. These
proteins strongly bound to both CNS-25 and //9 promoter in Th9 cells, suggesting that
CNS-25 might interact with the /19 promoter by making a DNA loop, which mediates active
histone modifications at the //9 promoter. However, these TFs did not bind to CNS-6,
suggesting that CNS-6 might not be part of a DNA loop although active histone
modification marks and the binding of IL-9-inducing TFs were measured. Further study
will be required to identify functions of CNS-6. To get more clear evidence for a DNA loop
at the /19 locus, chromatin conformation capture assay (3C assay) will be performed in the
future.

The CNS-25 region in mice is highly conserved with CNS-18 in human. Because
CNS-25 is critical for /19 expression in mice Th9 cells, we hypothesized that CNS-18 has
identical function in human Th9 cells. To test that, we deleted CNS-18 in primary human
Th9 cells using the CRSIPR/Cas9 system. The efficiency of CNS-18 deletion was around
40%, which might make it hard to detect deletion effects. However, CNS-18 deleted Th9
cells produced significantly less IL-9 than control Th9 cells while expressing normal levels
of IL10and IL21. This data suggest that /L9 CNS-18 might be more critical for /L9 induction
not just for enhancement, or other CNSs in /L9 locus in human might not be involved in
IL9 expression.

In mouse Th9 cells, pro-inflammatory cytokines and IL-10 act as negative
regulators of //9 expression. Th9 cells cultured with IL-10R blocking antibody and STAT3
deficient Th9 cells produce higher IL-9 and maintain its expression long term in culture
compare to normal Th9 cells (97). However, human Th9 cells produce more IL-9 in
response to the pro-inflammatory cytokines such as IL-6, IL21 and IL-23, and IL-10 (98).
Similar to this study, another report revealed that human Th17 cells produce more IL-9

after adding pro-inflammatory cytokines (161). Based on these reports, we hypothesized
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that STAT3 might bind to the CNS-18 and interact with other TFs to regulate /L9
expression in human Th9 cells.

Our studies demonstrated that the //9 CNS-25 and /L9 CNS-18 are critical for
119/IL9 expression in Th9 cells. /19 CNS-25 mediates active histone modifications at the //9
promoter potentially through a DNA loop (Figure 46). Additionally, we revealed that CNS-

25 is critical for /9 expression in airway inflammation models.
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Figure 46. CNS-25 regulates //9 expression in Th9 cells through DNA loop
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FUTURE DIRECTIONS

The functions of cis-regulatory elements in the //70 locus

Th9 cells produce a high amount of IL-9 and IL-10 (38). Many studies have
revealed TFs regulating the //10 gene in Th cell subsets. However, the functions of cis-
regulatory elements in the //10 locus were not fully understood. To define functions of //70
CNSs, mutant mice lacking these regions will be generated. After isolation of naive CD4*
T cells from these mice, these cells will be cultured under Th cell conditions. IL-10
production and gene expression between wild type and mutant Th cells will be compared
using ICS, ELISA and gRT-PCR. To prove whether CNSs are clinically relevant, SNPs in
1110 CNSs of patients with ulcerative colitis or Crohn’s disease will be analyzed. If SNPs
are located in binding sites for TFs at the //70 CNSs, this could provide information about
potential cooperation of the cis-regulatory elements at the //70 locus and TFs in these
diseases. Even in the absence of mice lacking //70 CNSs, we can still examine the
possibility of interactions between these regions with the //70 promoter through 3C assay.
Overall, these studies will provide more detailed molecular mechanisms of //70 gene

regulation.

The functions of STAT3 and GATA3 in Th9 cells

In this study, we identified //9 CNS-25 as a novel enhancer for //9 expression. We
revealed that CNS-25 were co-occupied by many IL-9-inducing TFs in Th9 cells. And there
is a high possibility that other //9 regulating TFs can bind to the CNS-25. As discussed in
discussion section, GATA3 might be linked to the function of the CNS-25. To prove
whether GATAS binds to the CNS-25 and mediates the /9 locus conformation change in
Th9 cells, GATA3 ChIP assay will be performed. If GATA3 binds to the CNS-25 region,
the effects of knockdown of GATA3 on the 3D structure at the //9 locus in Th9 cells will be

measured using 3C assay. GATA3 promotes the /9 promoter activity in a reporter assay
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(178). To define whether GATAS affects CNS-25 enhancer activity, reporter assay will be
performed using GATA3 expressing vector and //9 promoter reporter vectors with or
without CNS-25. These studies will help us define additional roles of GATA3 for //9
expression.

The functions of STAT3 might be different between mouse and human Th9 cells.
To define functions of STAT3 in mouse and human Th9 cells, the binding of STAT3 at the
119 CNS-25 and /L9 CNS-18 will be measured using ChlP assay. To measure STAT3
activity, reporter assay will be performed using constitutively active STAT3 expressing
vector and /19 CNS-25-/I9 promoter or IL9 CNS-18-IL9 promoter vector. Through these
studies, we will be able to define the different functions of STAT3 in mouse and human

Th9 cells.

Other cis-regulatory elements in the //9 locus

We have shown that CNS-6 also has enhancer features with strong binding of
p300 and IRF4, high H3K27ac and low H3K27me3. Additionally, Etv5 also binds to the
CNS-6. However, detailed functions of CNS-6 have not been studied yet. To prove
whether CNS-6 has enhancer functions for //9 expression, CNS-6 mutant mice will be
generated. To define functions of CNS-6, similar experiments used to analyze function of
CNS-25 will be performed. To study potential possibility of the interactions between CNS-

6 and /19 promoter or CNS-6 and CNS-25, 3C assay will also be performed.

The functions of CNS-25 in IL-9 producing non-T cells

In addition to Th9 cells, many immune cells produce IL-9 (38). /|9 2NS25 mice are
CNS-25 germline mutant mice, meaning that all IL-9 producing cells in the mice might be
affected by the CNS-25 deficiency. One of IL-9 producing cells is mast cells. IL-9 is a

growth factor for mast cells and it is also produced by mast cells. Bone marrow derived
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mast cells (BMMCs) produce IL-9 (84). And multifunctional MMC9s were identified in IgE
mediated food allergy experiment (87). To define the function of CNS-25 in mast cells,
bone marrow cells from wild type and //192°NS-25 mice will be isolated and cultured with stem
cell growth factor (SCF) and IL-3 to selectively differentiate BMMCs. After 4 weeks culture,
BMMCs will be stimulated with IL-33 to measure IL-9 production using ICS and ELISA.
The expression of other cytokines such as IL-6 will be measured using qRT-PCR or ELISA
to prove that CNS-25 specifically regulates /9 expression.

The functions of GATA1 are still controversial in mast cell. In human mast cells,
GATAT1 is essential for of FCER1A expression encoding FceRla (180). However, another
report revealed that GATA1 is dispensable for mast cell differentiation in adult mice (181).
In mouse mast cells, p38 kinase activates GATA1 contributing to IL-9 production (85). We
confirmed GATA1 binding candidate sites in CNS-25 region. To examine whether GATA1
is an essential TF for IL-9 production by binding to the CNS-25, GATA1 ChIP assay will
be performed. To study whether GATA1 enhances //9 promoter activity, reporter assays
will be performed by co-transfecting mast cells with GATA1 expression vector and //9
promoter vectors with or without CNS-25. In addition, the functions of GATA1 will be
examined by overexpression or knockdown of GATA1 through lentiviral infection.

ILC2s produce IL-9 in response to IL-33, IL-25 or papain (83). To study the
functions of CNS-25 in ILC2, wild type and /9 2°NS-25 mice will be intranasally challenged
with IL-33 for 3 days. Following the last day of challenge, lung will be harvested for ICS
and magnetic separation of ILCs. After separation, mRNA will be isolated to measure /9
gene expression using gRT-PCR.

