TRANSCRIPTION FACTOR REGULATION OF T HELPER SUBSET FUNCTION

Olufolakemi O. Awe

Submitted to the faculty of the University Graduate School
in partial fulfillment of the requirements
for the degree
Doctor of Philosophy
in the Department of Microbiology and Immunology,
Indiana University

September 2015



Accepted by the Graduate Faculty, of Indiana University, in partial
fulfillment of the requirements for the degree of Doctor of Philosophy.

Mark H. Kaplan, Ph.D.-Chair

Janice S. Blum, Ph.D.
Doctoral Committee

Baohua Zhou, Ph.D.

May 1, 2015

Jeffrey B. Travers M.D., Ph.D.



ACKNOWLEDGEMENTS
| would like to thank my graduate student mentor, Dr. Mark Kaplan, for his great
guidance, help and patience throughout my time as a graduate student. | am
grateful for the opportunity to grow as a scientist under his direction in so many
different ways. | am a better thinker, speaker and writer because of his
constructive and supportive mentoring style. When | joined the lab my one goal
was to learn to do “good science” and | feel like | have met my goal with his
leadership. | would also like to thank my committee members, Drs. Janice Blum,
Jeffrey Travers, and Baohua Zhou. They were pivotal in my development as a
scientist. Their guidance and advice helped me progress as a graduate student
and as a future physician scientist. | would also like to thank the members of the
Kaplan lab that really were a great support during my time here in the Kaplan
Lab. From Gretta Stritesky and Norman Yeh who introduced me to the lab to
Ritobrata Goswami, Qing Yu, Weiguo Yao, Sarita Sehra, Rukhsana Jabeen, Ana
Moreira, Matt Olson, Matthew Hufford, Gunseli Bozdogan, Byunghee Koh, Purna
Krishnamurthy, Felipe Fortino, Nahid Akhtar, Melody Zeng, Duy Pham, and
Evelyn Nguyen. | would also like to thank members of Dr. Zhou's lab, Dr. Sun’s
lab and the Dent lab especially Hao Wu and Dr. Alexander Dent for all of their
help with experiments and manuscript preparations. Many thanks, to my family |
could never have done this without you guys. My family has been a major
support for me through my time in graduate school. Thank you for every phone

call of encouragement and the many plane tickets home.



Olufolakemi O. Awe

TRANSCRIPTION FACTOR REGULATION OF T HELPER SUBSET FUNCTION

The immune system protects the body from foreign organisms. T cells and B
cells are integral components of the ability of the immune system to generate
focused immune responses. The development of specialized subsets of T helper
cells is governed by transcription factors. Previous work demonstrated a
requirement for the transcription factor PU.1 in the development of IL-9-secreting
Th9 cells. Work in this dissertation demonstrates that the Th9 subset is not stable
in vitro, and that PU.1 expression decreases during long-term culture. To
examine a role for PU.1 in Th9-independent immunity we examined a model of
multiple sclerosis termed experimental autoimmune encephalomyelitis (EAE).
Mice that lack PU.1 expression in T cells (Sfpi1'®*-/- mice) demonstrated more
severe disease with attenuated recovery compared to control mice, and this was
accompanied by an increase of T cells in the central nervous system. We also
observed that following multiple routes of immunization Sfpi7'*-/- mice had
increased numbers of T follicular helper (Tfh) cells and increased germinal center
responses. This correlated with increased expression of the cytokine IL-21 and
the surface protein CD40L in T cells that lacked PU.1 expression and resulted in
increased numbers of germinal center B cells and antigen-specific antibody titers
compared to control mice. The increased germinal center B cells and antibody
titers were attenuated with blocking CD40L antibody but not with neutralizing IL-

21 antibody. These results suggest that PU.1 limits the expression of CD40L on



Tfh cells to regulate the humoral immune response. Together, the data in this
dissertation demonstrate Th9-independent functions of PU.1. Moreover, this work
shows that transcription factors promoting the development of one subset of T

helper cells can simultaneously have negative effects on distinct T cell lineages.

Mark H. Kaplan, Ph.D.-Chair
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INTRODUCTION

The Immune System

The human body is a complex system and protection against potentially harmful
entities is crucial for survival. Over time the body has evolved in such a way that
requires the penetration of multiple physical and functional barriers in order for an
outside organism to initiate an internal infection. The skin is the body’s first layer
of protection from the outside world. Intact skin is a natural deterrent for
potentially invasive organisms and enzymes produced by the skin can eliminate
foreign organisms before they can penetrate the skin (1, 2). Mucosal layers that
line various areas of the body including the lungs and digestive tract provide
another layer of protection. Through the production of mucous and chemical
mediators in the lung (3) and digestive tract (4), outside organisms are prohibited
from establishing infection and disease. However, when an organism is able to
penetrate the skin or mucosal layer it is the responsibility of the immune system
to eliminate the invading organism. The immune system is a systemic network of
cells and molecules that work together to initially identify and eventually remove

the invading organism.

The immune system has two components, the innate and adaptive immune
systems. The cells of the innate immune system are important initiators of the
immune response. Dendritic cells are innate immune cells that are strategically
located throughout the body (5). Dendritic cells constantly sample antigens
present within their local environment. Through the expression of pattern

recognition receptors (PRR), dendritic cells are able to identify foreign organisms.



When PRRs are triggered dendritic cells become activated and mature into cells
that are able to migrate to local lymph nodes and stimulate cells of the adaptive
immune system called T- and B-lymphocytes. The activation of T-lymphocytes by
dendritic cells requires close contact between the two cell types. When dendritic
cells encounter a foreign organism they present processed antigens bound to
major histocompatibility class Il (MHC Il) molecules on their cell surface which
can be recognized by CD4" T-cells that express T-cell receptors (TCR) specific
for the peptide:MHC Il complex. Mature dendritic cells also express surface
molecules such as CD80, CD86, and CD40, which interact with T-cell surface
molecules such as CD28 and CD40L promoting the survival and further
activation of T-cells. Further, cytokines produced by dendritic cells bind to
receptors on the surface of activated CD4" T-cells, directing the differentiation of

activated T-cells into helper cells with distinct qualities.

The indispensible nature of the immune system is demonstrated in individuals
that lack different factors that are important for the innate and adaptive immune
response. Chronic granulomatous disease (CGD) can develop in individuals that
have genetic mutations in genes that are important for the killing of invading
organisms after they have been phagocytosed (6). Therefore, individuals with
CGD are susceptible to a wide range of infectious agents. Severe combined
immunodeficiency (SCID) is a category of disorders in which the development of
T and B-lymphocytes is impaired. Mutations in genes for CD40L, JAK3, IL-7 and

other genes have been shown to cause SCID (7). Alternatively, uncontrolled
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activity of the immune system can also be detrimental. The incidence of allergic
disease is increasing (8). Allergic disease occurs in individuals that are
genetically predisposed to enhanced immune activity in response to certain
exogenous antigens. Typically, individuals who suffer from allergic disease have
increased expression of type 2 cytokines and increased circulating serum IgE
upon allergen exposure. Autoimmune disease is another example of improper
activity of the immune system. There are multiple mechanisms in place to
prevent the immune system from attacking the host (9). However, disruption of
self-tolerance can occur when there is a breakdown in one or more of these
mechanisms. Together, these diseases demonstrate the necessity of proper

functioning of the innate and adaptive immune system.

T-helper cells play a crucial role in promoting the elimination of pathogens and
promoting the development of memory responses. Through the production of
cytokines T-helper cells can further activate cells of the innate immune system to
directly kill invading pathogens. T-helper cells can also recruit other cells of the
immune system to sites of infections. One of the most important jobs of T-helper
cells is to help B-cells produce antibodies that are highly specific for invading
pathogens. The importance of T-helper cells in different parts of the immune
response and the variety of pathogens encountered by T-cells, requires the
development of distinct subsets of T-helper cells. Th1 and Th2 cells were the first
two subsets of T-helper cells described in the late 1980’s(10) and since then

multiple other subsets have been discovered (11) (Figure 1).
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Figure 1. Diagram of T-helper Cell Differentiation

Appropriate contained responses to foreign organisms are key to removal of the
invading organism without causing harm to the host. However, unrestrained or
exacerbated production of cytokines by T-helper cells and other cells of the
immune system often in combination with a break down in self tolerance
mechanisms can lead to acute or chronic inflammatory disease. During certain
helminth infections that occupy the portal vein system the Th2 cytokine,
interleukin 13 (IL-13), is an important component of the antiparasitic response.
However overtime persistent production of IL-13 can lead to fibrosis and
significant pathology within the liver increasing the morbidity and mortality rates

of infected individuals. Other Th2 cytokines such as IL-4 can also be beneficial in



that IL-4 can abrogate the development of autoimmunity by inhibiting the
differentiation of Th1 and Th17 cells, two principal cell types in the development
of autoimmune disease. For a long time, Th1 and Th2 cells were the only known
T-helper subsets identified and the different manifestations of autoimmune
disease were either due to the activity of Th1 or Th2 cells. Through the
production of IFN-y and TNF-a, Th1 cells mediated macrophage activation and
the production of chemical mediators that promoted damage of joints in the case
of rheumatoid arthritis or central nervous tissue in multiple sclerosis. Th2 cells
were the promoters of B-cell antibody production. The discovery of the Th17
subset was a pivotal occurrence because it explained the conflicting evidence
that surrounded the importance of Th1 cells in autoimmunity and it paved the
way for a clearer understanding of the mechanisms involved in promoting
autoimmunity. IL-17, the principal cytokine of the Th17 subset can promote tissue
destruction in a variety of ways. IL-17 can lead to the production of chemokines
and the resulting recruitment of inflammatory cells and increase the production of
matrix metalloproteinases, which can directly destroy the extracellular matrix and
surrounding tissue (12). The advances in understanding the significance of the
different cell types and cytokines involved in autoimmune disease have largely
been a product of disease studies in animal models. One mouse model that has
been used extensively to study the inflammatory nature of the different T-helper
subsets is the model of multiple sclerosis called experimental autoimmune

encephalomyelitis (EAE). Although, EAE does not recapitulate every aspect of



multiple sclerosis, it has been a useful tool to better understand the involvement

of the different T-helper subsets in the context of autoimmune disease.

EAE: A model for understanding T-helper cell biology

EAE was first developed in the early twentieth century and it was the first model
of aseptic central nervous system inflammation and autoimmunity in general (13).
As EAE is a disease characterized by demyelination within the CNS, induction of
EAE in mice occurs through immunization with myelin-associated proteins such
as myelin oligodendroctye (MOG) protein or MOG peptides, myelin basic protein
or peptide, and proteolipid protein. An adjuvant such as complete Freund’s
adjuvant (CFA), a mixture of Mycobacterium tuberculosis and oil, is often
administered in an emulsion containing the myelin-associated protein. CFA is
thought to bolster the immune response and help in breaking down the blood
brain barrier facilitating the entry of immune cells (13). The histological findings of
EAE mirror those observed in patients who suffer from demyelinating diseases of
the central nervous system (CNS) such as multiple sclerosis (MS) (13). Thus,
EAE is a tool for exploration into the development of diseases such as MS and
possibly the development of treatment modalities. Although, only a small number
of drugs developed from EAE studies have advanced to clinical use to date (13),
there is an abundance of knowledge that we have today concerning how the
immune system works that can be attributed to evidence gathered using the EAE

model.



In particular, the discovery of the Th17 subset stemmed from investigations
looking to determine the prevailing cytokines of EAE and autoimmunity. Before
the discovery of Th17 cells Th1 cells, through the production of IFN-y, were
thought to be the impetus of autoimmunity. However, there is much stronger
evidence that the IL-12 family member IL-23, an important cytokine in the
differentiation of Th17 cells, has a much more important role in promoting the
inflammatory response observed in EAE. Th9 cells have also been shown to be
pathogenic in EAE. Adoptive transfer of in vitro derived Th9 cells can induce
EAE. However, the contribution of IL-9 to the pathology of EAE is still unclear.
Further, whether the transcription factor PU.1, which regulates IL-9 production
from Th9 cells, is required in CD4" T-cells for EAE development is also unclear.
To begin to clarify the role of IL-9 and PU.1 in EAE, we induced EAE in Sfpi1'ck-/-
mice, which specifically lack the expression of PU.1 in CD4* T-cells. CD4* T-cells
from Sfpi1'**-/- mice produce very small amounts of IL-9 when differentiated
under Th9 conditions. In a model of allergic inflammation of the lung, Sfpi1'-/-
mice were resistant to disease because of their deficiency in IL-9 production.
Thus, Sfpi1'k-/- mice will be a great tool for better understanding the involvement

of IL-9 and PU.1 in the pathogenesis of EAE and potentially MS.

T-helper Cells and Their Transcription factors

The transcription factor network within the different T-helper subsets regulates

the characteristics of the T-helper subsets. Cytokine production, cellular



trafficking and other properties of T-helper cells are often controlled by multiple
transcription factors. However, there are a few transcription factors that have a
more dominant effect on T-helper cell polarization. These transcription factors
are referred to as master transcription factors. GATAS is required for Th2 cell
differentiation and GATAS3 was the first master transcription factor described (14).
GATAS3 expression in Th2 cells regulates the expression of Th2-associated
cytokines and the absence of GATA3 expression causes T-cells to become more
Th1 like as indicated by increases in IFN-y (14). A couple years after the
discovery of GATA3, T-bet was described as the lineage-defining transcription
factor for Th1 cells (15). Similar to GATA3’s control of IL-4, T-bet expression
regulates the expression of the hallmark Th1 cytokine, IFN-y (15). Over the past
decade the newest T-helper subsets and their master regulators have been
described. Th17 cells require RORyt (16), T-regulatory cells require Foxp3 (17-
19), Tth cells require Bcl6 (20), and Th9 cells require PU.1 (21). The T-helper
cells and their associated transcription factors and cytokines have been shown to
play important roles in promoting disease in mouse models and in humans.
However, there are still many questions about the function of the T-helper

subsets that have not been addressed.

In the following paragraphs, | touch on some of the main characteristics of the
different T-helper subsets and their involvement in immunity against foreign

pathogens. | also highlight what is currently understood about the newest T-



helper subset, Th9 cells, and importance of PU.1 in T-helper cell immunity

beyond regulation of IL-9 expression by Th9 cells.