NKT cells, another lineage of IL-9 producing cells, will be studied by intranasal
challenge of wild type and /19 2°NS-25 mice with a-GalCer. 48 hours after challenge, BAL
and lung cells will be isolated to measure IL-9 production using ICS. In addition to ICS,

NKT cells will be isolated using CD1d tetramer specific fluorescent antibody and its micro
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beads for magnetic separation. Then mRNA will be isolated to measure /9 gene
expression using gRT-PCR.

Together these studies will further define IL-9 regulation in multiple lymphoid cell
types and provide a basis for better understanding the mechanisms that control //9 gene
expression. Furthermore, these study will help us to develop treatments for IL-9 mediated

allergic or autoimmune disease.

111



10.

11.

12.

13.

14.

15.

16.

17.

REFERENCES

Chaplin, D. D. 2010. Overview of the immune response. J Allergy Clin Immunol
125: S3-23.

Turvey, S. E., and D. H. Broide. 2010. Innate immunity. J Allergy Clin Immunol 125:
S24-32.

Bonilla, F. A., and H. C. Oettgen. 2010. Adaptive immunity. J Allergy Clin Immunol
125: S33-40.

Chaudhry, A., and A. Y. Rudensky. 2013. Control of inflammation by integration of
environmental cues by regulatory T cells. The Journal of clinical investigation 123:
939-944.

Reiner, S. L. 2007. Development in motion: helper T cells at work. Cell 129: 33-36.
Szabo, S. J., S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman, and L. H. Glimcher.
2000. A novel transcription factor, T-bet, directs Th1 lineage commitment. Cell 100:
655-669.

Thieu, V. T., Q. Yu, H.-C. Chang, N. Yeh, E. T. Nguyen, S. Sehra, and M. H. Kaplan.
2008. Signal transducer and activator of transcription 4 is required for the
transcription factor T-bet to promote T helper 1 cell-fate determination. Immunity
29: 679-690.

Wei, L., G. Vahedi, H.-W. Sun, W. T. Watford, H. Takatori, H. L. Ramos, H.
Takahashi, J. Liang, G. Gutierrez-Cruz, and C. Zang. 2010. Discrete roles of
STAT4 and STATG6 transcription factors in tuning epigenetic modifications and
transcription during T helper cell differentiation. Immunity 32: 840-851.

Zhu, J., B. Min, J. Hu-Li, C. J. Watson, A. Grinberg, Q. Wang, N. Killeen, J. F.
Urban, L. Guo, and W. E. Paul. 2004. Conditional deletion of Gata3 shows its
essential function in TH1-TH2 responses. Nature immunology 5: 1157-1165.
Zheng, W.-p., and R. A. Flavell. 1997. The transcription factor GATA-3 is
necessary and sufficient for Th2 cytokine gene expression in CD4 T cells. Cell 89:
587-596.

Kurata, H., H. J. Lee, A. O'Garra, and N. Arai. 1999. Ectopic expression of
activated Stat6 induces the expression of Th2-specific cytokines and transcription
factors in developing Th1 cells. Immunity 11: 677-688.

Veldhoen, M., R. J. Hocking, C. J. Atkins, R. M. Locksley, and B. Stockinger. 2006.
TGFB in the context of an inflammatory cytokine milieu supports de novo
differentiation of IL-17-producing T cells. Immunity 24: 179-189.

Ivanov, Il, B. S. McKenzie, L. Zhou, C. E. Tadokoro, A. Lepelley, J. J. Lafaille, D.
J. Cua, and D. R. Littman. 2006. The orphan nuclear receptor RORgammat directs
the differentiation program of proinflammatory IL-17+ T helper cells. Cell 126:
1121-1133.

Moseley, T., D. Haudenschild, L. Rose, and A. Reddi. 2003. Interleukin-17 family
and IL-17 receptors. Cytokine & growth factor reviews 14: 155-174.

Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. IL-17 and Th17 Cells.
Annual review of immunology 27: 485-517.

Bettelli, E., T. Korn, M. Oukka, and V. K. Kuchroo. 2008. Induction and effector
functions of TH17 cells. Nature 453: 1051-1057.

Johnston, R. J., A. C. Poholek, D. DiToro, I. Yusuf, D. Eto, B. Barnett, A. L. Dent,
J. Craft, and S. Crotty. 2009. Bcl6 and Blimp-1 are reciprocal and antagonistic
regulators of T follicular helper cell differentiation. Science 325: 1006-1010.

112



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Nurieva, R. I., Y. Chung, G. J. Martinez, X. O. Yang, S. Tanaka, T. D. Matskevitch,
Y.-H. Wang, and C. Dong. 2009. Bcl6 mediates the development of T follicular
helper cells. Science 325: 1001-1005.

Yu, D., S. Rao, L. M. Tsai, S. K. Lee, Y. He, E. L. Sutcliffe, M. Srivastava, M.
Linterman, L. Zheng, and N. Simpson. 2009. The transcriptional repressor Bcl-6
directs T follicular helper cell lineage commitment. Immunity 31: 457-468.
Josefowicz, S. Z., L.-F. Lu, and A. Y. Rudensky. 2012. Regulatory T cells:
mechanisms of differentiation and function. Annual review of immunology 30: 531-
564.

Fontenot, J. D., M. A. Gavin, and A. Y. Rudensky. 2003. Foxp3 programs the
development and function of CD4+ CD25+ regulatory T cells. Nature immunology
4: 330-336.

Hori, S. 2011. Regulatory T cell plasticity: beyond the controversies. Trends in
immunology 32: 295-300.

Bennett, C. L., J. Christie, F. Ramsdell, M. E. Brunkow, P. J. Ferguson, L. Whitesell,
T. E. Kelly, F. T. Saulsbury, P. F. Chance, and H. D. Ochs. 2001. The immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is
caused by mutations of FOXP3. Nature genetics 27: 20-21.

Brunkow, M. E., E. W. Jeffery, K. A. Hjerrild, B. Paeper, L. B. Clark, S.-A. Yasayko,
J. E. Wilkinson, D. Galas, S. F. Ziegler, and F. Ramsdell. 2001. Disruption of a new
forkhead/winged-helix protein, scurfin, results in the fatal lymphoproliferative
disorder of the scurfy mouse. Nature genetics 27: 68-73.

Campbell, D. J., and M. A. Koch. 2011. Phenotypical and functional specialization
of FOXP3+ regulatory T cells. Nature Reviews Immunology 11: 119-130.

Groux, H., and F. Cottrez. 2003. The complex role of interleukin-10 in
autoimmunity. Journal of autoimmunity 20: 281-285.

Kidhn, R., J. Léhler, D. Rennick, K. Rajewsky, and W. Mdller. 1993. Interleukin-10-
deficient mice develop chronic enterocolitis. Cell 75: 263-274.

Saraiva, M., and A. O'Garra. 2010. The regulation of IL-10 production by immune
cells. Nature Reviews Immunology 10: 170-181.

Uyttenhove, C., R. J. Simpson, and J. Van Snick. 1988. Functional and structural
characterization of P40, a mouse glycoprotein with T-cell growth factor activity.
Proc Natl Acad Sci U S A 85: 6934-6938.

Schmitt, E., R. V. Brandwijk, J. V. Snick, B. Siebold, and E. Ride. 1989.
TCGFIII/P40 is produced by naive murine CD4+ T cells but is not a general T cell
growth factor. European journal of immunology 19: 2167-2170.

Renauld, J.-C., C. Druez, A. Kermouni, F. HouSSIAU, C. Uyttenhove, E. Van
Roost, and J. Van Snick. 1992. Expression cloning of the murine and human
interleukin 9 receptor cDNAs. Proceedings of the National Academy of Sciences
89: 5690-5694.

Veldhoen, M., C. Uyttenhove, J. Van Snick, H. Helmby, A. Westendorf, J. Buer, B.
Martin, C. Wilhelm, and B. Stockinger. 2008. Transforming growth factor-
B'reprograms' the differentiation of T helper 2 cells and promotes an interleukin 9—
producing subset. Nature immunology 9: 1341-1346.

Elyaman, W., E. M. Bradshaw, C. Uyttenhove, V. Dardalhon, A. Awasthi, J. Imitola,
E. Bettelli, M. Oukka, J. Van Snick, and J.-C. Renauld. 2009. IL-9 induces
differentiation of TH17 cells and enhances function of FoxP3+ natural regulatory T
cells. Proceedings of the National Academy of Sciences 106: 12885-12890.
Druez, C., P. Coulie, C. Uyttenhove, and J. Van Snick. 1990. Functional and
biochemical characterization of mouse P40/IL-9 receptors. The Journal of
Immunology 145:; 2494-2499.

113



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Hultner, L., S. Kélsch, M. Stassen, U. Kaspers, J.-P. Kremer, R. Mailhammer, J.
Moeller, H. Broszeit, and E. Schmitt. 2000. In activated mast cells, IL-1 up-
regulates the production of several Th2-related cytokines including IL-9. The
Journal of Immunology 164: 5556-5563.

Mohamadzadeh, M., K. Ariizumi, K. Sugamura, P. R. Bergstresser, and A.
Takashima. 1996. Expression of the common cytokine receptor y chain by murine
dendritic cells including epidermal Langerhans cells. European journal of
immunology 26: 156-160.

Noelle, R. J., and E. C. Nowak. 2010. Cellular sources and immune functions of
interleukin-9. Nature Reviews Immunology 10: 683-687.

Kaplan, M. H., M. M. Hufford, and M. R. Olson. 2015. The development and in vivo
function of T helper 9 cells. Nat Rev Immunol 15: 295-307.

Holgate, S. T. 2012. Innate and adaptive immune responses in asthma. Nature
medicine 18: 673-683.

Temann, U.-A,, G. P. Geba, J. A. Rankin, and R. A. Flavell. 1998. Expression of
interleukin 9 in the lungs of transgenic mice causes airway inflammation, mast cell
hyperplasia, and bronchial hyperresponsiveness. Journal of Experimental
Medicine 188: 1307-1320.

Doull, 1., S. Lawrence, M. Watson, T. Begishvili, R. W. Beasley, F. Lampe, T.
Holgate, and N. E. Morton. 1996. Allelic association of gene markers on
chromosomes 5q and 11q with atopy and bronchial hyperresponsiveness.
American journal of respiratory and critical care medicine 153: 1280-1284.

Yao, W., Y. Zhang, R. Jabeen, E. T. Nguyen, D. S. Wilkes, R. S. Tepper, M. H.
Kaplan, and B. Zhou. 2013. Interleukin-9 is required for allergic airway
inflammation mediated by the cytokine TSLP. Immunity 38: 360-372.

Devos, S., F. Cormont, S. Vrtala, E. Hooghe-Peters, F. Pirson, and J. Snick. 2006.
Allergen-induced interleukin-9 production in vitro: correlation with atopy in human
adults and comparison with interleukin-5 and interleukin-13. Clinical &
Experimental Allergy 36: 174-182.

Jones, C. P, L. G. Gregory, B. Causton, G. A. Campbell, and C. M. Lloyd. 2012.
Activin A and TGF-3 promote T H 9 cell-mediated pulmonary allergic pathology.
Journal of Allergy and Clinical Immunology 129: 1000-1010. e1003.

Yao, W., R. S. Tepper, and M. H. Kaplan. 2011. Predisposition to the development
of IL-9-secreting T cells in atopic infants. The Journal of allergy and clinical
immunology 128: 1357.

Shimbara, A., P. Christodoulopoulos, A. Soussi-Gounni, R. Olivenstein, Y.
Nakamura, R. C. Levitt, N. C. Nicolaides, K. J. Holroyd, A. Tsicopoulos, and J.-J.
Lafitte. 2000. IL-9 and its receptor in allergic and nonallergic lung disease:
increased expression in asthma. Journal of Allergy and Clinical Immunology 105:
108-115.

Baraldo, S., D. S. Faffe, P. E. Moore, T. Whitehead, M. McKenna, E. S. Silverman,
R. A. Panettieri, and S. A. Shore. 2003. Interleukin-9 influences chemokine release
in airway smooth muscle: role of ERK. American Journal of Physiology-Lung
Cellular and Molecular Physiology 284: L1093-L1102.

Dong, Q., J. Louahed, A. Vink, C. D. Sullivan, C. J. Messler, Y. Zhou, A. Haczku,
F. Huaux, M. Arras, and K. J. Holroyd. 1999. IL-9 induces chemokine expression
in lung epithelial cells and baseline airway eosinophilia in transgenic mice.
European journal of immunology 29: 2130-2139.

Longphre, M., D. Li, M. Gallup, E. Drori, C. Ordonez, T. Redman, S. Wenzel, D.
Bice, J. Fahy, and C. Basbaum. 1999. Allergen-induced IL-9 directly stimulates

114



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

mucin transcription in respiratory epithelial cells. Journal of Clinical Investigation
104: 1375.

Louahed, J., M. Toda, J. Jen, Q. Hamid, J.-C. Renauld, R. C. Levitt, and N. C.
Nicolaides. 2000. Interleukin-9 upregulates mucus expression in the airways.
American journal of respiratory cell and molecular biology 22: 649-656.

Hultner, L., C. Druez, J. Moeller, C. Uyttenhove, E. Schmitt, E. Ride, P. Dérmer,
and J. van Snick. 1990. Mast cell growth-enhancing activity (MEA) is structurally
related and functionally identical to the novel mouse T cell growth factor
P40/TCGFIII (interleukin 9). European journal of immunology 20: 1413-1416.
Dugas, B., J. C. Renauld, J. Péne, J. Y. Bonnefoy, C. Peti-Frére, P. Braquet, J.
Bousquet, J. Van Snick, and J. M. Mencia-Huerta. 1993. Interleukin-9 potentiates
the interleukin-4-induced immunoglobulin (IgG, IgM and IgE) production by normal
human B lymphocytes. European journal of immunology 23: 1687-1692.
Petit-Frere, C., B. Dugas, P. Braquet, and J. Mencia-Huerta. 1993. Interleukin-9
potentiates the interleukin-4-induced IgE and IgG1 release from murine B
lymphocytes. Immunology 79: 146.

Jabeen, R., R. Goswami, O. Awe, A. Kulkarni, E. T. Nguyen, A. Attenasio, D.
Walsh, M. R. Olson, M. H. Kim, R. S. Tepper, J. Sun, C. H. Kim, E. J. Taparowsky,
B. Zhou, and M. H. Kaplan. 2013. Th9 cell development requires a BATF-regulated
transcriptional network. J Clin Invest 123: 4641-4653.

Staudt, V., E. Bothur, M. Klein, K. Lingnau, S. Reuter, N. Grebe, B. Gerlitzki, M.
Hoffmann, A. Ulges, and C. Taube. 2010. Interferon-regulatory factor 4 is essential
for the developmental program of T helper 9 cells. Immunity 33: 192-202.

Ubel, C., A. Graser, S. Koch, R. J. Rieker, H. A. Lehr, M. Miiller, and S. Finotto.
2014. Role of Tyk-2 in Th9 and Th17 cells in allergic asthma. Scientific reports 4.
Sehra, S., W. Yao, E. T. Nguyen, N. L. Glosson-Byers, N. Akhtar, B. Zhou, and M.
H. Kaplan. 2015. T H 9 cells are required for tissue mast cell accumulation during
allergic inflammation. Journal of Allergy and Clinical Immunology 136: 433-440.
e431.

Tamiya, T., K. Ichiyama, H. Kotani, T. Fukaya, T. Sekiya, T. Shichita, K. Honma,
K. Yui, T. Matsuyama, T. Nakao, S. Fukuyama, H. Inoue, M. Nomura, and A.
Yoshimura. 2013. Smad2/3 and IRF4 play a cooperative role in IL-9-producing T
cell induction. J Immunol 191: 2360-2371.