Th1 cells

The differentiation of Th1 cells from naive CD4" cells requires upregulation of the
IL-12RB2 through TCR signaling and IL-12 produced by antigen presenting cells
(APC) within the local environment (11, 22). IL-12R signaling leads to the
phosphorylation and dimerization of the signal transducer and activator of
transcription-4 (STAT4). Once, in the nucleus STAT4 can induce the expression
of IFN-Y. IFN-y can then bind to the IFN-y receptor on the surface of Th1 cells
and induce more IFN-y production through the activity of STAT1. IFN-y can also
upregulate IL-12 production by phagocytes further potentiating Th1 differentiation
(22). Both STAT1 and STAT4 signaling can induce T-bet expression (23). T-bet
works to stabilize the Th1 lineage by promoting Th1-cell specific genes but T-bet
also limits the expression of Th2 associated genes (24). The Th1 polarizing
ability of T-bet is demonstrated as overexpression of T-bet in Th2 cells

decreases Th2 cytokine production and increases the production of IFN-y (15).

Th1 cells are responsible for promoting immunity against intracellular pathogens.
Through the production of IFN-y, Th1 cells can activate phagocytes to kill cells
that have been infected by viruses and other intracellular pathogens. Th1 cells
also produce IL-2 and lymphotoxin, and TNF-a (22). The importance of IFN-y

9



production by Th1 cells is demonstrated in the increased susceptibility of
infection in mice that lack IFN-y and the interferon gamma receptor 1 (IFNGR1)
(25). IFN-y”- and IFNGR17 mice are unable to clear a variety pathogens
including Leishmania major, Listeria monocytogenes, and other obligate
intracellular pathogens. Patients that lack functional IFN-y receptors also show
increased susceptibility to infection and often die in childhood (25). Th1 cells are
also important for tumor immunity. Through the production of IFN-y, Th1 cells
can activate macrophages to release reactive oxygen species which can lead to
tumor cell death (26). IFN-y can also cause tumor cells to upregulate MHC II
expression increasing the possibility of detection (26). IL-2 production by Th1
cells can increase the expansion of cytotoxic lymphocytes, which can directly kill
tumor cells (26). The importance of Th1 cell development during certain types of
infection and in promoting antitumor immunity is clear. However, Th1 cells have
also been shown to contribute to various disease pathologies. Transfer of Th1
cells into naive mice has been shown to induce experimental autoimmune
encephalomyelitis (EAE) (27, 28), the mouse model of the human disease
multiple sclerosis. Th1 cells are also harmful in diseases such as inflammatory

bowel disease (29) and other autoimmune disorders (30).

Th2 cells

The signature cytokines of Th2 cells are IL-4, IL-5, and IL-13. Th2 cells play a

critical part in immunity against extracellular pathogens especially helminthes.
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The polarization of Th2 cells can be influenced by a variety of factors but IL-4 is
one of the most important. Signaling through the IL-4R leads to phosphorylation
and homodimerization of STAT6, which induces the expression of GATAS3, the
master transcription factor of the Th2 subset (14, 31). The initial source of IL-4 is
currently unclear but a variety of cells including TCR stimulated naive CD4* T-
cells and basophils are potential candidates. STAT5 activity is also required for
complete Th2 differentiation (32). IL-2 signaling induces STATS and in
combination with GATA3, STATS can induce IL-4 expression. The importance of
IL-2 and STATS signaling in Th2 differentiation is highlighted in studies were IL-2
signaling is absent and Th2 differentiation is attenuated (33). Cytokines such as
thymic stromal lymphopoietin (TSLP), IL-25, and IL-33 have also been shown to
promote the Th2 phenotype (31). Epithelial cells can express TSLP, IL-25, and
IL-33 and the ability of these cytokines to enhance the Th2 phenotype is linked to
their contribution to type 2 immune responses that occur during the pathology of
allergic disease. Notch and OX40 signaling can also promote the Th2 phenotype

especially in the absence of IL-12 (31).

The involvement of Th2 associated cytokines in the development of allergic
disease and asthma has been understood for many years. The ability of
cytokines such as IL-4 to promote B-cell class switching to IgE, IL-5 to promote
the migration of eosinophils, and IL-13 to promote airway remodeling highlights
the significance of Th2 cytokines in the pathology of allergic disease and asthma

(31). Also, Th2 cytokines have been observed in patients with asthma and
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allergic disease further supporting the importance of Th2 cells in the pathology of
these diseases (8). Th2 cells are also vital for resistance to helminthic infections.
The CD4* T-cell response to helminth infections can vary based on the infectious
agent. However, clearance of the infectious agent often requires the
development of Th2 cells. IL-4 is important for B-cell antibody class switching to
IgE, which can directly bind to the invading parasite. IL-5 produced by Th2 cells
is vital for the development of eosinophilia and the release of anti-parasitic
chemical mediators upon interaction of the IgE constant region with its receptor
on the surface of eosinophils and mast cells. IL-4 and IL-13 are both important
for promoting smooth muscle contraction within the intestine, which helps to
expel parasites from the host. However, persistent IL-13 can also be harmful
during a parasitic infection because IL-13 can promote fibrosis and this is

especially important when the liver is involved (31).

Th17 cells

The discovery of the Th17 lineage began with in vivo studies of autoimmunity.
Th1 cells were thought to be the major driver of inflammation in many
autoimmune mouse models. However, the dominant Th1 effector cytokine, IFN-y,
was found to be dispensable for the induction of EAE and disease was found to
be exacerbated in the absence of IFN-y (34). This finding prompted further
investigation into other cytokines involved in autoimmune pathology. It was

eventually found that IL-23, a cytokine vital for the commitment of the Th17
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lineage, and subsequently IL-17 are important for the development of
autoimmunity using the EAE model (35, 36). In vitro differentiation of Th17 cells
stemmed from studies looking at cytokines that could inhibit the development of
the Foxp3™* regulatory T-cell (T-regulatory cells, Treg) lineage. It was found that
IL-6 was a potent suppressor of Treg development and that instead of expressing
high levels of Foxp3, cells cultured with TGF- and IL-6 or IL-21 expressed IL-17
(34, 37-39). It was later demonstrated that TGF-B and IL-6 induced the
expression of RORyt a transcription factor that when overexpressed in naive T-
cells can induce IL-17 production (34). The expression of RORyt is partly
influenced by the amount of TGF-B, as lower levels of TGF-f3 in combination with
IL-6 favor the expression of RORyt (34). Interestingly, although RORyt
expression on its own can induce IL-17 production, the absence of RORyt does
not completely abolish the development of IL-17 secreting cells in vivo. Another
transcription factor that belongs to the same family as RORyt, RORa has been
shown to have a somewhat similar impact on Th17 development (34). Other
transcription factors such as IRF4 have also been shown to be important for

Th17 development (34).

The association of Th17 cells with autoimmunity has grown stronger as
transgenic mice lacking cytokines, receptors, and transcription factors important
for Th17 induction, are found to be show a range of resistance to the
development of different mouse models of autoimmune disease (34). These mice

have also been used to highlight the importance of Th17 cells in promoting

13



immunity against some extracellular pathogens (34). Importantly, Th17
associated cytokines have been shown to be involved in a variety of human
disease including rheumatoid arthritis, and asthma. Consequently, treatments

targeting Th17 associated cytokines are being pursued (34).

Tfh cells

T follicular helper (Tfh) cells help B-cells produce high affinity antibodies, which
target invading pathogens for destruction. During Tfh cell development, Tfth cells
upregulate the expression of the chemokine receptor CXCR5 enabling Tth cells
to migrate into germinal centers, which are specialized regions in which antigen
specific germinal center B-cells undergo selection (40). Tfh cells provide survival
signals to B-cells that express B-cell receptors (BCR) that are specific for the
pathogen being targeted. Tfh development requires the expression of Bcl6 (40).
The absence of Bcl6 expression in vivo impairs the development of Tth cells (40).
Bcl6 is a transcriptional repressor that either represses the expression or the
activity of the master transcription factors of the Th1, Th2, and Th17 subsets
(40). However, Bcl6 alone cannot induce all of the Tfh features necessary for B-
cell help. Therefore, transcription factors such as c-MAF, IRF4, STAT3, and
others have also been demonstrated to be important for Tth development (40).
Further, cognate interactions between Tfh surface molecules such as the Slam
associated protein (SAP), CD28, ICOS, and CD40L and their interaction partners

expressed on the surface of germinal center B-cells have been shown to be
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required for Tfh development (40). Tfh cells also express cytokines. IL-21 is
produced by Tfh cells and through binding of the IL-21R, IL-21 increases the
proliferation and antibody class switching of germinal center B-cells (40). At the
moment, the ability of IL-21 to impact differentiated Tfh cells is still unclear,
however IL-21 has been shown to contribute to the differentiation of Tfh-like cells
in vitro (40). Other cytokines such as IL-4, IL-9 (41) and IFN-y are important for
antibody class switching (40). However, if Tfh cells can produce IL-9 is unclear
and whether the IL-9 promoting transcription factor, PU.1, has a role in the Tth

phenotype has not been studied.

Regulation of Tfh cell development is essential to prevent the possible
development of disease. The Tfh surface molecule PD-1 negatively regulates the
proliferation of Tfh cells (42). Also, transcription factors such as Kif2 (43, 44),
STATS5 (40), and PU.1 as identified by our work are important negative regulators
of Tfh development. Dysregulation of Tfh cell development and function could
have significant consequences on human health. Increased numbers of
circulating Tfh-like cells have been identified in individuals with various
autoimmune diseases including systemic lupus erythematosus (SLE) (45).
Similarly, increased numbers of Tfh cells have been demonstrated in mouse
models of SLE. Alternatively, mutations impacting STAT3, SAP, CD40L, and
ICOS have shown to negatively effect the development of humoral immunity in

both humans and mice (45).
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Among the molecules that mediate Tfh function, IL-21 and CD40L are two of the
most important. CD40L is required for germinal center development and blocking
the CD40-CD40L interaction early or late in T-cell dependent B-cell responses
attenuates germinal center development (46). CD40L provides germinal center
B-cells with survival and maturation signals. The transcriptional regulation of
CDA40L expression in Tfh cells is not well understood but it is clear that CD40L
expression is essential for the maintenance of germinal centers. IL-21 production
by Tfh cells is important however, it appears to play a lesser role in germinal
center maintenance compared to CD40L. Germinal centers can develop in the
absence of IL-21 expression. However, fewer germinal center B-cells are present
and less IgG class switching is observed (47). There has been some
advancement in understanding the regulation of IL-21 production by Tfh cells but
there are still many questions that need to be addressed including what

transcription factors regulate the production of IL-21 by Tfh cells.

T-regulatory cells

T-regulatory cells (Tregs) play a vital role in controlling inflammation and
protecting against autoimmunity. There are two types of Tregs that can develop.
Thymus derived Tregs develop in parallel with other CD4" cells in the thymus and
iTregs develop in the periphery. nTregs and iTregs require the master
transcription factor Foxp3 for development and function (48). Humans and mice

that lack Foxp3 expression develop a variety of diseases and disorders including
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thyroiditis, dermatitis, and uncontrolled lymphoproliferation (48). The effector-
mediated mechanisms of tolerance used by Tregs to maintain tolerance include
cytokine production, and induction of cytolysis through the production of
granzymes. Cytokines such as IL-10, TGF-B and IL-35 have been shown to
mediate the suppressive activity of Tregs (48). In addition, human and mouse
Tregs have been shown to produce granzyme A and granzyme B respectively,
inducing the killing of target cells (48). Although, Tregs are important for limiting
the immune response in order to prevent harm to the host, the
immunosuppressive activity of Tregs negatively impacts the anti-tumor effector
cell responses. Through the production of cytokines and granzyme molecules
Tregs can eliminate T-effector cells, NK cells, and cytotoxic T-cells from the local
tumor environment thereby allowing for continued tumor growth and expansion
(49). Treatments that target Tregs in cancer patients are currently being pursued

but the exact role of Tregs in different tumor environments is still not clear (49).

Th9 cells

Th9 cells are a subset of T-helper cells that primarily secrete IL-9. IL-9 was first
described as a T-cell growth factor but has since been shown to target a variety
of cell types including mast cells, astrocytes, keratinocytes, and lung epithelial
cells (27, 50-53). The cytokines IL-4 and TGF-f induce a network of transcription
factors within naive CD4" T-cells necessary for IL-9 production in both mice and

humans (54). In addition to the requirement of TGF-B and IL-4, other co-
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stimulatory molecules and cytokines have been shown to augment or inhibit 1L-9
production by Th9 cells (Figure 2). Both murine and human Th9 cells increase IL-
9 production in response to IL-183, nitric oxide and thymic stromal lymphopoietin
(TSLP) (55-57) and down regulate IL-9 production in response to interferon IFN-y
and IL-27 (58-60). Cultured human Th9 cells also increase IL-9 production when
exposed to IL-6, IL-10, IFN-a, IFN-B, and IL-21 (60); however, the relative
importance of these cytokines in regulating Th9 cellular activity during the onset
and progression of different disease states is still in question. In addition to the
cytokines that can induce IL-9 production there are a number of transcription
factors that contribute to the Th9 phenotype. Importantly, the expression of the
transcription factor PU.1 has been shown to be vital for the in vitro development
of human and mouse Th9 cells. The absence of PU.1 expression in mice
attenuates the development of allergic inflammation of the lung in an IL-9
dependent manner. Other transcription factors that have been shown to be
important for Th9 cell development include IRF4, BATF, STAT5, and STATG6.
Studies from our lab looking at the regulation of genes that are highly expressed
within the Th9 population when compared to Th2 and Tregs, helped to identify
genes distinctive to the Th9 subset (21). Genes for the B-cell activating factor
(BAFF) and IL-1 receptor antagonist (IL-1RA) were among the category of genes
identified that are typically associated with the innate immune system. Also
present were genes for chemokine receptors such as CCR4. At the moment, it is

unclear of how BAFF and the other genes identified contribute to the Th9
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phenotype however; these genes along with others have provided a framework

for understanding the characteristics that makeup the Th9 subset.

Th9 cells act in a pro-inflammatory or an anti-inflammatory manner depending on
the experimental disease model being tested. The inflammatory nature of Th9
cells is often directly related to the ability of IL-9 to act on various cell types within
the lung, skin, brain, and other non-immune privileged organs. IL-9 can also
enhance the effector function of other T-helper cell subsets. For example, the
binding of IL-9 in combination with TGF- and IL-6 to human CD4* T-cells leads
to higher levels of CD4*IL-17A" cells compared to cultures without IL-9 (61). A
similar observation was made in mice but IL-6 was not required (62). Conversely,
IL-9 has been associated with promoting the activity of T-regulatory cells, which
are a subset of T-helper cells that through the expression of anti-inflammatory
cytokines IL-10 and TGF- dampen the immune response (62, 63). The impact of
IL-9 on human T-regulatory cells has not been closely examined and will require
further study to determine if observations made using murine cells can be
expanded to humans. The proclivity of Th9 cells to lead to enhanced or reduced
inflammation may depend on the dominant cell type within the immediate

environment.