Chang, H. C., S. Sehra, R. Goswami, W. Yao, Q. Yu, G. L. Stritesky, R. Jabeen,
C. McKinley, A. N. Ahyi, L. Han, E. T. Nguyen, M. J. Robertson, N. B. Perumal, R.
S. Tepper, S. L. Nutt, and M. H. Kaplan. 2010. The transcription factor PU.1 is
required for the development of IL-9-producing T cells and allergic inflammation.
Nat Immunol 11: 527-534.

Peyrin-Biroulet, L., E. V. Loftus, J.-F. Colombel, and W. J. Sandborn. 2010. The
natural history of adult Crohn's disease in population-based cohorts. The American
Journal of gastroenterology 105: 289-297.

Peyrin-Biroulet, L., E. V. Loftus, J. F. Colombel, and W. J. Sandborn. 2011. Long-
term complications, extraintestinal manifestations, and mortality in adult Crohn's
disease in population-based cohorts. Inflammatory bowel diseases 17: 471-478.
Fraslie, K. F., J. Jahnsen, B. A. Moum, M. H. Vatn, and |. Group. 2007. Mucosal
healing in inflammatory bowel disease: results from a Norwegian population-based
cohort. Gastroenterology 133: 412-422.

Neurath, M. F. 2014. Cytokines in inflammatory bowel disease. Nature Reviews
Immunology 14: 329-342.

Graham, D. B., and R. J. Xavier. 2013. From genetics of inflammatory bowel
disease towards mechanistic insights. Trends in immunology 34: 371-378.

115



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Zenewicz, L. A., A. Antov, and R. A. Flavell. 2009. CD4 T-cell differentiation and
inflammatory bowel disease. Trends in molecular medicine 15: 199-207.

Gerlach, K., Y. Hwang, A. Nikolaev, R. Atreya, H. Dornhoff, S. Steiner, H.-A. Lehr,
S. Wirtz, M. Vieth, and A. Waisman. 2014. TH9 cells that express the transcription
factor PU. 1 drive T cell-mediated colitis via IL-9 receptor signaling in intestinal
epithelial cells. Nature immunology 15: 676-686.

Kim, H., and D. Chung. 2013. IL-9-producing invariant NKT cells protect against
DSS-induced colitis in an |IL-4-dependent manner. Mucosal immunology 6: 347-
357.

Dardalhon, V., A. Awasthi, H. Kwon, G. Galileos, W. Gao, R. A. Sobel, M.
Mitsdoerffer, T. B. Strom, W. Elyaman, and |.-C. Ho. 2008. IL-4 inhibits TGF-(3-
induced Foxp3+ T cells and, together with TGF-f3, generates IL-9+ IL-10+ Foxp3-
effector T cells. Nature immunology 9: 1347-1355.

Jager, A., V. Dardalhon, R. A. Sobel, E. Bettelli, and V. K. Kuchroo. 2009. Th1,
Th17, and Th9 effector cells induce experimental autoimmune encephalomyelitis
with different pathological phenotypes. The Journal of Immunology 183: 7169-
7177.

Kebir, H., K. Kreymborg, I. Ifergan, A. Dodelet-Devillers, R. Cayrol, M. Bernard, F.
Giuliani, N. Arbour, B. Becher, and A. Prat. 2007. Human TH17 lymphocytes
promote blood-brain barrier disruption and central nervous system inflammation.
Nature medicine 13: 1173-1175.

Bassil, R., W. Orent, M. Olah, A. T. Kurdi, M. Frangieh, T. Buttrick, S. J. Khoury,
and W. Elyaman. 2014. BCL6 controls Th9 cell development by repressing 119
transcription. The Journal of Immunology 193: 198-207.

Murugaiyan, G., V. Beynon, A. P. Da Cunha, N. Joller, and H. L. Weiner. 2012.
IFN-y limits Th9-mediated autoimmune inflammation through dendritic cell
modulation of IL-27. The Journal of Immunology 189: 5277-5283.

Elyaman, W., R. Bassil, E. M. Bradshaw, W. Orent, Y. Lahoud, B. Zhu, F. Radtke,
H. Yagita, and S. J. Khoury. 2012. Notch receptors and Smad3 signaling cooperate
in the induction of interleukin-9-producing T cells. Immunity 36: 623-634.
Karagiannis, F., and C. Wilhelm. 2017. More Is Less: IL-9 in the Resolution of
Inflammation. Immunity 47: 403-405.

Rauber, S., M. Luber, S. Weber, L. Maul, A. Soare, T. Wohlfahrt, N.-Y. Lin, K.
Dietel, A. Bozec, and M. Herrmann. 2017. Resolution of inflammation by
interleukin-9-producing type 2 innate lymphoid cells. Nature Medicine 23: 938-944.
Licona-Limén, P., J. Henao-Mejia, A. U. Temann, N. Gagliani, I. Licona-Limén, H.
Ishigame, L. Hao, R. H. De’Broski, and R. A. Flavell. 2013. Th9 cells drive host
immunity against gastrointestinal worm infection. Immunity 39: 744-757.

Purwar, R., C. Schlapbach, S. Xiao, H. S. Kang, W. Elyaman, X. Jiang, A. M. Jetten,
S. J. Khoury, R. C. Fuhlbrigge, and V. K. Kuchroo. 2012. Robust tumor immunity
to melanoma mediated by interleukin-9-producing T cells. Nature medicine 18:
1248-1253.

Lu, Y., S. Hong, H. Li, J. Park, B. Hong, L. Wang, Y. Zheng, Z. Liu, J. Xu, and J.
He. 2012. Th9 cells promote antitumor immune responses in vivo. The Journal of
clinical investigation 122: 4160.

Merz, H., F. Houssiau, K. Orscheschek, J.-C. Renauld, A. Fliedner, M. Herin, H.
Noél, M. Kadin, H. Mueller-Hermelink, and J. Van Snick. 1991. Interleukin-9
expression in human malignant lymphomas: unique association with Hodgkin's
disease and large cell anaplastic lymphoma. Blood 78: 1311-1317.

Lange, K., W. Uckert, T. Blankenstein, R. Nadrowitz, C. Bittner, J.-C. Renauld, J.
van Snick, A. C. Feller, and H. Merz. 2003. Overexpression of NPM—-ALK induces

116



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

different types of malignant lymphomas in IL-9 transgenic mice. Oncogene 22:
517-527.

Végran, F., H. Berger, R. Boidot, G. Mignot, M. Bruchard, M. Dosset, F. Chalmin,
C. Rébé, V. Dérangére, and B. Ryffel. 2014. The transcription factor IRF1 dictates
the IL-21-dependent anticancer functions of TH9 cells. Nature immunology 15:
758-766.

Spits, H., and J. P. Di Santo. 2011. The expanding family of innate lymphoid cells:
regulators and effectors of immunity and tissue remodeling. Nature immunology
12: 21-27.

Wilhelm, C., K. Hirota, B. Stieglitz, J. Van Snick, M. Tolaini, K. Lahl, T. Sparwasser,
H. Helmby, and B. Stockinger. 2011. An IL-9 fate reporter demonstrates the
induction of an innate IL-9 response in lung inflammation. Nature immunology 12:
1071-1077.

Stassen, M., M. Arnold, L. Hiltner, C. Miller, C. Neudorfl, T. Reineke, and E.
Schmitt. 2000. Murine bone marrow-derived mast cells as potent producers of IL-
9: costimulatory function of IL-10 and kit ligand in the presence of IL-1. The Journal
of Immunology 164: 5549-5555.

Stassen, M., M. Klein, M. Becker, T. Bopp, C. Neudérfl, C. Richter, V. Heib, S.
Klein-Hessling, E. Serfling, and H. Schild. 2007. p38 MAP kinase drives the
expression of mast cell-derived IL-9 via activation of the transcription factor GATA-
1. Molecular immunology 44: 926-933.

Stassen, M., C. Mller, M. Arnold, L. Hdltner, S. Klein-Hessling, C. Neudorfl, T.
Reineke, E. Serfling, and E. Schmitt. 2001. IL-9 and IL-13 production by activated
mast cells is strongly enhanced in the presence of lipopolysaccharide: NF-kB is
decisively involved in the expression of IL-9. The Journal of Immunology 166:
4391-4398.

Chen, C.-Y., J.-B. Lee, B. Liu, S. Ohta, P.-Y. Wang, A. V. Kartashov, L. Mugge, J.
P. Abonia, A. Barski, and K. lzuhara. 2015. Induction of interleukin-9-producing
mucosal mast cells promotes susceptibility to IgE-mediated experimental food
allergy. Immunity 43: 788-802.

Jones, T. G., J. Hallgren, A. Humbles, T. Burwell, F. D. Finkelman, P. Alcaide, K.
F. Austen, and M. F. Gurish. 2009. Antigen-induced increases in pulmonary mast
cell progenitor numbers depend on IL-9 and CD1d-restricted NKT cells. The
Journal of Immunology 183: 5251-5260.

Schmitt, E., T. Germann, S. Goedert, P. Hoehn, C. Huels, S. Koelsch, R. Kiihn, W.
Madller, N. Palm, and E. Riide. 1994. IL-9 production of naive CD4+ T cells depends
on IL-2, is synergistically enhanced by a combination of TGF-beta and IL-4, and is
inhibited by IFN-gamma. The Journal of Immunology 153: 3989-3996.

Goswami, R., R. Jabeen, R. Yagi, D. Pham, J. Zhu, S. Goenka, and M. H. Kaplan.
2012. STAT6-dependent regulation of Th9 development. J Immunol 188: 968-975.
Schraml, B. U., K. Hildner, W. Ise, W.-L. Lee, W. A.-E. Smith, B. Solomon, G.
Sahota, J. Sim, R. Mukasa, and S. Cemerski. 2009. The AP-1 transcription factor
Batf controls TH17 differentiation. Nature 460: 405-409.

Bristle, A., S. Heink, M. Huber, C. Rosenplanter, C. Stadelmann, P. Yu, E. Arpaia,
T. W. Mak, T. Kamradt, and M. Lohoff. 2007. The development of inflammatory
TH-17 cells requires interferon-regulatory factor 4. Nature immunology 8: 958-966.
Li, P., R. Spolski, W. Liao, L. Wang, T. L. Murphy, K. M. Murphy, and W. J. Leonard.
2012. BATF-JUN is critical for IRF4-mediated transcription in T cells. Nature 490:
543-546.

Glasmacher, E., S. Agrawal, A. B. Chang, T. L. Murphy, W. Zeng, B. Vander Lugt,
A. A. Khan, M. Ciofani, C. J. Spooner, and S. Rutz. 2012. A genomic regulatory

117



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

element that directs assembly and function of immune-specific AP-1-IRF
complexes. Science 338: 975-980.

Liao, W., R. Spolski, P. Li, N. Du, E. E. West, M. Ren, S. Mitra, and W. J. Leonard.
2014. Opposing actions of IL-2 and IL-21 on Th9 differentiation correlate with their
differential regulation of BCL6 expression. Proceedings of the National Academy
of Sciences 111: 3508-3513.

Al-Shami, A., R. Spolski, J. Kelly, A. Keane-Myers, and W. J. Leonard. 2005. A
role for TSLP in the development of inflammation in an asthma model. Journal of
Experimental Medicine 202: 829-839.

Ulrich, B. J., F. F. Verdan, A. N. McKenzie, M. H. Kaplan, and M. R. Olson. 2017.
STATS3 Activation Impairs the Stability of Th9 Cells. The Journal of Immunology
198: 2302-2309.

Wong, M. T., J. Y. Jessica, M. N. Alonso, A. Landrigan, R. K. Cheung, E. Engleman,
and P. J. Utz. 2010. Regulation of human Th9 differentiation by type | interferons
and IL-21. Immunology and cell biology 88: 624-631.

Wang, A., D. Pan, Y. H. Lee, G. J. Martinez, X. H. Feng, and C. Dong. 2013.
Cutting edge: Smad2 and Smad4 regulate TGF-beta-mediated 119 gene
expression via EZH2 displacement. J Immunol 191: 4908-4912.

Chang, H. C., S. Zhang, V. T. Thieu, R. B. Slee, H. A. Bruns, R. N. Laribee, M. J.
Klemsz, and M. H. Kaplan. 2005. PU.1 expression delineates heterogeneity in
primary Th2 cells. Immunity 22: 693-703.

Goswami, R., and M. H. Kaplan. 2012. Gc¢nb5 is required for PU.1-dependent IL-9
induction in Th9 cells. J Immunol 189: 3026-3033.

Oh, S., S. Shin, and R. Janknecht. 2012. ETV1, 4 and 5: an oncogenic subfamily
of ETS transcription factors. Biochimica et biophysica acta 1826: 1-12.

Zhang, Z., P. Sui, A. Dong, J. Hassell, P. Cserjesi, Y. T. Chen, R. R. Behringer,
and X. Sun. 2010. Preaxial polydactyly: interactions among ETV, TWIST1 and
HAND2 control anterior-posterior patterning of the limb. Development 137: 3417-
3426.

Wu, X., S. M. Goodyear, J. W. Tobias, M. R. Avarbock, and R. L. Brinster. 2011.
Spermatogonial stem cell self-renewal requires ETV5-mediated downstream
activation of Brachyury in mice. Biology of reproduction 85: 1114-1123.

Zhang, Z., J. M. Verheyden, J. A. Hassell, and X. Sun. 2009. FGF-regulated Etv
genes are essential for repressing Shh expression in mouse limb buds. Dev Cell
16: 607-613.

Ouyang, W., N. G. Jacobson, D. Bhattacharya, J. D. Gorham, D. Fenoglio, W. C.
Sha, T. L. Murphy, and K. M. Murphy. 1999. The Ets transcription factor ERM is
Th1-specific and induced by IL-12 through a Stat4-dependent pathway. Proc Nat/
Acad Sci U S A 96: 3888-3893.

Pham, D., S. Sehra, X. Sun, and M. H. Kaplan. 2014. The transcription factor Etv5
controls TH17 cell development and allergic airway inflammation. J Allergy Clin
Immunol 134: 204-214.

Malik, S., S. Sadhu, S. Elesela, R. P. Pandey, A. S. Chawla, D. Sharma, L. Panda,
D. Rathore, B. Ghosh, and V. Ahuja. 2017. Transcription factor Foxo1 is essential
for IL-9 induction in T helper cells. Nature Communications 8: 815.

Xiao, X., S. Balasubramanian, W. Liu, X. Chu, H. Wang, E. J. Taparowsky, Y.-X.
Fu, Y. Choi, M. C. Walsh, and X. C. Li. 2012. OX40 signaling favors the induction
of TH9 cells and airway inflammation. Nature immunology 13: 981-990.

Jash, A., A. Sahoo, G.-C. Kim, C.-S. Chae, J.-S. Hwang, J.-E. Kim, and S.-H. Im.
2012. Nuclear factor of activated T cells 1 (NFAT1)-induced permissive chromatin

118



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

modification facilitates nuclear factor-kB (NF-kB)-mediated interleukin-9 (IL-9)
transactivation. Journal of Biological Chemistry 287: 15445-15457.

Tripathi, S. K., and R. Lahesmaa. 2014. Transcriptional and epigenetic regulation
of T-helper lineage specification. Immunological reviews 261: 62-83.

Kasowski, M., S. Kyriazopoulou-Panagiotopoulou, F. Grubert, J. B. Zaugg, A.
Kundaje, Y. Liu, A. P. Boyle, Q. C. Zhang, F. Zakharia, and D. V. Spacek. 2013.
Extensive variation in chromatin states across humans. Science 342: 750-752.
Zaret, K. S., and J. S. Carroll. 2011. Pioneer transcription factors: establishing
competence for gene expression. Genes & development 25: 2227-2241.