A signature feature of the T-helper subsets is their ability to persist over long

periods of time in vivo or after multiple rounds of in vitro culturing. The stability of
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Th9 cells, being the most recently described T-helper cell subset, is still in
question. There are a few reports that show transient IL-9 production after
adoptive transfer of Th9 cells in a model of autoimmunity (64) and during
helminth infections (65). Currently, there are no reports about the in vitro stability
of Th9 cells. The development of tools that will allow monitoring of IL-9
production will facilitate studies looking into the stability of Th9 cells. One group
has generated an IL-9 reporter mouse (65) and we are currently working on
generating our own. With these mice we will be able to track IL-9 producing cells
in vivo, analyze their cytokine secreting abilities ex vivo and conduct in vitro
culturing of Th9 cells over multiple rounds. The stability of the Th9 subset will be
important to understand if treatments targeting IL-9 production by Th9 cells will

be developed in the future.

The importance of Th9 cells during various inflammatory processes in the human
body is still not well defined. There are some disease pathologies in humans
where IL-9 expression has correlated with disease severity and in analogous
experimental mouse models where IL-9 was found to be a prominent factor
linked to the observed pathology. For example, in mouse models such as EAE,
Th9 cells were shown to promote a distinct pattern of inflammation suggesting
that Th9 cells may play a unique role in the pathology of multiple sclerosis. Many
of the investigations involving Th9 cells have focused on the impact of IL-9,
however the importance of PU.1 expression by T-cells during these disease

processes has not been studied.
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The role of IL-9 in Central Nervous System Inflammation

The opposing functions of T-regulatory cells and the pro-inflammatory Th1, Th2,
and Th17 subsets regulate the balance between tolerance and inflammation. Th9
cells likely impact this balance as well. When the balance between tolerance and
inflammation is tipped to favor pro-inflammatory effector cells, autoimmune
diseases can arise. Experimental autoimmune encephalomyelitis (EAE), a
mouse model of the human disease multiple sclerosis characterized by
demyelination within the central nervous system (CNS), has been used to
demonstrate the impact of the T-helper subsets on the initiation and progression
of autoimmune conditions. Currently, there are conflicting views on the
contribution of Th9 cells during EAE because it is thought that IL-9 can promote
either a pro-inflammatory or anti-inflammatory state depending on the
microenvironment when IL-9 is expressed and the time during disease
progression where IL-9 is produced. Adoptive transfer experiments demonstrated
that naive T-cells from mice expressing a myelin oligodendrocyte glycoprotein

(MOG)-specific-TCR skewed under Th9 conditions can induce EAE (27).

The pathogenic capability of Th9 cells contrasts the reported ability of IL-9 to
augment the activity of T-regulatory cells (62). In one study, mice deficient in the
expression of the /I9r showed earlier onset of EAE and increased disease
severity compared to WT mice. When 1I9r-/- or [1I9r+/+ CD4*CD25" Tregs were
adoptively transferred into WT mice after induction of EAE, IL-9R-deficient Tregs

had a reduced capacity to suppress T-cell proliferation suggesting that the
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absence of IL-9 signaling during EAE diminishes Treg activity and exacerbates
CNS disease (62). The protective role of IL-9 in this study differs from the
pathogenic role of IL-9 presented in other studies. One study links IL-9
production in the CNS to the production of CCL20 by astrocytes expressing the
IL-9R and suggests that the CCL20 produced can lead to the migration of Th17
cells (66). Other studies that utilized IL-9 blocking antibodies, //9-/- mice, and //9r-
/- mice observed delayed onset of disease and decreased disease severity (67-
69). The proposed mechanisms employed by IL-9 in promoting EAE pathology in
these different models include activation of STAT1 and STAT3 pathways,
increasing mast cell numbers in the CNS, and enabling activation of antigen
specific T-cells. The diverging observations concerning the significance of IL-9 in
the pathology of EAE will require further investigation. However, a study
conducted by Elyman et al., provides a possible explanation for the conflicting
results (69). Stimulation of Notch receptors through Jagged2- expressing A20 B-
cells induced the production of IL-9. Pretreating WT mice with Jagged2 before
the induction of EAE led to less severe disease and simultaneous treatment with
Jagged? and induction of EAE led to greater disease severity. The authors
suggest that the disparity in outcomes is due to changes in the Treg/Th17 ratio
brought on by differing cell targets for IL-9. When mice are pretreated with
Jagged?2, the Treg/Th17 ratio increased suggesting that in this relatively non-
inflammatory microenvironment where Tregs may predominate, IL-9 is able to
promote Treg activity and dampen subsequent CNS inflammation. However, the

presence of IL-9 as the immune response is being initiated leads to even greater
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inflammation, possibly by expanding pro-inflammatory cells such as Th17 cells.
Currently, Th17 and Th1 cells are the primary T-helper subsets found to be
associated with the human disease multiple sclerosis. However, increasing
amounts of evidence in mouse models suggest that further study into the
possible contribution of Th9 cells during multiple sclerosis would be revealing.
Moreover, a role for PU.1 in EAE has not been investigated to date. The
requirement of PU.1 for the production of IL-9 by T-helper cells suggests that

PU.1 may also be an important factor in CNS inflammation.

PU.1

PU.1 is a transcription factor that regulates the development and function of
various cell types within the immune system. The necessity of PU.1 expression
during the early stages of myeloid and lymphoid progenitor cell development has
been well characterized although some questions still require further
investigation. PU.1 is essential for the development and maintenance of
macrophages and dendritic cells. In dendritic cells, PU.1 regulates the gene
expression of many of the crucial factors of macrophage and dendritic cell
development and function. PU.1 regulates the expression of the macrophage
colony stimulating factor receptor (M-CSFR) (70), granulocyte-macrophage
colony stimulating factor receptor (GM-CSFR) (71) and the FIt3 receptor (72), all
of which are important for either dendritic cell or macrophage development. PU.1

also regulates major histocompatibility class Il (MHC Il) (73) expression on the
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surface of dendritic cells. In contrast, expression of PU.1 within the lymphoid
lineages is only required during the early stages of T and B-cell development
(74). However, lack of PU.1 expression in mature T and B-cells does have
significant effects on the phenotype of T and B-cells. PU.1 regulates the
expression of large variety of genes within germinal center B-cells and mature B-

cells including light and heavy chain antibody genes (74, 75).

Interactions between PU.1 and members of the interferon regulatory family of
proteins have also been shown to regulate gene transcription in mature B-cells.
PU.1 in combination with IRF4 increases the expression of the Igk gene by
binding to the 3’ enhancer region (76). Further, it was recently shown that PU.1 in
combination with IRF8 is required to limit plasma cell differentiation, with the
absence of PU.1 and IRF8 expression leading to increased differentiation of
antibody secreting cells and antibody production. Similarly, the absence of PU.1
in CD4* T-cells has a major impact on the differentiation of naive T-cells. We
have shown that T-cells that lack PU.1 expression have increased TCR
expression (77) and a higher expression of Th2 associated cytokines (77, 78). As
mentioned in the Th9 section of this introduction, PU.1 is also essential for the
differentiation of Th9 cells. PU.1 expression has also been detected in other T-
helper subsets (21). However, it is not clear whether PU.1 has any functional
significance in the other T-helper subsets. In this dissertation we provide
evidence for a broader role of PU.1 in T-cells through the regulation of the Tfh

phenotype and increased T-cell infiltration into the central nervous system (CNS)
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after EAE induction in Sfpi1'*-/- mice. Further, we observe enhanced germinal
center activity in Sfpi1'®-/-, through increased expression of CD40L and IL-21,

using two different models.

The range of PU.1 expression by cells of the immune system suggests that PU.1
could have a major impact in human health. As PU.1 is a master transcription
factor in cells of the myeloid lineage it is no surprising that many of the diseases
associated with PU.1 are related to the inactivation of PU.1 in myeloid cells.
Mutations in the PU.1 binding sites in the gene encoding gp91°"*, a component
of the NADPH oxidase complex, results in CGD (79). In the context of cancer,
lack of sufficient expression of PU.1 early in myelopoiesis leads to leukemia in
mice (80) and mutations in PU.1 have been observed in patients with acute
myeloid leukemia. (81). Disruption of PU.1 expression alone is not thought to
completely transform cells but in-line with most other cancer causing mutations,
mutations in PU.1 can provide the initial hit needed to begin the cancerous
transformation(81). The finding that PU.1 regulates IL-9 expression has
expanded the inquiry of the impact of PU.1 in disease. We have shown that the
absence of PU.1 expression in T-cells abrogates the development of allergic
disease in mice. Another group has shown that intestinal tissues from patients
with ulcerative colitis are positive for IL-9 and PU.1 (82), supporting a report that

showed transfer of IL-9* cells can exacerbate colitis in mice (83).
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The studies in this dissertation are focused on gaining a better understanding of

Th9 biology and the PU.1 function in the immune system.

Research goals

PU.1 is a master transcription factor of cells of the myeloid lineage and initially it
was thought that the role of PU.1 in mature lymphocytes was limited to the B-cell
lineage. However, recent work by our lab showing that PU.1 is essential for
selective IL-9 production by Th9 cells has uncovered a new role for PU.1 in
regulating the polarization of T-helper cells. The goal of this research is to
investigate the potential role of PU.1 in regulating other aspects of T-helper cell
immunity. Our first aim is to use retroviral overexpression of PU.1 in CD4* T-cells
to determine what genes are regulated by PU.1 under neutral conditions. Our
second aim is to look at the importance of PU.1 expression in T-helper cells in
the context of inflammation of the central nervous system through the use of the
mouse EAE model of multiple sclerosis. The last aim of this research will be to
determine the role of PU.1 in Tfh cells and whether it has any impact on germinal

center activity.
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MATERIALS AND METHODS
Mice
C57BL/6 mice (WT) were purchased from Harlan Bioscience. PU.1 conditional
mutant mice were generated by crossing Sfpi1 " mice on the C57BL/6
background with mice containing the Cre recombinase transgene under the
control of the Lck promoter (21, 84). Mice were kept in a specific pathogen-free
environment and all studies were approved by the Institutional Animal Care and

Use Committee of the Indiana University School of Medicine.

T helper Cell Differentiation

Naive CD4*CD62L* T cells were isolated from spleen and lymph nodes by
magnetic separation (Miltenyi Biotech). Naive cells were cultured in complete
RPMI-1640 medium (supplemented with 10% (vol/vol) FBS (Atlanta Biologicals),
1mM glutamine (BioWhittaker), 100 U/mL penicillin (BioWhittaker), 100 pg/mL of
streptomycin (BioWhittaker), 10mM HEPES, pH 7.3 (BioWhittaker), 1 mM sodium
pyruvate (BioWhittaker) and 50 yM 2-mercaptoethanol) on a-CD3 (2pg/mL; 145-
2C11; BioXcell) coated plates in the presence of soluble a-CD28 (1-2ug/mL)
under Th1 (5ng/mL IL-12; 50 U/mL IL-2 and pg/mL anti-IL-4, 11B11), Th2
(10ng/mL IL-4; and 10ug/mL anti-IFN-y, XMG), Th9 (10ng/mL IL-4; 2ng/mL TGF-
B; and 10pg/mL anti-IFN-y, XMG) , Th17 (100ng/mL IL-6; 10ng/mL IL-13; 2ng/mL
TGF-B; 10upg/mL anti-IFN-y, XMG; 10ug/mL and anti-IL-4, 11B11)and T
regulatory cell conditions (2ng/mL TGF-B;10ug/mL anti-IFN-y, XMG; 10ug/mL

and anti-IL-4, 11B11). Cells were expanded after three days with fresh media
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and cytokines for Th1 (media only), Th2 (media only), Th17 (50ng/mL IL-6;
5ng/mL IL-1B; and 20U/mL of IL-2) Th9 (10ng/mL IL-4; 2ng/mL TGF-B; and
50U/mL IL-2), and T-regulatory cells (50U/mL IL-21). After 5 days, cells were
restimulated on a-CD3 coated plates for 24 hours and supernatants were
collected for ELISA. For CD40L staining, naive CD4"* T cells were stimulated with
PMA (50ng/mL) and lonomycin (500ng/mL) for 2 hours. Cells were either stained
for surface CD4+(RM4-5) and CD40L expression or permeabalized for

intracellular CD40L staining.

ELISA Detection of IL-1RA and BAFF

T-helper subsets were differentiated under Th1, Th2, Th9, Th17 and Treg
conditions for 5 days. On Day 5 cells (5.0 x10° to 1.0 x 10°) were restimulated on
a-CD3 coated plates for 24 hours. The supernatant from restimulated cells was
collected and stored at -20 degrees Celsius for later use. 96-well plates were
coated with affinity purified IL-1RA polyclonal antibody (R&D) dissolved in 0.1 M
NaHCOs buffer (pH 9) at 4°C overnight. Wells were washed three times with
ELISA wash buffer (0.1% Tween-20 in PBS) and blocked with ELISA buffer (2%
BSA, 0.01% NaNs in PBS) for 2 h at RT. Diluted IL-1RA standard (R&D) and cell-
free supernatants were added to plates and incubated at 4°C overnight. Wells
were washed three times with ELISA wash buffer, biotinylated antibodies (1
pug/ml; BD Biosciences) dissolved in ELISA buffer were added and plates were
incubated at RT for 2 h. Wells were washed three times with ELISA wash buffer

and incubated with streptavidin alkaline phosphatase (1:2000; Sigma) dissolved
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in ELISA buffer at RT for 1 h. Wells were washed three times with ELISA wash
buffer and phosphatase substrate (5 mg/ml; Sigma 104) dissolved in ELISA
substrate buffer (10% diethanolamine, 0.05 mM MgCl2, 0.02% NaNs; pH 9.8) was
added. The absorbance was read at 405 nm (BioRad microplate reader model
680). BAFF ELISAs were conducted using protocol provided by BAFF ELISA kit

(R&D).

Chemotaxis Assay

Th2 and Th9 cells were cultured as described in T-helper differentiation section.
Th2 and Th9 cells were washed in pre-warmed complete RPMI and resuspened
at 1 x108 cells/ 100uL. Recombinant CCL22 at concentrations from 1- 1000
ng/mL was diluted in serum free- RPMI and 600 pL of diluted chemokine was
added to the bottom chamber of the transwell plate. Add 1 x10° cells of Th2 or
Th9 cells to the top chamber of the transwell plate where appropriate. Covered
plate was placed at 37 degree Celsius for 4 hours. After 4 hours, top chamber of
transwell plate was carefully removed and the media from the bottom chamber

was collected. Cells were counted with a hemacytometer.

Gene expression analysis (quantitative RT-PCR)

Total RNA was isolated from unstimulated cells (for genes encoding transcription

factors and surface proteins) or anti-CD3 (2 pg/ml) stimulated cells (for cytokine
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and cytotoxic genes) using Trizol reagent (Ambion Life Technologies) and
reverse transcribed to make cDNA according to the manufacturer’s instructions
(Invitrogen). Quantitative PCR reactions were set up by adding cDNA, primers
(Applied Biosystems), TagMan Fast Universal Master Mix (Applied Biosystems)
and DEPC water to a final volume of 10 pl in MicroAmo Fast Optical 96-well
plates (Applied Biosystems). Quantitative PCR was performed on duplicate
samples using the 7500 Fast Real-Time PCR system. Samples were normalized
to the expression of Pz-microglobulin mMRNA and relative expression was

calculated using the change-in-threshold (—-AACt) method.

BAFF Retroviral Transduction

The coding region for murine BAFF was cloned into a MIEG-EGFP vector. The
Plate-E packing cell line were transfected with 15ug of MIEG-GFP or MIEG-
BAFF plasmid by calcium phosphate precipitation. 24 hours later DMEM media
was replaced with fresh DMEM media and the cells were allowed to continue to
grow for another 24 hours. After 1 and 2 days the supernatant containing virus
was collected and stored at -80 degrees Celsius. Naive CD4* CD62L" cells were
isolated from OT-Il mice and cultured under Th9 conditions. On day 2 of
culturing, cells were transduced with 2mL of retroviral supernatant containing
8ug/mL of polybrene by centrifugation at 2000rpm at RT for 1 hour. Viral

supernatant was removed and replaced with initial culturing media supplemented
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with 50U IL-2. Cells were placed at 37 degrees Celsius and continued to grow for

an additional three days, with expansion occurring on Day 3.

Adoptive Transfer of OT-ll Th9 cells expressing BAFF control virus and

induction of allergic airway disease (AAD)

OT-Il Th9 cells infected with MIEG-BAFF or MIEG-GFP virus were harvested
after 5 days of culturing. Cells were placed in PBS at a concentration of 1.0x 107
cellss/mL and sorted based on GFP expression. 1.5 x 10% GFP* cells were
transferred by i.v., injection into 8-10 week old naive C57BI/6 mice. Mice were
challenged with 100 pug of OVA i.n. for 5 days and 18 hours after the last
challenge mice were sacrificed with ketamine. The trachea was cannulated and
the lungs were lavaged 3 times with 1 ml PBS. The cells recovered in the BAL

fluid were counted with a hemacytometer. Lungs were collected for histology.

Induction of experimental autoimmune encephalomyelitis (EAE)

Induction of EAE disease has been previously described (86). In brief, 8-10 week
old female mice were immunized subcutaneously (s.c.) on days 0 and 7 with
myelin oligodendrocyte glycoprotein (MOGp35-55) antigen peptide (100 ug;
Genemed Synthesis) emulsified in complete Freund’s adjuvant (150 pl; Sigma).

Mice were injected i.p. with pertussis toxin (100 ng; Sigma) on days 0 and 2.

31



Mice were sacrificed 19 days after induction of disease and spleen and brain

were harvested.

Brain mononuclear cell isolation and staining

Mononuclear cells were isolated from the brain of EAE mice 12 and 25 days after
immunization with MOGss-55 peptide. Mice were perfused with PBS intracardially
and brain tissue was isolated after separation of cranial bones. Brain tissue was
either digested in a solution of collagenase D (5mg/mL) and DNASE | (1mg/mL)
at 37 degrees for 45 minutes to 1 hour or manually dissociated. Mononuclear
cells were then isolated from brain tissue using a 30%/70% Percoll gradient.
Isolated cells were stimulated with PMA (50ng/mL; Sigma Aldrich) and lonomycin
(500ng/mL; Sigma Aldrich) for 4 hours. Surface staining of cells was conducted
using CD4 Alexa Flour 700 (Biolegend; Clone, ). Intracellular staining was done
with IFN-y (Pe-Cy7; BD pharmingen), IL-17a Alexa Fluor 647 (eBioscience), IL-9-

PE (Biolegend; Clone), and Foxp3- FITC (eBioscience).

Treg Suppression Assay

The Treg suppression assay has been described previously(87). Splenocytes
and peripheral lymph nodes from wild type and Sfpi7'°k-/- mice were collected
and a portion of cells were set aside and nTregs were isolated with a CD4*CD25*
bead sorting kit (Mlltenyi Biotec). CD4™" Tresponder Cells were collected from the flow
through after pre-enrichment for CD4" cells followed by positive selection of
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CD4*CD25" T-cells. T-cells from the remaining splenocytes were depleted
using CD90.2 microbeads (Miltenyi Biotec). After depletion of T-cells, the
remaining APCs were treated with mitomycin C to a final concentration of 50ug/m
for 20 minutes. Excess complete RPMI was added to mitomycin C reaction and
cells were centrifuged at 1500rpm for 5 minutes. Cells were washed an additional
2x in complete RPMI. nTregs were labeled with CFSE and Tresponder Cells were
labeled with Cell Trace Violet. nTregs were resuspended at 1.0 x 10° cells /mL
and the Tresponder cells at 5 x 10° cells/mL. Soluble a-CD3 (2C11) was added to
the Tresponder Cells at a concentration of .5ug/mL. 50uL of culture complete RPMI
and 5.0 x 10* T-cell deplete splenocytes was added to each reaction well in 96-
well plate and 2.5 x 10* Tresponder Cells were added to appropriate wells followed
by serially diluted nTregs. 96-well plate was placed at 37 degrees Celsius for 72
hours. Tresponder proliferation was determined by CellTrace Violet dilution as

measured by flow cytometry.

Surface and intracellular staining

Splenocytes were treated with Fc-block for 5 minutes at RT and stained with Tfh
markers CXCRS (SPRCLS5, Biolegend), CD4(RM4-5, Biolegend), PD-1 (J43,
Biolegend), and ICOS (C398.4A, eBioscience). CXCRS5 staining was carried out
at RT for 45 minutes and washed. Antibodies for CD4, PD-1, and ICOS were
subsequently added. GCB cells were stained with Fas at 4° for 45 minutes,
washed, and stained for B220 and GL-7. Cells were stimulated for 2 or 4 hours in
the presence of PMA and lonomycin for CD40L and IL-21 staining, respectively.
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After 1 hour and 2 hours, for CD40L and IL-21 staining, respectively, cells were
treated with 3uM monensin. After stimulation cells were surface stained for Tth
markers, and stained for IL-21. IL-21 staining was conducted using the IL-21
chimera antibody (R&D systems) as described previously (88) and intracellular

CD40L was conducted using the MR-1 antibody clone.

Retroviral transduction

Bicistronic retroviral expression vectors expressing either eGFP (MIEG), or eGFP
in combination with the mouse gene for PU.1, Sfpi1 (MIEG-Sfpi1), were
described previously (78). T- cells cultured in Th17 conditions were transduced
with retroviral supernatant, MIEG or MIEG-Sfpi1, 2 days after culturing in the
presence of 8 ug/mL polybrene. Cells were also given IL-2 and expanded 3 days
after culturing. After 5 days, cells were sorted based on GFP expression and
stimulated on a-CD3 coated plates for 24 hours. Supernatants were collected for

ELISA.

MOGs3s.55 peptide and SRBC immunizations

Mice were immunized with 100-150 ug of MOGss.55 peptide (Genemed Synthesis)
subcutaneously (s.c.) in an emulsion of complete Freud’s Adjuvant (CFA)
containing 1mg/mL of heat killed H37RA strain of Mycobacterium tuberculosis
(Sigma-Aldrich) in the hind leg region. Pertussis toxin (List Biological

Laboratories, Inc) in PBS was injected intraperitoneally (i.p.) at a dose of 100-250
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Mg on the day of immunization and again 2 days after. sRBC (VWR Intl.)
immunizations were done with 1 x 10° sRBC injected i.p. After 7 days, mice were

sacrificed and splenocytes stained with Tfh and GC B cell markers.

Tfh gene expression

Wild-type and Sfpi1'®*-/- mice were given one injection of 1 x 10° SRBCs i.p.
Seven days after immunization mice were sacrificed and splenocytes were
stained with CXCR5, CD4, and PD-1 antibodies. CD4*CXCR5HMghPD-1High (Tfh)
and CD4*CXCR5PD-1-(non-Tfh) cells were sorted by flow cytometry. RNA from
sorted cells was isolated with Trizol to generate cDNA. Quantitative PCR was

conducted to measure gene expression.

CD40L blocking experiments

Wild type and Sfpi1'°*-/- mice were given one injection of 1 x 10° sRBCs i.p.
CD40L blocking antibody (MR1, BioXcell) or control antibody (hamster IgG,
BioXcell) were given i.p. on days 5 and 6 at concentration of 125-250ug/mL in
PBS on each day. Mice were sacrificed on day 7, serum was collected to
determine antibody titer and splenocytes were stained for Tth and GCB cell

markers.
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RESULTS

Part | Characterization of Th9 cells

Genes Enriched in Th9 cells

When Th9 cells were first described, their ability to secrete high levels of IL-9 in
the absence of other lineage-associated cytokines was highlighted, and
suggested that Th9 cells could be a separate T-helper subset. The different
subsets of T-helper cells share various characteristics however there are many
idiosyncrasies that when taken together distinguishes each T-helper subset as a
unique cell type. The cytokines IL-4 and TGF- help to shape the differentiation
of naive cells into Th9 cells. IL-4 also is vital for Th2 development and TGF-[3 for
T-regulatory cell development. However, IL-4 and TGF-$3 alone are not effective
promoters of IL-9 production. Therefore, the combination of IL-4 and TGF-
appears to direct T-helper differentiation in a distinct manner. To gain a more
complete understanding of how Th9, Th2, and T-regulatory cells differ our lab
conducted a microarray experiment (85). There were 629 genes enriched in the
Th9 population and from these 629 genes we selected 17 to investigate further.
Three of the genes selected were the genes for IL-1R antagonist (IL-1RA), CCR4
and B-cell activating factor (BAFF). To confirm our microarray findings and
assay the function of these genes we conducted in vitro culturing of Th9 cells and

looked for the expression of these genes by qPCR, ICS, and ELISA.

36



Th9 cells express more IL-1RA than other T-helper subsets

The IL-1RA is a molecule that can bind IL-1 receptors but cannot induce
intracellular signaling. The activity of the IL-1RA can dampen the immune
response that would normally be enhanced by the binding of IL-1 cytokines to
their receptors. Production of IL-1RA has been demonstrated in different tissues
of the body and different cell types including monocytes, macrophages and
neutrophils (89). Secretion of the IL-1RA has not been examined in T-helper
cells. However, the gene for the IL-1RA was enriched in our array of the Th9
population. To confirm that Th9 cells express the IL-1RA we conducted qPCR to
look for the expression of the lI1rn gene by Th9 cells and the other T-helper
subsets. We found that the IL-1RA was indeed expressed by Th9 cells and we
saw minimal IL-1RA expression by any of the other T-helper subsets (85). To
determine if IL-1RA was also secreted by these T helper subsets, we tested
supernatants from stimulated Th subsets using ELISA. We saw similar results
with Th9 cells being the primary producers of IL-1RA among the different T-

helper subsets (Figure 2A).

Increased CCR4 expression by Th9 cells promotes Th9 cell migration

We next looked at CCR4 expression. CCR4 is a chemokine receptor that binds
the chemokines CCL22 and CCL17. Th2 cells in mice and Th17 cells in humans
have been shown to express CCR4 (90-94). We compared CCR4 expression

amongst the different T-helper subsets. We confirmed by qPCR (85) that Th9
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cells express more CCR4 mRNA compared to the other T-helper subsets.
Specifically, comparing CCR4 expression by Th2 and Th9 cells by flow
cytometry, a higher percentage of Th9 cells are positive for CCR4 (Figure 2B)
compared to Th2 cells. To determine if the increased expression of CCR4 by
Th9 cells also reflected a higher propensity of Th9 cells to migrate in response to
chemokine we conducted a migration assay comparing the ability of Th2 and Th9
cells to migrate in response to a CCR4 ligand. We cultured Th2 and Th9 cells for
5 days and washed cells to remove any residual culturing media. We then setup
the migration assay with the Th2 or Th9 cells in the top porous portion of the
transwell plate and the bottom wells of the plate contained increasing
concentrations of CCL22. The amounts of CCL22 tested were within the range
demonstrated to be produced by different immune cell types cultured in vitro (95).
In the absence of chemokine we observed minimal migration (Figure 2C).
However, when CCL22 was present we observed a greater number of Th9 cells
compared to Th2 cells, migrate in response to CCL22 at all concentrations tested
(Figure 2C). This data suggests that the higher expression of CCR4 by Th9 cells
promotes increased migration of Th9 cells in response to chemokine when

compared to Th2 cells.
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Figure 2. IL-1RA and CCR4 expression in Th9 cells. We identified the genes
for the IL-1RA and CCR4 as genes enriched in the Th9 population. For
confirmation of our microarray studies we cultured the T-helper subsets and
measured IL-1RA(A) expression by ELISA. We cultured Th2 and Th9 cells
stained cells for CD4 and CCR4 surface expression. A migration assay was
conducted using Th2 and Th9 cells and measured cellular migration (B) in

response to increasing concentrations of CCL22.* p<.05.