Bai, L., and A. V. Morozov. 2010. Gene regulation by nucleosome positioning.
Trends in genetics 26: 476-483.

Guenther, M. G. 2011. Transcriptional control of embryonic and induced
pluripotent stem cells. Epigenomics 3: 323-343.

Ciofani, M., A. Madar, C. Galan, M. Sellars, K. Mace, F. Pauli, A. Agarwal, W.
Huang, C. N. Parkurst, and M. Muratet. 2012. A validated regulatory network for
Th17 cell specification. Cell 151: 289-303.

Consortium, E. P. 2012. An integrated encyclopedia of DNA elements in the
human genome. Nature 489: 57-74.

Boyle, A. P., E. L. Hong, M. Hariharan, Y. Cheng, M. A. Schaub, M. Kasowski, K.
J. Karczewski, J. Park, B. C. Hitz, and S. Weng. 2012. Annotation of functional
variation in personal genomes using RegulomeDB. Genome research 22: 1790-
1797.

Nelson, A. C., and F. C. Wardle. 2013. Conserved non-coding elements and cis
regulation: actions speak louder than words. Development 140: 1385-1395.
Wittkopp, P. J., and G. Kalay. 2012. Cis-regulatory elements: molecular
mechanisms and evolutionary processes underlying divergence. Nature Reviews
Genetics 13: 59-69.

Hardison, R. C., and J. Taylor. 2012. Genomic approaches towards finding cis-
regulatory modules in animals. Nature Reviews Genetics 13: 469-483.

Splinter, E., and W. De Laat. 2011. The complex transcription regulatory landscape
of our genome: control in three dimensions. The EMBO journal 30: 4345-4355.
Vahedi, G., H. Takahashi, S. Nakayamada, H.-w. Sun, V. Sartorelli, Y. Kanno, and
J. J. O’'Shea. 2012. STATs shape the active enhancer landscape of T cell
populations. Cell 151: 981-993.

Ernst, J., P. Kheradpour, T. S. Mikkelsen, N. Shoresh, L. D. Ward, C. B. Epstein,
X. Zhang, L. Wang, R. Issner, and M. Coyne. 2011. Mapping and analysis of
chromatin state dynamics in nine human cell types. Nature 473: 43-49.
Heintzman, N. D., G. C. Hon, R. D. Hawkins, P. Kheradpour, A. Stark, L. F. Harp,
Z. Ye, L. K. Lee, R. K. Stuart, and C. W. Ching. 2009. Histone modifications at
human enhancers reflect global cell-type-specific gene expression. Nature 459:
108-112.

Roh, T.-y., G. Wei, C. M. Farrell, and K. Zhao. 2007. Genome-wide prediction of
conserved and nonconserved enhancers by histone acetylation patterns. Genome
research 17: 74-81.

Tian, Y., Z. Jia, J. Wang, Z. Huang, J. Tang, Y. Zheng, Y. Tang, Q. Wang, Z. Tian,
and D. Yang. 2011. Global mapping of H3K4me1 and H3K4me3 reveals the
chromatin state-based cell type-specific gene regulation in human Treg cells. PLoS
One 6: e27770.

Bernstein, B. E., T. S. Mikkelsen, X. Xie, M. Kamal, D. J. Huebert, J. Cuff, B. Fry,
A. Meissner, M. Wernig, and K. Plath. 2006. A bivalent chromatin structure marks
key developmental genes in embryonic stem cells. Cell 125: 315-326.

119



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Creyghton, M. P., A. W. Cheng, G. G. Welstead, T. Kooistra, B. W. Carey, E. J.
Steine, J. Hanna, M. A. Lodato, G. M. Frampton, and P. A. Sharp. 2010. Histone
H3K27ac separates active from poised enhancers and predicts developmental
state. Proceedings of the National Academy of Sciences 107: 21931-21936.
Hawkins, R. D., G. C. Hon, L. K. Lee, Q. Ngo, R. Lister, M. Pelizzola, L. E. Edsall,
S. Kuan, Y. Luu, and S. Klugman. 2010. Distinct epigenomic landscapes of
pluripotent and lineage-committed human cells. Cell stem cell 6: 479-491.
Kolasinska-Zwierz, P., T. Down, I. Latorre, T. Liu, X. S. Liu, and J. Ahringer. 2009.
Differential chromatin marking of introns and expressed exons by H3K36me3.
Nature genetics 41: 376-381.

Wei, G., L. Wei, J. Zhu, C. Zang, J. Hu-Li, Z. Yao, K. Cui, Y. Kanno, T.-Y. Roh,
and W. T. Watford. 2009. Global mapping of H3K4me3 and H3K27me3 reveals
specificity and plasticity in lineage fate determination of differentiating CD4+ T cells.
Immunity 30: 155-167.

Durant, L., W. T. Watford, H. L. Ramos, A. Laurence, G. Vahedi, L. Wei, H.
Takahashi, H.-W. Sun, Y. Kanno, and F. Powrie. 2010. Diverse targets of the
transcription factor STAT3 contribute to T cell pathogenicity and homeostasis.
Immunity 32: 605-615.

Elo, L. L., H. Jarvenpa3a, S. Tuomela, S. Raghav, H. Ahlfors, K. Laurila, B. Gupta,
R. J. Lund, J. Tahvanainen, and R. D. Hawkins. 2010. Genome-wide profiling of
interleukin-4 and STAT6 transcription factor regulation of human Th2 cell
programming. Immunity 32: 852-862.

Mosser, D. M., and X. Zhang. 2008. Interleukin-10: new perspectives on an old
cytokine. Immunological reviews 226: 205-218.

Wang, Z. Y., H. Sato, S. Kusam, S. Sehra, L. M. Toney, and A. L. Dent. 2005.
Regulation of IL-10 gene expression in Th2 cells by Jun proteins. J Immunol 174
2098-2105.

Shoemaker, J., M. Saraiva, and A. O'Garra. 2006. GATA-3 directly remodels the
IL-10 locus independently of IL-4 in CD4+ T cells. J Immunol 176: 3470-3479.
Motomura, Y., H. Kitamura, A. Hijikata, Y. Matsunaga, K. Matsumoto, H. Inoue, K.
Atarashi, S. Hori, H. Watarai, J. Zhu, M. Taniguchi, and M. Kubo. 2011. The
transcription factor E4BP4 regulates the production of IL-10 and IL-13 in CD4+ T
cells. Nat Immunol 12: 450-459.

Ahyi, A. N., H. C. Chang, A. L. Dent, S. L. Nutt, and M. H. Kaplan. 2009. IFN
regulatory factor 4 regulates the expression of a subset of Th2 cytokines. J
Immunol 183: 1598-1606.

Lee, C. G., H. K. Kwon, A. Sahoo, W. Hwang, J. S. So, J. S. Hwang, C. S. Chae,
G. C. Kim, J. E. Kim, H. S. So, E. S. Hwang, R. Grenningloh, I. C. Ho, and S. H.
Im. 2012. Interaction of Ets-1 with HDAC1 represses IL-10 expression in Th1 cells.
J Immunol 188: 2244-2253.

Goenka, S., and M. H. Kaplan. 2011. Transcriptional regulation by STAT®6.
Immunologic research 50: 87.

Horiuchi, S., A. Onodera, H. Hosokawa, Y. Watanabe, T. Tanaka, S. Sugano, Y.
Suzuki, and T. Nakayama. 2011. Genome-wide analysis reveals unique regulation
of transcription of Th2-specific genes by GATAS3. The Journal of Immunology 186:
6378-6389.

Fields, P. E., G. R. Lee, S. T. Kim, V. V. Bartsevich, and R. A. Flavell. 2004. Th2-
specific chromatin remodeling and enhancer activity in the Th2 cytokine locus
control region. Immunity 21: 865-876.