B-cell Activating Factor (BAFF) is highly expressed by Th9 cells

The gene for BAFF, Tnfsf13b, was also enriched in the Th9 population. BAFF is
a cytokine that is a member of the TNF family and BAFF can be produced by a
variety of cell types. Under specific conditions dendritic cells, monocytes,
neutrophils and activated B-cells and T-cells among other cell types have been
shown to produce BAFF (96). BAFF exists in a membrane bound form and a
soluble form. We looked for the expression of BAFF in T-helper subsets by
gPCR, ELISA, and intracellular staining. Th9 cells expressed the highest levels of
BAFF mRNA followed by Th2 cells and little to no BAFF was expressed by the

remaining T-helper subsets (Figure 3A). When we looked at protein secretion by
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ELISA we detected a large amount of BAFF secretion by Th9 cells, a small
amount in Th2 cells (Figure 3B) and no secreted BAFF was detected in
supernatants from the remaining T-helper subsets. We observed similar results
by ICS for BAFF in Th2 and Th9 cells (Figure 3C). The MFI data for BAFF ICS
support the increased BAFF protein expression in Th9 cells compared to Th2
cells (Figure 3D). Our data suggests that Th9 cells express the highest levels of
BAFF both at the mRNA and protein levels compared to the other T-helper

subsets and Th9 cells are the primary subset that actively secretes soluble

BAFF.
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Figure 3. BAFF expression by the T-helper subsets. T-helper cell subsets
were cultured under appropriate condition. BAFF mRNA expression (A) and
protein secretion (B) was assayed in the different T-helper subsets. Intracellular

staining for BAFF in Th2 and Th9 cells (C) and MFI (D) of BAFF from ICS.
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We also looked at the mRNA expression of APRIL, Tnfsf13, a protein that has
some functional similarity to BAFF. Naive cells showed the highest mRNA
expression of APRIL and a similar lower level of APRIL expression was observed
in the T-helper subsets (Figure 4A). Further, when we compared the expression
of APRIL to BAFF, APRIL expression was consistently much lower in all T-cell
subsets assayed compared to BAFF (Figure 4B). We next looked at the
expression of the BAFF receptors. BAFF can bind to three different receptors.
The B-cells maturation antigen (BCMA), transmembrane activator and calcium
modulator and cyclophilin ligand interacter (TACI), and the BAFF receptor are
expressed at varying levels at different stages of B-cell maturation (96). BAFF
has also been shown to induce T-cell activation and Th17 cell differentiation and
expansion (97-99). Currently, It is not clear which BAFF receptor(s) are
expressed on T-helper cells. To determine which of the BAFF receptors are
expressed by naive CD4" T-cells and T-helper subsets we looked at the
expression of the BAFF receptors by gqPCR. We observed that both the BAFF-R
and TACI (Figure 3C, D) are highly expressed by naive cells and a lower level of
expression by the other T-helper subsets was observed. BCMA mRNA
expression could not be detected (data not shown) in any of the T-helper

subsets.
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Figure 4. mRNA Expression of APRIL and BAFF receptors in T-helper
subsets. T-helper subsets were differentiated from naive cells over a period of
five days. On day 5, cells were stored in Trizol for later RNA extraction and cDNA
synthesis. The level of expression of APRIL (A), BAFF-R (C), and TACI (D) by
the different T-helper subsets in represented in bar graph form. BAFF and APRIL
(B) expression by the T-helper subsets is compared. The data are representative

of 2 experiments with n=2.

After, looking at the expression of BAFF and its receptors we wanted to
determine if BAFF expression by Th9 cells had any functional applications. It
has been reported that mice that overexpress BAFF systemically are resistant to
the development of allergic inflammation of the lung (100). To investigate if BAFF

expression by Th9 cells is important for limiting IL-9 induced allergic inflammation
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of the lung we retrovirally transduced OT-Il Th9 cells with BAFF or control virus,
sorted the cells based on GFP expression and transferred the GFP* cells into
naive mice (Figure 5A). We then challenged the mice with OVA for 5 days. Mice
that received control virus transduced Th9 cells had significantly higher number
of cells within the bronchial lavage fluid (BAL) (Figure 5B) compared to mice that
received cells overexpressing BAFF and mice that received PBS. More
specifically, mice that received cells transduced with control virus had
significantly more CD4* T-cells, granulocytes, and eosinophils (Figure 5C-E)
compared to mice with cells overexpressing BAFF and mice that received PBS.
Histology of the lungs also showed the mice that received control virus
transduced Th9 cells had more cellular infiltration and mucus production than
mice that received the BAFF-transduced Th9 cells (Figure 6). However, these

data could not be experimentally confirmed.
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Figure 5. Induction of Allergic Pulmonary Inflammation with OTII-Th9 cells
infected with BAFF virus . (A) Schematic diagram of experimental setup. Naive
CD4" T-cells from OT-Il mice were isolated and cultured under Th9 conditions.
On day 2 of culture cells were infected with MIEG-BAFF retrovirus , MIEG-GFP
(control) retrovirus. Cells were then sorted based on GFP expression and
transferred into naive mice. Mice were then challenged for 5-6 days and
sacrificed 18 hours after the last challenge. Cells from the BAL Fluid were
collected and analyzed for surface marker expression and the lungs were
collected for histology. The total number of cells (B) in the BAL were counted and
the number of (C) granulocytes, (D) CD4* T-cells, and (E) eosinophils was
determined. Statistical significance was determined with a two-tailed t test. *,

p<0.05.
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Figure 6. Lung Histology from mice receiving Th9 cells infected with BAFF
virus and control virus. Mice that received OT-Il Th9 cells infected with BAFF
virus, control virus, or PBS were challenged for 5-6 days with OVA and sacrificed
18 hours after the final challenge. Lung tissue was collected from each mouse,
sectioned, and stained with hematoxylin and eosin (H&E, upper panels) and

Periodic- acid-Schiff (PAS) staining (lower panels).

Stability and Plasticity of Th9 cells

An effective immune response requires coordination and tailoring of cell types to
provide optimal conditions for elimination of foreign organisms. Dendritic cells
play an important role in directing the differentiation of CD4* T-cells to form
distinct subsets with unique characteristics that facilitate the removal of foreign

organisms.
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For a period of time, it was thought that once a CD4* T-cell acquires features of a
particular T-helper subset, the phenotype of that cell did not change. Early on
when T-helper cells were first discovered and Th1 and Th2 cell lines were the
dominant tools used for studying T-helper cell differentiation, IFN-y produced by
Th1 cells and IL-4 along with IL-13 produced by Th2 cells, were the major
cytokines observed (10). The selective cytokine expression and absence of any
evidence of overlap of IFN-y and IL-4 secretion by Th1 and Th2 cells over long
periods of time suggested that the Th1 and Th2 subsets were stable and
committed cell types. The discovery of Th17 cells which primarily produce IL-17
but are capable of producing IFN-y both in vitro and in vivo (101, 102) under
certain conditions, provided evidence that overlapping cytokine production by the
different T-helper subsets was possible and suggested that there was some
flexibility in the phenotype of T-helper cells. There is also evidence that suggests
that the master transcription factors assigned to the different T-helper subsets
can actually be expressed in other T-helper subsets under certain conditions
which further support a the idea of more flexibility in T-helper cell differentiation

(103).

The plasticity of Th2, Th17, and T-regulatory cells has been shown in a number
of different studies (103). However, questions still remain about the more recently
discovered Th9 cells. One of the primary questions being asked about Th9 cells
is, whether Th9 cells are a stable distinct T-helper cell subset or are they Th2

cells that have the ability to produce IL-9. Also, if ThO cells are a separate subset,
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do they show a similar flexibility in cytokine production both in vivo and in vitro

like Th17 cells?

Generation of IL-9 reporter mice

To begin to investigate the stability of Th9 cells in vivo we generated constructs
for two reporter mouse strains. The construct of the first mouse has the gene for
Thy1.1 expressed in tandem with the IL-9 gene (Figure 7A). Thus, the mice have
been given the name NITE mice or Nine Induced Thy1.1 Expression. These mice
will facilitate the identification of cells that are expressing IL-9 without the use of
intracellular staining which would require cell fixation, thereby killing the cell. The
second mouse has a similar construct to the NITE mice however in place of the
Thy1.1 gene is the gene for Cre recombinase and these mice are called NICE
mice. The NICE mice will be crossed with mice that express the Rosa-YFP allele,
which is flanked, on its 5 end by a stop codon surround by loxP sites. The
NICE/Rosa-YFP mice will allow us to track cells that are currently or previously

expressed IL-9 (Figure 7B,C).
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Figure 7. IL-9 Reporter Mice (A) Detailed map of the //9 locus and targeting
vector to knock Thy1.1/Cre into exon 1 of //9. (B) Schematic of Rosa-EYFP
system where cells with no expression are on the bottom left and cells that are
Cre+ or were previously Cre+ are on the right. Cells that are currently expressing
IL-9 will also be EYFP+ (upper right) and cells that were previously IL9+ but are
presently IL-9- will be EYFP+ (bottom right) (C) Schematic of predicted results for
FACs analysis of NICE reporter mice. Cells gated from bottom right quadrant of

(B) will be further assessed for EYFP and IL-4 (as shown) or other cytokine

secretion.
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In vitro Stability of Th9 cells and Plasticity of Th1, Th2, and Th17 cells

IL-9 secretion has been attributed to different T-helper subsets but Th9 cells are
believed to produce the highest levels of IL-9. However, if Th9 cells are an actual
committed T-helper cell lineage is not clear. To investigate the stability of Th9
cells we cultured naive CD4*CD62L" cells under Th9 and Th2 conditions for 5
days and looked at IL-9 expression by intracellular cytokine staining, qPCR, and
ELISA. ICS showed that Th9 cells expressed a higher percentage of IL-9
compared to Th2 cells (Figure 8A) and more IL-4 was detected in Th2 cells.
ELISA and gPCR looking at IL-9 production by Th9 cells supported our ICS
findings (Figure 8B-C). We took a portion of the Th9 cells from the first round of
culture and restimulated the cells with plate bound a-CD3, soluble a-CD28, TGF-
B and IL-4. We expanded the cells after three days and analyzed the cells on day
5. After two rounds of in vitro culturing, the level of IL-9 detected by intracellular
staining decreased by more than sixty percent (Figure 8D). ELISA and qPCR
data also showed a similar decrease in IL-9 production (Figure 8E, F). We also
looked at the gene expression of PU.1 after multiple rounds of culture. The
expression of PU.1 (Figure 8G) decreased by more than 50 percent after the 2™
round of culture. To determine if Th9 cells begin to secrete other cytokines after 2
rounds of culture we did intracellular staining for IL-4, IL-17a, and IFN-y. We did
not detect any IFN-y after the 2" round of culture however a small amount of IL-4
and a higher percentage of IL-17a" cells could be detected (data not shown).
From these studies we were able to conclude that the combination of TGF- and

IL-4 were not sufficient for maintaining IL-9 production by Th9 cells.
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Figure 8. IL-9 Secretion decreases after multiple rounds of culturing. Th9
and Th2 cells (A) were stained for IL-9 and IL-4 expression by ICS. Five day
cultured Th9 and Th2 cells were restimulated for 24 hours on a-CD3 coated
plates and supernatants were collected and IL-9 secretion (B) was measured by
ELISA. IL-9 mRNA (C) expression after 0 hours (no stimulation) or 6 hours of
restimulation of Th9 and Th2 cells on a-CD3 coated plates. On day 5 a portion of
the 5-day culturedTh9 cells were then re-plated and cultured for an additional five
days under standard Th9 culturing conditions and stained for IL-9 and IL-4 (E) on
day 10. After Round 1 and Round 2 of cell culturing cells were collected for
analysis of IL-9 protein secretion (E) and IL-9 (F)and PU.1 (G) gene expression

after restimulatiion.

Since the discovery of Th9 cells, various transcription factors and cytokines have

been shown to be important contributors to Th9 differentiation. IL-2 was identified
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as a cytokine that is required for Th9 differentiation (104). Other cytokines such
as IL-1B (105-107), IL-25 (108), and IL-21 (60) were also suggested to promote
IL-9 secretion. To investigate if changing Th9 culturing conditions to include IL-
1B, IL-25, and IL-21 would promote maintenance of IL-9 production by Th9 cells
we cultured Th9 cells under varying conditions. We looked at what impact the
addition of IL-1B, IL-25, IL-21 or combinations of these cytokines from the first
round of culture would have on IL-9 secretion after two rounds of culture. Adding
IL-1B8 to standard Th9 conditions increased IL-9 production after one round of
culture as detected by ELISA and qPCR (Figure 9). However, the addition of IL-
21 to standard Th9 skewing cytokines drastically decreased IL-9 secretion after
one round of culture. Adding IL-1B in cultures with IL-21 helped to attenuate the
decrease in IL-9 observed with just IL-21 alone. Although, IL-18 increased IL-9
production after one round of culture, IL-9 secretion and mMRNA expression by
Th9 cells was still very low after 2 rounds of culture in culturing conditions where
IL-18 was present (Figure 9A,B). Consistent with the negative impact IL-21 had
on IL-9 production by Th9 cells after 1 round of culture, IL-9 production after 2

rounds with IL-21 was the lowest observed (Figure 9A,B).
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Figure 9.The addition of IL-18, IL-21, or IL-25 has moderate effects on IL-9
secretion by Th9 cells after multiple rounds of culturing. Naive CD4*CD62L*
cells were cultured in the presence of IL-4, TGF-B +/- IL-183, IL-21, and IL-25 for 5
days. On day 5 cells were restimulated on a-CD3 coated plates and supernatants
were collected and IL-9 secretion (A, black bars) was measured by ELISA. A
portion of cells were re-plated and cultured under the same conditions from
Round 1. On day 10 cells were restimulated on a-CD3 coated plates and
supernatants were collected and IL-9 secretion (A, white bars) was measured by
ELISA. On day 5 and day 10 a portion of cells were restimulated on a-CD3
coated plates for 6 hours. After, RNA isolation and conversion to cDNA IL-9
mRNA was measured from Round 1 (B, black bars) and Round 2 (B, white bars)

of culturing.

IFN-y has been shown to inhibit Th9 development (58). The transcription factors

T-bet and STAT4 are downstream of IFN-y signaling. We used cells from T-bet
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and STAT4 double knockout (DKO) mice to test if diminished IFN-y production
would increase IL-9 production after multiple rounds of culture. We did not see
any difference in IL-9 production after 1 or 2 rounds of culture when cells from
DKO mice were cultured when compared to our cultures with cells from wild type
mice (Figure 10A, 8A-B). We saw a similar decrease in IL-9 production by ICS
when cells were cultured under varying conditions for multiple rounds (Figure
10A-C). These results suggest that IFN-y is not the cytokine negatively impacting

IL-9 production by Th9 cells under the conditions we tested.
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Figure 10. Stat4-/-Tbx21-/- double knockout Th9 cells decrease IL-9
production after multiple rounds of culture. Naive T-cells from STAT4-/-,
Tbet -/- mice were cultured in presence of IL-4, TGF- +/- IL-1B, IL-21 and IL-25
for five days. On day 5, cells were collected for ICS for IL-9 and IL-4(A). Cells

were cultured under the same conditions from round 1 for an additional round.
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ICS for IL-9 and IL-4 (B) was conducted on day 10. Bar graph of IL-9* cells (C)

after 1 and 2 rounds of culture.

Th1, Th2, and Th17 cells produce IL-9 when cultured under Th9 conditions

T-helper cell subsets are associated with the production of specific cytokines.
The expression of these cytokines helps to define the phenotype of the different
T-helper subsets and continued expression of these cytokines help to affirm the
‘committedness” of a specific lineage. Traditionally, Th1 cells express IFN-y, Th2
cells express IL-4, IL-5, and IL-13, and Th17 cells express IL-17A, IL-17F and IL-
21. However, this paradigm is shifting as under altered conditions the cytokines
produced by a specific subset can change. To determine if Th1, Th2, and Th17
cells have the capacity to produce IL-9 after multiple rounds of culture, we
cultured 5-day differentiated Th1, Th2, and Th17 cells (Figure 11A) in the
presence of TGF-f and IL-4. Round 2 Th1 cells continued to express a high
percentage of IFN-y, although there was a fifty percent decrease in IFN-y* cells
(Figure 11B). A small percentage of IL-9* cells was detected by ICS in Th1
cultures after the 2" round of culture (Figure 11B). Th2 cells cultured under Th9
conditions for the 2" round expressed slightly lower amounts of IL-4 and a higher
percentage of IL-9* cells was detected by ICS (Figure 11A-B). We also detected
a five-fold increase in IL-9 production when measured by ELISA (Figure 11C)
and a more than two fold decrease in IL-4 secretion by Th2 cells (Figure 11D)
cultured under Th9 conditions. Th17 cells have been reported to produce IL-9.

After one round of culturing of Th17 cells we did not detect any IL-9 (Figure 11A).
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However, some IFN-y*and IL-17A*IFN-y* cells were detected after one round of
Th17 culturing (data not shown). When Th17 cells were cultured in the presence
of IL-4 and TGF-B the percent of IL-9" cells increased from O percent to 8% IL-9
single positive cells and while IL-17A" cells was reduced to 7 % (Figure 11B).
When we looked at IL-9 secretion by Th17 cells using ELISA we saw more than
a five fold increase in IL-9 secretion by Th17 cells after switching to Th9 culturing
conditions (Figure 11E), a finding demonstrated previously (109). Further, Th17
cells increased their expression of IL-17A by about three fold (Figure 11F). Our

findings suggest that cells from Th1, Th2, and Th17 cultures have the capacity to
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Figure 11. IL-9 can be detected in Th1, Th2, and Th17 cultures after
restimulation under Th9 conditions. Naive T-cells were cultured under Th1,
Th2, and Th17 conditions for 5 days. On day 5, cells were restimulated for 6
hours and ICS staining for IL-9, and signature cytokines (A) for each T-helper
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subset was conducted. A portion of Th1, Th2, and Th17 cells were re-plated and
cultured under Th9 skewing conditions (IL-4 and TGF-3) for 5 days. On day 10,
cells were restimulated for 6 hours and ICS for IL-9 and other cytokines (B) was
conducted. On day 5 and day 10 Th2 and Th17 cells were restimulated for 24
hours and supernatants were collected for IL-9 (C.E), IL-4(D), and IL-17a (F)

ELISAs.

The role of PU.1 expression in CD4* T-cells in CNS Inflammation

Stpi1'ek-/- mice have exacerbated EAE

Data from our previous work showed that Sfpi7'°k-/- mice produce limited
amounts of IL-9 when differentiated under Th9 conditions (21). Sfpi1'*-/- mice
were also used to demonstrate that IL-9 is necessary for the development of
allergic inflammation of the lung. To further investigate the role of IL-9 during the
induction of EAE we immunized Sfpi1'°k-/- and wild type mice with an emulsion of
CFA and MOGss-s5. peptide. We monitored disease progression daily for thirty
days and by day 15 Sfpi1'*-/- mice had significantly higher disease scores
compared to wild type mice (Figure 12A). Sfpi1'*-/- mice continued to show
attenuation of disease recovery up until day 30 when compared to wild type mice
(Figure 12A). Analysis of cellular infiltration of brain tissue in Sfpi1'*-/- and wild
type mice twelve days post immunization (p.i) showed brain tissue from Sfpi1'*k-/-
mice had significantly more total cells (Figure 12C) and CD4" cells (Figure 12D)
compared to wild type mice. Histological staining of spinal cord sections with

hematoxylin and eosin 12 days p.i. supported our finding of increased cellular
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infiltration into the CNS of Sfpi1'k-/- EAE mice (Figure 12B). We found similar
results when looking at cellular infiltration 25 days p.i. Sfpi1'*-/- mice had
significantly more CDA4* cells infiltrating the brain compared to wild type mice
(Figure 12E). However a similar number of total cells were found in brain tissue

from Sfpi1'°-/- mice and wild type mice (Figure 12F).
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Figure 12. Sfpi1'*k-/- mice have exacerbated EAE. Clinical disease scores of
MOGss.55 immunized Sfpi1'°*-/- and wild type mice were collected daily over
a period of thirty days. (A) Graph displays the overall trend in clinical disease
until day 25. (B) H & E staining of spinal cord sections from EAE mice.
Mononuclear cells from brain tissue of immunized mice were collected. The
number of total cells and CD4* cells were counted on day 12 (C,D) and 25 (E,F).

Statistical significance was determined with a two-tailed t test. *, p<0.05.
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Our lung studies with Sfpi1'**-/- mice demonstrated that in the context of allergic
inflammation of the lung PU.1 is required for IL-9 production and disease
initiation. To determine if a similar reduction in IL-9 was present during CNS
inflammation we analyzed cytokine expression by cells isolated from brain tissue
12 and 25 days p.i. We stimulated cells for 4 hours and examined IFN-y, IL-17A,
IL-9, and IL-4 production by intracellular staining. Twelve days p.i. we did not
observe any difference in cytokine expression when comparing Sfpi1'*-/- mice
and wild type mice (Figure 13A). However, when we looked 25 p.i. there were
significantly more CD4* cells that were positive for IFN-y, IL-17A, and IL-9
expression in Sfpi1'*-/- mice compared to wild type mice (Figure 13B). There
were also significantly more IL-17A*IFN-y* cells in Sfpi1'**-/- mice compared to
wild type mice (Figure 13C,D). We did not observe any difference in Foxp3* cells
in Sfpi1'°-/- and wild type mice (Figure 13A,B). The increase in the pathogenic
IFN-y*and IL-17A" cells correlated with the increased disease score observed in
Sfpi1'*-/- mice 25 days p.i. However, the increase in IL-9 positive cells was an
interesting finding and suggested that the expression of IL-9 during inflammation

in the CNS may be regulated in a PU.1-independent manner.
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Figure 13. Mononuclear cells from Sfpi1'°k-/- EAE express more IFN-y, IL-
17A, and IL-9. Mononuclear cells from Sfpi1'**-/- and wild type EAE mice were
isolated from the brain tissue at designated times post immunization. Cells were
restimulated and stained for proinflammatory cytokine production followed by
flow cytometry. The production of IFN-y, IL-9 and IL-17a was analyzed 12(A)
and 25 (B,C,D) days post immunization. Statistical significance was determined

with a two-tailed t test. *, p<0.05.

Suppressive Function of Sfpi1'ck-/- Tregs is not impaired

Tregs are important in the resolution phase of EAE (110, 111) and there is
evidence in humans that suggests Tregs may be important for alleviating
inflammation within the CNS(112, 113). In humans, it has been reported that the
frequency of Tregs in the blood and periphery is similar(114, 115) between

patients with MS and healthy patients. However, some studies find that the
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function of Tregs in patients with MS is impaired compared to healthy
controls(114-117). In our investigation we observed a similar frequency of Foxp3*
cells infiltrating the CNS (Figure 13A, 13B). To determine if nTregs from Sfpi1'-/-
mice have diminished suppressive abilities we isolated nTregs from Sfpi1'-/-
and wild type mice by bead sorting. In a Treg suppressor assay we compared the
ability of Sfpi1'®-/- and wild type Tregs to suppress the a-CD3 induced expansion
of T-responder cells from WT and Sfpi7'®-/- mice. We did not observe any
difference in the suppressive abilities between Sfpi71'®-/- and wild type mice
(Figure 14A,B). Tregs from both groups were able to inhibit the expansion of T-
responders from Sfpi1'k-/- and wild type mice in a similar manner. Our results
suggest that the in vitro suppressive function of nTregs from Sfpi7'®*-/- mice is not

impaired, although the in vivo function of these cells needs to be investigated

further.
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Figure 14. nTregs from Sfpi1'°k-/- and wild type mice have similar
suppressive abilities. nTregs from Sfpi1'ck-/- and wild type mice were tested for

their ability to inhibit proliferation of T-responder cells. Suppression of wild type
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(A) or Sfpi1'*-/- (B) T-responder cells by nTregs from Sfpi1'®-/- and wild type
mice was measured and compared to T-responders cultured only in the presence

of soluble anti-CD3 and APCs.

Part Il PU.1 Regulates T-cell dependent Germinal Center Responses

Results
PU.1 regulates the expression of CD40L and IL-21

Although PU.1 induces IL-9 production in Th9 cells, whether it has functions in
other Th subsets is not known. Results from a study comparing T cells with
ectopically expressed PU.1 to control cells demonstrate that PU.1 can activate
and repress gene expression in T cells (Figure 15A). Consistent with our
previous reports (21, 77, 78) we observed repression of Th2 cytokine genes and
induction of chemokines associated with type 2 inflammation (Figure 15A).
Among other PU.1-repressed genes we observed genes encoding CD40L and
IL-21. To investigate whether endogenous PU.1 regulates the expression of
CD40L in CD4+T cells, CD4+ T cells were isolated from wild type and mice with
a conditional allele of Sfpi1 that encodes PU.1 crossed to an Lck-Cre transgenic
strain (termed Sfpi1’ek-/- mice) and stimulated with PMA and lonomycin for 2
hours. After 2 hours of stimulation, surface and intracellular CD40L expression
was determined by flow cytometry. An increase in the percentage of CD4* cells
that stained positive for surface and intracellular CD40L was observed when
stimulated CD4+ cells from Sfpi1'°k-/- mice were compared to cells from wild type
mice (Figure 15B,C). The CD40L mean fluorescence intensity was also

61



increased in stimulated CD4* cells from Sfpi1'®-/- mice (Figure 15D). These data

demonstrate that PU.1 limits the expression of CD40L in CD4+ T cells.

Many of the Th subsets express IL-21 (88, 118-120). We differentiated Th1, Th2,
Th9, Th17 and T-regulatory cells in vitro for 5 days, restimulated equal numbers
of cells on a-CD3 coated plates for an additional 24 hours, and collected
supernatants to measure IL-21 using ELISA. Th17 cells, which are believed to
secrete the highest levels of IL-21 amongst the Th subsets, derived from Sfpi1'ek-
/- mice produced significantly more IL-21 compared to wild type mice (Figure
15E). However, IL-17A production was similar between both groups (Figure 15F).
To demonstrate that replacement of PU.1 in Th17 cells normalizes the increased
IL-21 expression, we ectopically expressed PU.1 in naive Sfpi1'°-/- cells cultured
under Th17 conditions. Retroviral expression of PU.1 in Sfpi1'k-/- cells
decreased IL-21 expression (Figure 15G). Thus, PU.1 regulates the expression

of CD40L and IL-21.
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Figure 15. PU.1 regulates CD40L and IL-21 expression in vitro. (A) Heat map
showing changes in expression of genes from overexpression of PU.1 in CD4* T
cells. Numbers indicate fold change in expression compared to control
transduced cells. (B-C) Total CD4* T cells from Sfpi1'*-/- and WT mice were
stimulated with PMA + lonomycin for 2 hours. Surface and intracellular staining
for CD40L was conducted and flow cytometry plots are shown (B). Bar graphs
indicate the percent of CD4*CD40L* cells (C) and mean fluorescence intensity
for CD40L staining that is shown by histogram (D). (E-F) Naive CD4*CD62L* T
cells were isolated from WT and Sfpi7'®*-/- mice and cultured under Th1, Th2,
Th9, Th17, and T-regulatory conditions. IL-21 production by each Th subset (E)
and IL-17A production by Th17 cells (F) was measured by ELISA. (G) Naive cells
from Sfpi1'k-/- mice were cultured under Th17 conditions and subsequently
transduced with retrovirus expressing GFP, MIEG-GFP, or a vector expressing
the PU.1 gene, MIEG-Sfpi1. After 5 days of culture, cells were sorted by GFP
expression and restimulated with anti-CD3 coated plates. Supernatants were
collected and IL-21 secretion was measured by ELISA. Data are representative
of two independent experiments with a total of 3-5 samples of each genotype per
experiment. Statistical significance was determined with a two-tailed t test. *,

p<0.05.
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MOGss.55 immunized Sfpi1'°k~/- mice show decreased resolution of germinal

center activity

CD40L and IL-21 promote germinal center activity and germinal center B-cell
differentiation (46, 47, 121-123). The cognate interaction between CD40-
expressing GCB cells and CD40L-expressing Tth cells is important for germinal
center B-cell survival, proliferation, and maturation. Lack of CD40L expression in
humans and mice impairs proper germinal center formation and function (46,
124-128). IL-21 also contributes, though is not essential for the differentiation and
expansion of GCB cells (121). The findings that PU.1 can regulate CD40L and
IL-21 expression led us to hypothesize that PU.1 may be important in Tfh and
germinal center activity. To investigate if PU.1 has any impact on Tfh
development, wild type and Sfpi1'k-/- mice were immunized with an emulsion
containing myelin oligodendricyte glycoprotein (MOG) peptide in CFA. At several
time points after immunization the spleens from wild type and Sfpi'°k-/- mice
were analyzed for expression of /121, Tnfsf6 (encoding CD40L), and Bcl6 by
gPCR. 1121 expression in splenocytes from immunized Sfpi71'®-/- mice was
significantly increased at 12 and 25 days after immunization, compared to
splenocytes from wild type mice, but expression of Bcl6 was not significantly
altered (Figure 16A-B). Tnfsf5 expression was also higher compared to wild type
mice, though only significantly at the later time point (Figure 16 A-B). We then
examined splenic Tfh cells using flow cytometry. Sfpi1'*-/- mice showed an
increased percentage of Tfh cells (CD4*CXCR5'PD-1*) 12 days after
immunization compared to wild type mice (Figure 16C). The increase in the

percentage of Tfh cells in Sfpi1'°k-/- mice persisted on Days 25 and 28 (Figure
64
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2C). Interestingly, by day 28, the Tfh response had entirely waned in wild type
mice, contrasting Sfpi7'®-/- mice that maintained a smaller but significant
percentage of Tfh cells. The mean fluorescence intensity (MFI) of PD-1 and
ICOS expressed on the surface of Tfh cells was greater in Sfpi?1'°k-/- compared to
wild type mice (Figure 16D). Increased PD-1 expression is consistent with an

ability of PU.1 to repress Pdcd1 expression (Fig. 15A).
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Figure 16. Sfpi1'-/- mice have increased Tfh cells, and IL-21 and CD40L
expression after immunization with MOGss.ss. WT and Sfpi7'®-/- mice were
immunized with MOGsss5 and sacrificed 12, 25, and 28 days after initial
immunization. The spleens from immunized mice were harvested and

splenocytes from wild type and Sfpi1'°t-/- mice were collected for mRNA analysis.
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mMRNA levels of 1121, Tnfsf65 (CD40L), and Bcl6 12 (A) and 25 (B) days after
immunization were determined by qPCR. Splenocytes from immunized mice
were stained for Tfh markers and analyzed by flow cytometry. (C) Percentage of
Tfh in wild type and Sfpi1'®-/- mice on days 12, 25 and 28 were determined from
dot plots that are gated on CD4+ cells. (D) PD-1 and ICOS expression by WT
and Sfpi1'-/- Tfh cells were also measured by flow cytometry.. Data are
representative of 2-3 experiments with 3-6 mice per group (A-D). Statistical

significance was determined with a two-tailed t test. *, p<0.05; **, p<0.005.