120



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Tanaka, S., Y. Motomura, Y. Suzuki, R. Yagi, H. Inoue, S. Miyatake, and M. Kubo.
2011. The enhancer HS2 critically regulates GATA-3-mediated ll4 transcription in
TH2 cells. Nature immunology 12: 77-85.

Vijayanand, P., G. Seumois, L. J. Simpson, S. Abdul-Wajid, D. Baumjohann, M.
Panduro, X. Huang, J. Interlandi, I. M. Djuretic, and D. R. Brown. 2012. Interleukin-
4 production by follicular helper T cells requires the conserved 114 enhancer
hypersensitivity site V. Immunity 36: 175-187.

Kanhere, A., A. Hertweck, U. Bhatia, M. R. Gokmen, E. Perucha, I. Jackson, G. M.
Lord, and R. G. Jenner. 2012. T-bet and GATA3 orchestrate Th1 and Th2
differentiation through lineage-specific targeting of distal regulatory elements.
Nature communications 3: 1268.

Murphy, K., W. Ouyang, S. Szabo, N. Jacobson, M. Guler, J. Gorham, U. Gubler,
and T. Murphy. 1999. T helper differentiation proceeds through Stat1-dependent,
Stat4-dependent and Stat4-independent phases. In Redirection of Th1 and Th2
Responses. Springer. 13-26.

Sekimata, M., M. Pérez-Melgosa, S. A. Miller, A. S. Weinmann, P. J. Sabo, R.
Sandstrom, M. O. Dorschner, J. A. Stamatoyannopoulos, and C. B. Wilson. 2009.
CCCTC-binding factor and the transcription factor T-bet orchestrate T helper 1 cell-
specific structure and function at the interferon-y locus. Immunity 31: 551-564.
Balasubramani, A., R. Mukasa, R. D. Hatton, and C. T. Weaver. 2010. Regulation
of the Ifng locus in the context of T-lineage specification and plasticity.
Immunological reviews 238: 216-232.

Laurence, A., C. M. Tato, T. S. Davidson, Y. Kanno, Z. Chen, Z. Yao, R. B. Blank,
F. Meylan, R. Siegel, and L. Hennighausen. 2007. Interleukin-2 signaling via
STATS constrains T helper 17 cell generation. Immunity 26: 371-381.

Yang, X. O., A. D. Panopoulos, R. Nurieva, S. H. Chang, D. Wang, S. S. Watowich,
and C. Dong. 2007. STAT3 regulates cytokine-mediated generation of
inflammatory helper T cells. Journal of Biological Chemistry 282: 9358-9363.
Yang, X. O., B. P. Pappu, R. Nurieva, A. Akimzhanov, H. S. Kang, Y. Chung, L.
Ma, B. Shah, A. D. Panopoulos, and K. S. Schluns. 2008. T helper 17 lineage
differentiation is programmed by orphan nuclear receptors RORa and RORy.
Immunity 28: 29-39.

Akimzhanov, A. M., X. O. Yang, and C. Dong. 2007. Chromatin remodeling of
interleukin-17 (IL-17)-IL-17F cytokine gene locus during inflammatory helper T cell
differentiation. Journal of Biological Chemistry 282: 5969-5972.

Wei, L., A. Laurence, K. M. Elias, and J. J. O'Shea. 2007. IL-21 is produced by
Th17 cells and drives IL-17 production in a STAT3-dependent manner. Journal of
Biological Chemistry 282: 34605-34610.

Perumal, N. B., and M. H. Kaplan. 2011. Regulating II19 transcription in T helper
cells. Trends in immunology 32: 146-150.

Kaplan, M. H., U. Schindler, S. T. Smiley, and M. J. Grusby. 1996. Stat6 is required
for mediating responses to IL-4 and for the development of Th2 cells. Immunity 4:
313-319.

Yao, S., B. F. Buzo, D. Pham, L. Jiang, E. J. Taparowsky, M. H. Kaplan, and J.
Sun. 2013. Interferon regulatory factor 4 sustains CD8+ T cell expansion and
effector differentiation. Immunity 39: 833-845.

Chang, H. C., L. Han, R. Jabeen, S. Carotta, S. L. Nutt, and M. H. Kaplan. 2009.
PU.1 regulates TCR expression by modulating GATA-3 activity. J Immunol 183:
4887-4894.

Neumann, C., F. Heinrich, K. Neumann, V. Junghans, M.-F. Mashreghi, J. Ahlers,
M. Janke, C. Rudolph, N. Mockel-Tenbrinck, and A. A. Kihl. 2014. Role of Blimp-

121



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

1 in programing Th effector cells into IL-10 producers. The Journal of experimental
medicine 211: 1807-1819.

Grinig, G., D. B. Corry, M. W. Leach, B. W. Seymour, V. P. Kurup, and D. M.
Rennick. 1997. Interleukin-10 is a natural suppressor of cytokine production and
inflammation in a murine model of allergic bronchopulmonary aspergillosis. The
Journal of experimental medicine 185: 1089-1100.

Beriou, G., E. M. Bradshaw, E. Lozano, C. M. Costantino, W. D. Hastings, T. Orban,
W. Elyaman, S. J. Khoury, V. K. Kuchroo, C. Baecher-Allan, and D. A. Hafler. 2010.
TGF-beta induces IL-9 production from human Th17 cells. J Immunol 185: 46-54.
Kitagawa, Y., N. Ohkura, Y. Kidani, A. Vandenbon, K. Hirota, R. Kawakami, K.
Yasuda, D. Motooka, S. Nakamura, and M. Kondo. 2017. Guidance of regulatory
T cell development by Satb1-dependent super-enhancer establishment. Nature
immunology 18: 173-183.

Carrascosa, L. C., M. Klein, Y. Kitagawa, C. Luckel, F. Marini, A. Kénig, A. Guralnik,
H. Raifer, S. Hagner-Benes, and D. Radler. 2017. Reciprocal regulation of the 119
locus by counteracting activities of transcription factors IRF1 and IRF4. Nature
Communications 8.

Intlekofer, A. M., A. Banerjee, N. Takemoto, S. M. Gordon, C. S. DeJong, H. Shin,
C. A. Hunter, E. J. Wherry, T. Lindsten, and S. L. Reiner. 2008. Anomalous type
17 response to viral infection by CD8+ T cells lacking T-bet and eomesodermin.
Science 321: 408-411.

Hollenhorst, P. C., L. P. Mcintosh, and B. J. Graves. 2011. Genomic and
biochemical insights into the specificity of ETS transcription factors. Annual review
of biochemistry 80: 437-471.

Garrett-Sinha, L. A., R. Dahl, S. Rao, K. P. Barton, and M. C. Simon. 2001. PU. 1
exhibits partial functional redundancy with Spi-B, but not with Ets-1 or EIf-1. Blood
97: 2908-2912.

Garrett-Sinha, L. A., G. H. Su, S. Rao, S. Kabak, Z. Hao, M. R. Clark, and M. C.
Simon. 1999. PU. 1 and Spi-B are required for normal B cell receptor-mediated
signal transduction. Immunity 10: 399-408.

Xu, L. S., K. M. Sokalski, K. Hotke, D. A. Christie, O. Zarnett, J. Piskorz, G.
Thillainadesan, J. Torchia, and R. P. DeKoter. 2012. Regulation of B cell linker
protein transcription by PU. 1 and Spi-B in murine B cell acute lymphoblastic
leukemia. The Journal of Immunology 189: 3347-3354.

Dahl, R., D. L. Ramirez-Bergeron, S. Rao, and M. C. Simon. 2002. Spi-B can
functionally replace PU. 1 in myeloid but not lymphoid development. The EMBO
Journal 21: 2220-2230.

Costello, P., R. Nicolas, J. Willoughby, B. Wasylyk, A. Nordheim, and R. Treisman.
2010. Ternary complex factors SAP-1 and Elk-1, but not net, are functionally
equivalent in thymocyte development. The Journal of Immunology 185: 1082-1092.
Kruse, E. A, S. J. Loughran, T. M. Baldwin, E. C. Josefsson, S. Ellis, D. K. Watson,
P. Nurden, D. Metcalf, D. J. Hilton, and W. S. Alexander. 2009. Dual requirement
for the ETS transcription factors Fli-1 and Erg in hematopoietic stem cells and the
megakaryocyte lineage. Proceedings of the National Academy of Sciences 106:
13814-13819.

Mesquita, D., J. D. Barros-Silva, J. Santos, R. |. Skotheim, R. A. Lothe, P. Paulo,
and M. R. Teixeira. 2015. Specific and redundant activities of ETV1 and ETV4 in
prostate cancer aggressiveness revealed by co-overexpression cellular contexts.
Oncotarget 6: 5217.

122



173.

174.

175.

176.

177.

178.

179.

180.

181.

Donnison, M., R. Broadhurst, and P. L. Pfeffer. 2015. EIf5 and Ets2 maintain the
mouse extraembryonic ectoderm in a dosage dependent synergistic manner.
Developmental biology 397: 77-88.

Hollenhorst, P. C., A. A. Shah, C. Hopkins, and B. J. Graves. 2007. Genome-wide
analyses reveal properties of redundant and specific promoter occupancy within
the ETS gene family. Genes & development 21: 1882-1894.

Lajoie, S., I. P. Lewkowich, Y. Suzuki, J. R. Clark, A. A. Sproles, K. Dienger, A. L.
Budelsky, and M. Wills-Karp. 2010. Complement-mediated regulation of the IL-
17A axis is a central genetic determinant of the severity of experimental allergic
asthma. Nature immunology 11: 928-935.

Suzukawa, M., H. Morita, A. Nambu, K. Arae, E. Shimura, A. Shibui, S. Yamaguchi,
K. Suzukawa, W. Nakanishi, and K. Oboki. 2012. Epithelial cell-derived IL-25, but
not Th17 cell-derived IL-17 or IL-17F, is crucial for murine asthma. The Journal of
Immunology 189: 3641-3652.

Sakurai, D., J. Zhao, Y. Deng, J. A. Kelly, E. E. Brown, J. B. Harley, S.-C. Bae, M.
E. Alarcén-Riquelme, J. C. Edberg, and R. P. Kimberly. 2013. Preferential binding
to Elk-1 by SLE-associated IL10 risk allele upregulates IL10 expression. PLoS
Genet 9: e1003870.

Nakatsukasa, H., D. Zhang, T. Maruyama, H. Chen, K. Cui, M. Ishikawa, L. Deng,
P. Zanvit, E. Tu, and W. Jin. 2015. The DNA-binding inhibitor 1d3 regulates IL-9
production in CD4+ T cells. Nature immunology 16: 1077-1084.

Stritesky, G. L., R. Muthukrishnan, S. Sehra, R. Goswami, D. Pham, J. Travers, E.
T. Nguyen, D. E. Levy, and M. H. Kaplan. 2011. The transcription factor STAT3 is
required for T helper 2 cell development. Immunity 34: 39-49.

Inage, E., K. Kasakura, T. Yashiro, R. Suzuki, Y. Baba, N. Nakano, M. Hara, A.
Tanabe, K. Oboki, K. Matsumoto, H. Saito, F. Niyonsaba, Y. Ohtsuka, H. Ogawa,
K. Okumura, T. Shimizu, and C. Nishiyama. 2014. Critical Roles for PU.1, GATA1,
and GATAZ2 in the expression of human FcepsilonRIl on mast cells: PU.1 and
GATAT1 transactivate FCER1A, and GATAZ transactivates FCER1A and MS4A2.
J Immunol 192: 3936-3946.

Ohneda, K., T. Moriguchi, S. y. Ohmori, Y. Ishijima, H. Satoh, S. Philipsen, and M.
Yamamoto. 2014. Transcription factor GATA1 is dispensable for mast cell
differentiation in adult mice. Molecular and cellular biology 34: 1812-1826.

123



CURRICULUM VITAE
Byunghee Koh

Education
2008 B.S., Life science

Sogang University Seoul, South Korea
2011 M.S., Life science

Sogang University Seoul, South Korea
2018 Ph.D., Microbiology and Immunology

Indiana University Indianapolis, IN
Awards
2004 Semester Honor Scholarship

Sogang University Seoul, South Korea
2008 Magna Cum Laude

Sogang University Seoul, South Korea
2016 American Association of Immunologists Travel award
2017 Erica Daniel Kepner Award

Indiana University Indianapolis, IN
2018 American Association of Immunologists Travel award
Abstracts
2016 Koh BH, Hufford MM, Sun X and Kaplan MH. Etv5 Regulates IL-10

Production in Th Cells. The American Association of Immunologists
(AAI) Annual Meeting. 2016, Seattle, WA

2018 Koh BH, Qayum AA, Fu Y, Ulrich B, Janga SC and Kaplan MH.
Identification of a conserved multi-lineage /19 enhancer. The
American Association of Immunologists (AAl) Annual Meeting.
2018, Austin, TX



Peer reviewed publications

2010

2013

2016

2017

2018

Kim K, Kim YU, Koh BH, Hwang SS, Kim SH, Lépine F, Cho YH,
Lee GR. HHQ and PQS, two Pseudomonas aeruginosa quorum-
sensing molecules, down-regulate the innate immune responses
through the nuclear factor-kappaB pathway. Immunology. 2010
129(4):578-588.

Koh BH*, Hwang SS*, Kim JY, Lee W, Kang MJ, Lee CG, Park JW,
Flavell RA, Lee GR. Th2 LCR is essential for regulation of Th2
cytokine genes and for pathogenesis of allergic asthma.
Proceedings of National Academy of Science. 2010 107(23):10614-
10619. * These authors contributed equally.

Hwang SS, Kim YU, Lee S, Jang SW, Kim MK, Koh BH, Lee W,
Kim J, Souabni A, Busslinger M, Lee GR. Transcription factor YY1
is essential for regulation of the Th2 cytokine locus and for Th2 cell
differentiation. Proceedings of National Academy of Science. 2013
110(1):276-281.

Riley JP, Kulkarni A, Mehrotra P, Koh BH, Perumal NB, Kaplan MH,
Goenka S. PARP-14 binds specific DNA sequences to promote Th2
cell gene expression. PLoS One. 2013 8(12):e83127.

Koh BH*, Hufford MM*, Pham D*, Olson MR, Wu T, Jabeen R, Sun
X, Kaplan MH. The ETS Family Transcription Factors Etv5 and
PU.1 Function in Parallel To Promote Th9 Cell Development. The
Journal of Immunology. 2016 197(6):2465-72. * These authors
contributed equally.

Sehra S, Krishnamurthy P, Koh BH, Zhou HM, Seymour L, Akhtar
N, Travers JB, Turner MJ, Kaplan MH. Increased Th2 activity and
diminished skin barrier function cooperate in allergic skin
inflammation. European Journal of Immunology. 2016 46(11):2609-
2613.

Koh BH, Hufford MM, Sun X, Kaplan MH. Etv5 Regulates IL-10
Production in Th Cells. The Journal of Immunology. 2017
198(5):2165-2171.

Xie MM, Koh BH, Hollister K, Wu H, Sun J, Kaplan MH and Dent
AL. Bcl6 promotes follicular helper T-cell differentiation and PD-1
expression in a Blimp-1-independent manner in mice. European
Journal of Immunology. 2017 47(7):1136-1141.

Koh BH, Qayum AA, Srivastava R, Fu Y, Ulrich B, Janga SC and
Kaplan MH. A conserved enhancer regulates /|9 expression in
multiple lineage. (Under review)



Deak PE, Kim B, Koh BH, Qayum AA, Kiziltepe T, Kaplan MH and
Bilgicer B. Inhibition of drug allergy immunoglobulin-E with covalent
heterobivalent inhibitors. (Submitted)