To determine if increased Tfh numbers and function resulted in increased
germinal center B (GCB) cells, we examined GCB populations using flow
cytometry and antigen-specific antibody production in the serum. We observed
increased GCB cells in Sfpi1'°k-/- compared to wild type mice beginning on day
12 (Figure 17A). The percent of GCB in Sfpi1'°-/- mice increased over the 28 day
period examined, and was significantly greater than observed in wild type mice at
all time points (Figure 17A). In agreement with the increase in GCB cells, we also
observed increased IgG titers at day 12 (Figure 17B) and increased MOGs35.55-
specific IgG and IgG2. titers in Sfpi1'°k-/- mice compared to wild type mice on day
25 (Figure 17C). The enhanced germinal center activity in Sfpi1'%-/- mice
suggests that PU.1 is a negative regulator of Tfh cells and indirectly regulates
GCB cell formation and without PU.1 expression in Tfh cells, the resolution of

germinal center activity is attenuated.
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Figure 17. Sfpi1'°*-/- mice have enhanced germinal center B-cell
development after MOGssss immunization. WT and Sfpi1'°-/- mice were
immunized with MOGss-55 and after 12, 25, and 28 days splenocytes were stained
with B220, Fas and GL7 antibodies to identify GCB cells and analyzed using flow
cytometry. Data shown are gated on B220+ cells (A). Antigen-specific serum
antibody titers for IgG and IgG2a were measured on days 12 (B) and 25 (C).
Data are representative of 2-3 experiments with 3-6 mice per group. Statistical

significance was determined with a two-tailed t test. *, p<0.05; **, p<0.005.

Increased germinal center formation in the absence of PU.1 following SRBC

immunization

We then wanted to examine PU.1 expression in the Tth population. To test this,
we immunized wild type and Sfpi1'*-/- mice with sheep red blood cells (SRBCs).
SRBCs are highly immunogenic, resulting in a robust GC activity, allowing for the

study of greater numbers of Tth cells. We sorted the CD4+CXCRS5+PD-1+ Tfh
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population from wild type mice and analyzed PU.1 expression by qPCR. PU.1
expression was higher in Tfh cells compared to non-Tfh cells (CD4+CXCR5-PD-

1-) (Figure 18A).
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Figure 18. Tfh and GC B cell analysis in WT and Sfpi1'°k-/- mice after SRBC
immunization. WT and Sfpi7'®*-/- mice were immunized with sheep red blood
cells (SRBC) for analysis of germinal center activity. (A) Splenocytes from WT
mice were sorted into CD4*CXCR5*PD-1* Ttfh cells (black bar) and CD4*CXCR5-
PD-1- Non-Tth cells (white bar) and PU.1 expression was determined by qPCR.
(B) Splenocytes from SRBC immunized mice were stained for Tfh cells at day 7
(B) or GC B cells at day 7 and 10 (C) and analyzed by flow cytometry. (D-E) The
mean fluorescence intensity of PD-1 and ICOS on Tfh cells 7 and 10 days after
immunization were determined by flow cytometry. Data are representative of 2

experiments with 6 mice per group (A) and 2 experiments with 8 mice per group
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(B-E). Statistical significance was determined with a two-tailed t test, is indicated

as follows: *, p<0.05; ***, p<.0001.

The SRBC system also allowed us to test our conclusions from the adjuvant-
dependent system using an adjuvant-independent approach. We examined Tfh
and GCB cells seven and ten days after SRBC immunization. Sfpi1'*-/- mice
showed a higher percentage of Tfh and GCB cells compared to wild type mice
seven days after immunization (Figure 18B,C). On day 10, the percentage of Tfh
cells in Sfpi1'*-/- mice and wild type mice was similar, however, the percentage
of GCB cells in Sfpi1'®*-/- mice was significantly higher than in wild type mice
(Figure 18B, C). Tfh cells from Sfpi1'*-/- mice also showed significantly higher
levels of PD-1 and ICOS on both day 7 and day 10 (Figure 18D,E). To further
understand what factors may be contributing to the increase in GCB cells in
Sfpi1'k-/- mice, we looked at the expression of CD40L and IL-21 in Tfh cells from
Sfpi1'%-/- and wild type mice. Tfh cells from Sfpi1'*-/- mice had increased
expression of CD40L compared to wild type mice (Figure 19A,B). Sfpi1'°k-/- Tfh
cells also had a higher percentage of IL-21-positive Tth cells with a higher MFI
compared to wild type mice (Figure 19C, D and data not shown). The number of
IL-21-positive cells within the spleen of Sfpi1'*-/- mice was two-fold larger than
the number seen in wild type mice (Figure 19E). Apart from the increased CD40L
and IL-21 expression by Sfpi1'-/- Tfh cells the increase in GCB cells in
immunized Sfpi1'*-/- could also be due to decreased follicular regulatory cells.

However, the percentage of Tfr cells within the spleens of Sfpi7'*-/- and wild type
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mice were similar (data not shown). SRBC protein specific IgG1 and 1gG2c

antibody titers were also significantly elevated in Sfpi7'°k-/- mice compared to wild

type mice (Figure 19F,G).
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Figure 19. CD40L and IL-21 expression and Ig titers from WT and Sfpi1'ck-/-

mice after SRBC immunization. WT and Sfpi7'k-/- mice were immunized with

SRBC and stained for CD40L and IL-21 expression in Tfh cells. CD40L (A,B)

and IL-21 (C,D) expression by WT and Sfpi7'*-/- Tfh cells was determined by

flow cytometry. (E) The percentage of CD4*CXCR5* PD-1Hid" cells that are IL-21*

was determined by flow cytometry. Serum from SRBC immunized WT and

Sfpi1'*-/- mice were collected and IgG1 (F) and IgG2c (G) titers for SRBC protein

specific antibodies were determined by ELISA. Data are representative of 2

experiments with 5-6 mice per group (A-D) and 2 experiments with 6 mice per

group (C-G). Statistical significance was determined with a two-tailed t test. *,

p<0.05.
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We next determined if there were alterations in the expression of other Tfh-
associated genes caused by the absence of PU.1, we sorted Tfh cells
(CD4*CXCR5*PD-1*) from Sfpi1'-/- and wild type mice 7 days after sRBC
immunization. Sfpi1'**-/- Tfh cells showed a significant increase in Thx27 mRNA
expression (Figure 20), consistent with previous reports of increased T-bet
expression in IL-21-secreting Tfh cells (129) . We also observed that Sfpi7'%-/-
Tfh cells showed a significant increase in Bcl6, and Maf expression (Figure 20).
Sfpi1'k-/- Tfh cells also showed a decrease in /Irf4 mMRNA expression (Figure 20).
We did not observe any difference in Gata3, Ifng, or Il4 expression by wild type
and Sfpi1'®-/- Tfh cells (Figure 20). Together, these data indicate an important
requirement for PU.1 in limiting Tfh development and regulating multiple genes

within the Tfh population.
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Figure 20. Gene expression analysis of sorted Tfh cells from SRBC
immunized WT and Sfpi1'k-/- mice. Tfh and Non-Tfh cells were sorted from
SRBC immunized WT and Sfpi1'®-/- mice and expression of the indicated genes
was determined by gPCR. Data are representative of 2 experiments with 6 mice
per group. Statistical significance was determined with a two-tailed t test. *,

p<0.05.

Blocking CD40L in Sfpi1°k-/- mice decreases Germinal Center B cells and

restores normal Immunoglobulin levels

CD40L and IL-21 both play an important role in the expansion of GCB cells.
However, the absence of CD40L expression in humans and mice appears to
have a more dramatic impact on GC development and subsequently B-cell
function (46, 118, 122). We used blocking antibodies against IL-21 or CD40L to
determine if either factor was contributing to the enhanced development of GCB
cells seen in Sfpi1'-/- mice. We immunized Sfpi1'*-/- mice with SRBC and
injected mice with IL-21 blocking antibodies on days 2, 4, and 6. On day 7 mice
were sacrificed and GC Tfh and B cells were assessed. We found that blocking
IL-21 did not change the number of GCB cells in wild type or Sfpi1'*-/- mice (data
not shown). We next blocked CD40L signaling after SRBC immunization by
treating Sfpi1'°*-/- and wild type mice with control antibody or antibodies against
CDA40L. Blocking CD40L significantly decreased the number of GCB cells in
Sfpi1'*-/ (Figure 21A). Despite the reduction in GCB cells in Sfpi1'°k-/- mice that

received CD40L blocking antibody, there were still elevated GCB cell numbers in
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Sfpi1'°k-/- mice compared to wild type mice that received control antibody. We
observed a slight but not statistically significant decrease in Tfh cells in Sfpi1'*-/-
mice after CD40L antibody treatment (Figure 21B). To determine if the anti-
CD40L-mediated reduction in GCB cells was reflected in function, we analyzed
the titers of 1gGzc in mice that received control and CD40L blocking antibodies.
Anti-CD40L treatment attenuated the increase in IgG2c compared to Sfpi?'ck-/-
mice that received control antibody (Figure 21C). The titers of 1gG2c observed in
Sfpi1'°k-/- mice that received anti-CD40L antibody was indistinguishable from
titers observed in wild type mice (Figure 21C). Thus, PU.1 negatively regulates
Tfh cell development and controls GCB cell numbers by a mechanism that is at

least partly dependent upon CD40L.
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Figure 21. Blocking of CD40L abrogates germinal center B-cell increases in
Sfpi1'k-]- mice. WT and Sfpi1'*-/- mice were immunized with SRBC and treated
with control antibody or CD40L blocking antibody on days 5 and 6 post-
immunization. On day 7 mice were sacrificed and splenocytes analyzed for Tfh
cells and GCB cells by flow cytometry. The total number of GCB cells (A) and Tth
cells (B) are indicated. (C) SRBC protein specific IgG2c titers were analyzed by
ELISA. Data are representative of 2 experiments with 4-8 mice per group (A-C).
Statistical significance was determined with one way ANOVA (A,B) and two-

tailed t test (C), is indicated as follows: *p<0.05; ***p<.0001.

Discussion

Characterization of Th9 cells

The purpose of T-helper cell polarization is to promote the production of
appropriate cytokines and other factors necessary for elimination of the infectious
agent. T-helper cells are often identified by the cytokines they express and
initially Th9 cells were identified by their selective production of IL-9. Work in our
lab has focused on expanding the understanding of what other characteristics
can be attributed to the Th9 population. We identified Th9 cells as the major T-
helper subset expressing CCR4, IL-1RA and BAFF. We conducted functional
studies looking at the effect of CCR4 expression on the migration of Th9 cells in
response to chemokine and observed that more Th9 cells migrate in response to
chemokine when compared to Th2 cells. We also looked at the effect of BAFF

expression by Th9 cells on the development of allergic inflammation of the lung.

74



Preliminary data suggested that overexpression of BAFF by Th9 cells attenuates

the development of allergen induced pulmonary inflammation.

The in vivo significance of increased expression of CCR4, IL-1RA and BAFF by
Th9 cells has not been investigated. Although, we have demonstrated a possible
functional role for increased CCR4 expression by Th9 cells it is not clear if Th9
cells actually express CCR4 in vivo. Further, the importance of IL-1RA
expression by Th9 cells will also require further investigation. The ability of BAFF
to limit allergic inflammation of the lung has been demonstrated previously by
another group (100), however BAFF has also been shown to affect other aspects
of immunity and whether BAFF derived Th9 cells can contribute in these areas
will be an important question to address. BAFF is an important regulator of B-cell
activity (96). Depending on the receptor present, BAFF can promote B-cell
survival or apoptosis through BAFF-R and TACI signaling, respectively. Th9
derived BAFF may be important for controlling the local B-cell numbers during an
immune response. IL-1RA produced by Th9 cells may have a similar effect in
limiting the immune response. IL-13 can promote Th17 cell development (130)
and the production of IL-1RA by Th9 cells may work to curtail the development of
Th17 cells within the microenvironment of an immune response. The expression
of BAFF and IL-1RA by Th9 cells and the potential anti-inflammatory function of
these molecules suggest that Th9 cells have the ability to dampen the immune
response. Further, the ability of IL-9, the signature cytokine of Th9 cells, to

promote the function of Treg in the context of certain disease models further
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supports the idea that Th9 cells can be anti-inflammatory (62, 63). Moreover,
CCR4 expression by Th2 cells leads to the recruitment of Th2 cells during
allergen induced lung inflammation (131). We have shown that IL-9 is required
for the induction of allergen induced lung inflammation. The expression of CCR4
may be important for recruiting Th9 cells to the lung when allergen is present.
Although, the connection of CCR4 expression by Th2 cells and their presence in
the lung has been questioned due to studies where blocking CCR4 had little
impact on abrogating the detection of CCR4* Th2 cells in the lung (132), it is
possible that blocking CCR4 may have a more significant impact on the

recruitment of Th9 cells in a different disease setting.

Having a better understanding of the unique set of genes expressed by Th9 cells
will be key for future studies into the mechanisms utilized by Th9 cells to cause
disease. Targeting IL-9 or PU.1 during disease pathogenesis will require a better
understanding of the stability of the Th9 subset and the requirement of PU.1 for
maintenance of IL-9 production. Our in vitro studies looking at conditions
necessary for maintenance of IL-9 secretion by Th9 cells suggested that the
standard conditions for polarizing Th9 cells, IL-4 + TGF-f, were insufficient for
maintaining IL-9 production after multiple rounds of culture. The addition of IL-183,
IL-25, and IL-21, cytokines, which enhance IL-9 production from Th9 cells after
one round of culture, did not rescue the dramatic decrease in IL-9 production
after multiple rounds of culture. In vivo studies in mice where Th9 cells were

transferred into mice also suggests that Th9 cells lose their ability to produce IL-9
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after a period of time, but still retain IL-9-dependent functions (27, 64). There are
still many questions about the stability of Th9 cells and it will be important to
thoroughly understand if Th9 cells can persist in inflammatory conditions in order
to develop a timetable for treatments targeting Th9 cells. Variation in IL-9 and
PU.1 expression has been observed in patients with ulcerative colitis (UC) (82).
Patients with active disease showed significant production of IL-9 and PU.1 when
compared to healthy patients or patients with inactive ulcerative colitis. The
variation in IL-9 production by UC patients may be evidence of the instability in

IL-9 production during a disease process.

The role of IL-9 and PU.1 in CNS Inflammation

Our studies looking at a greater role for PU.1 in T-helper cell immunity lead us to
investigate if the deletion of PU.1 from T-cells would impact the development of
EAE. We observed that the absence of PU.1 in T-cells leads to increased
mononuclear cells in the CNS of Sfpi1'-/- mice and the CD4*cells in Sfpi1'*-/-
mice express higher levels of proinflammatory cytokines. As wild type mice
began to recover from disease, the recovery of Sfpi7'®-/- mice was attenuated.
There was also greater cellular infiltration in the spinal cords of Sfpi?'*-/- mice
compared to wild type. Although, we were not able to address our initial
hypothesis concerning the role of IL-9 in EAE, we did observe changes in the
expression of other cytokines that may explain the phenotype of Sfpi1'*-/- EAE

mice.
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There was a significant increase in the expression of IL-21 in the spleens of
Sfpi1'-/- mice 12 and 25 days p.i. We have demonstrated that PU.1 can
regulate the expression of IL-21 by Th17 cells and Tfh cells. Therefore, the
increased IL-21 expression in the spleens of Sfpi1'*-/- EAE mice could be from
increased production of IL-21 by Th17 cells and Tfh cells. Initially there was
conflicting evidence concerning the requirement of IL-21 for induction of EAE but
there is strong evidence suggesting that IL-21 is not required for initiation of EAE
(133, 134). One report looked at the impact of treating EAE mice with IL-21
before or after MOGsss5 immunization. Treating EAE mice with IL-21 before
immunization resulted in worse disease and treating mice with IL-21 after
immunization did not alter the disease course. The mechanism of the IL-21
induced exacerbation of disease course was found to be dependent on NK cells,
which produced higher levels of IFN-y when treated with IL-21 (135). In our EAE
experiments we observed a higher percentage of IFN-y* cells infiltrating the CNS.
The higher levels of IL-21 in the spleens of Sfpi1'°k-/- EAE mice may have
triggered more NK cell activation leading to increased production of IFN-y within
the spleen causing increased differentiation of MOG-specific Th1 cells. In
contrast to the proinflammatory role of IL-21 in EAE, induction of EAE in IL-21 -/-
and IL-21R -/- mice lead to exacerbated disease (133) suggesting that IL-21 may
be important for attenuating the EAE disease severity. Similarly, another group
has shown that blocking IL-21 during EAE leads to exacerbated disease (136)
and we observed similar results in studies where we blocked IL-21 in Sfpi1'-/-

and WT mice. Thus, IL-21 appears to have different effects in the pathogenesis
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of EAE and it is not clear if the elevated levels of IL-21 in Sfpi1'**-/- EAE mice
contributed to the disease course observed or if it was a result of other processes

occurring in the spleen.

Sfpi1'*-/- EAE mice also showed increased levels of CD40L expression in the
spleen. CD40L is a co-stimulatory molecule expressed by cell types including
activated T-cells and Tfh cells. The absence of CD40L expression completely
abrogates the development of EAE (137). Our studies show that PU.1 can
regulate the expression of CD40L by activated T-cells. The ability of PU.1 to
regulate the expression of CD40L leads us to speculate that the increase in CNS
cellular infiltration and disease severity seen in Sfpi1'*-/- mice could be due to
increased CD40L expression on T-cells. It has been demonstrated that cytokines
such as IL-2 can induce the expression of CD40L (138) and IL-2 is also important
for T-cell proliferation. Our previous work showed that activating cells from
Sfpi1'k-/- mice with increasing amounts of a-CD3 leads to significantly more
production of IL-2 (77). Twelve days p.i. our Sfpi1'*-/-EAE mice show a two fold
increase in the number of CD4" cells present in brain tissue compared to WT
mice and we see a similar increase 25 days p.i. The increase in CD4" cells
infiltrating the CNS of Sfpi71'*-/-EAE mice could be a result of increased IL-2
expression in Sfpi1'®-/- mice inducing the expansion of MOG- specific T-cells.
The IL-2 could also lead to increased CD40L expression by Sfpi1'k-/-
encephalitogenic T-cells in the CNS, allowing for continuous activation of APCs

thereby attenuating the resolution of disease.
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The role of PU.1 in Tfh and Germinal Center Activity

Mounting a lasting immune response against invading organisms is a key
component of the adaptive immune response. Tfh cells and GCB cells are vital
factors in the production of high affinity antibodies during an initial infection and
later during subsequent infections. A balance of initiation and resolution of the
germinal center response is required for prevention of recurrent or persistent
infections or on the other side of the spectrum, autoimmunity. Therefore, a
comprehensive understanding of the factors that positively or negatively regulate
germinal center activity is vital. Tfh cells express the surface proteins that
facilitate cognate B cell interactions within the germinal center. Among the
proteins that facilitate these interactions, CD40L and IL-21 are principal
orchestrators within germinal centers that enable Tfh cells to provide help to B
cells. Yet, how CD40L and IL-21 are regulated in Tfh cells is not completely

understood.

We present evidence that shows PU.1 is important for regulating CD40L and IL-
21 expression by Tfh cells. These results point to PU.1 as a negative regulator of
CD40L and IL-21 and consequently germinal center B-cell development and
antigen specific antibody production. IL-21 expression by Tfh cells has been
shown to be downstream of ICOS and c-maf (139). The array data shows that
ectopic expression of PU.1 in CD4" T cells leads to decreased //121 and Maf

mRNA, but not ICOS. Our in vivo studies show increased expression of IL-21
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protein and Maf mRNA in Sfpi1'*-/- Tfh cells, compared to controls. PD-1
expression was also decreased in the array and Tfh cells in Sfpi7'®-/- mice
express greater amounts of PD-1. Whether the regulation of PD-1 on T cells is a
direct effect of PU.1, or whether it might result from altered interactions with GCB

cells is not yet clear.

T-cell receptor (TCR) signaling is necessary for multiple stages of Tfh and
germinal center development. A combination of cytokines such as IL-6 (140),
surface receptor interactions (141, 142), and TCR signaling (143, 144) contribute
to initial Tfh differentiation. Strong TCR signaling may also induce dendritic cells
to produce higher levels of IL-6 in a manner that is dependent upon the induction
of CD40L on the T cell (137). We have previously shown that the absence of
PU.1 in CD4* T cells leads to increased TCR expression by splenocytes and
increased T cell activation (77). Thus it is possible that the increase in CD40L
expression by Sfpi1'k-/- naive CD4* T cells we report here could be linked to an
increase in TCR expression leading to an increase in IL-6 production by DCs and
increased Tfh differentiation. TCR signaling is important for initial Tfh
development outside of the germinal center and within the germinal center. The
interaction between TCR expressed by germinal center Tfh cells and p:MHC I
complexes expressed by GCB cells facilitates the selection of B cells expressing
antibodies of highest affinity. Overexpression of TCR could affect the selection

process by providing survival signals to B cells that would have normally
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undergone apoptosis. As such, the altered threshold of activation in Sfpi1'%-/- T

cells might impact increased Tfh and GCB cell numbers described in this report.

Our findings also suggest that changes in the expression of PU.1 in T cells might
play a role in autoimmunity. Gene association studies have linked increased
PU.1 expression in CD4+ T cells to systemic lupus erythematosus (145) and the
ability of PU.1 to alter Tfh functions might be a potential mechanism for increased
autoantibody production. Moreover, the ETS DNA recognition motif is enriched in
sequences near enhancer regions associated with human Tfh cell gene
regulation (146). These data would suggest that altered PU.1 expression might

contribute to autoantibody production in patient populations.

Our studies have provided evidence for an expanded role for PU.1 in T-helper
cell biology. The ability of PU.1 to regulate gene expression within different cell
types is largely dependent upon the level of PU.1 expression. In myeloid cells
where PU.1 serves as a master regulator of gene expression, PU.1 expression
levels are very high, in contrast to B-cells where PU.1 is present but is not
required to induce the phenotype of mature B-cells. A similar framework of PU.1
expression appears to exist in T-helper cells. On one hand you have Th9 cells,
where expression of PU.1 is high and PU.1 is required for polarization of Th9
cells and IL-9 production. On the other hand, low levels of PU.1 expression in

Th2 cells has some impact on the Th2 phenotype but PU.1 is not required for the
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development of Th2 cells. Where Tfh cells fit in on the spectrum of PU.1
expression is not clear. We did show that PU.1 expression is higher in Tth cells
compared to non-Tfh cells but we have not compared PU.1 expression from in
vivo derived Th9 and Th2 cells specifically. Further, our in vitro and in vivo
studies indicate that dysregulation of PU.1 expression in Th9 and Tfh cells would
have the greatest impact on the balance between health and disease. In support
of a role for PU.1 in promoting human disease, we have shown that Th9 cells
differentiated using naive cells from atopic patients have increased expression of
PU.1 and IL-9 in comparison to Th9 cells differentiated using naive cells from
non-atopic patients (147). Our mouse in vivo studies also demonstrates that
PU.1 plays a significant role in the development allergic pulmonary inflammation
(21). Moreover, data presented in this dissertation using in vivo mouse models
of disease provides evidence that PU.1 is required to regulate Tfh-cell dependent
germinal center B-cell development and antibody production, and CNS
inflammation. However, whether PU.1 is important for regulating Tfh mediated
germinal center B-cell responses and CNS inflammation in humans is not clear.
In the future it will be important to investigate PU.1 expression in humans in the
context of Tfh responses and CNS inflammation, as PU.1 may be a new

molecule for drug development.
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Future Directions

Characterizing Th9 Cells

The recent discovery of Th9 cells identifies a primary source of the cytokine IL-9.
Whether Th9 cells are a distinct T-helper lineage on their own was initially
questioned but studies both in humans and in mice provide support for Th9 cells
being a unique subset of cells that produce IL-9 without co-expression of other
cytokines (53, 54). Many of the studies looking at the involvement of Th9 cells
during various pathologies have been preclinical, utilizing mouse models of
atopic disease, autoimmune disease, and tumor immunity to elucidate the
contribution of Th9 cells during disease pathology. The focus of these studies
has been on IL-9 production by Th9 cells. In the future, It will be important to
begin to look at other aspects of the Th9 phenotype such as the expression of
BAFF, CCR4 and IL-1RA in these mouse models to determine how these factors
contribute to the development of Th9 mediated pathology. It is possible that
BAFF and IL-1RA may act to dampen Th9 induced inflammation, which suggests
like IL-1RA, BAFF could be used therapeutically to inhibit inflammation.
Moreover, in our studies, BAFF secretion was detected in Th2 and Th9 cultures
but not in the remaining T-helper subsets. Cytokines produced by Th2 and Th9
cells have different effects on the development of allergic inflammation in the
lung and BAFF expression by these two subsets may have a different
contribution to disease. To determine if BAFF has similar effects during a Th2 or
Th9 induced allergic lung responses, transferring OT-Il Th2 or Th9 cells that over

express BAFF into naive mice and challenging with OVA as we have done
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previously, could provide more insight into the importance of BAFF during
allergen induced lung inflammation. Further, the possible contribution of Th9 cells
in collagen-induced arthritis, a mouse model for rheumatoid arthritis, has not
been studied. If Th9 cells are shown to be involved it would be interesting to look
at the impact of IL-1RA expression by Th9 cells on disease. Experiments where
IL-1RA is removed or overexpressed in Th9 cells could demonstrate a role for

Th9 derived- IL-1RA in limiting joint inflammation.

Looking ahead, some questions that have not been addressed concerning Th9
stability is whether PU.1 is required for persistence of IL-9 production by Th9
cells and what signals are required to maintain high levels of PU.1 over a
sustained period of time. Previously, we've demonstrated that PU.1 is
downstream of TGF- (148), however when we culture Th9 cells for a second
round in the presence of IL-4 and TGF-(, there is a significant decrease in PU.1
expression. We have not looked at the expression of the TGF-f3 receptors after
multiple rounds of culture. It is possible that the TGF-3 receptors or IL-4R are
downregulated after one round of culturing. Smad2, Smad3, and Smad4 are also
downstream of TGF-B and are required for IL-9 production (149, 150).
Investigating the expression of the Smad proteins after multiple rounds of
culturing could also be informative. Further, due to poor reagents and reduced
cell viability it is difficult to assess PU.1 protein expression during multiple rounds
of Th9 culturing. Work in our lab has demonstrated that PU.1 increases access to

the IL-9 locus by recruiting histone acetlyases (151). In the future if better
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antibodies for the detection of PU.1 are developed it will be important to assess
the level of PU.1 expression, which may be impact the accessibility of the IL-9

locus.

The role of IL-9 and PU.1 in CNS Inflammation

In our studies we did not see the decrease in IL-9 production in Sfpi1'*k-/- EAE
mice that we expected to see. As it has been reported, there are a few other
pathways that induce IL-9 expression. For example, Jagged2 signaling through
the notch receptors can induce IL-9 in combination with Smad3 signaling.
Jagged? is expressed by T-cells and APCs during EAE (69). To determine if the
increased expression of IL-9 in Sfpi1'*-/- EAE mice is due to increased Jagged 2
signaling we could block Jagged?2 signaling during EAE development in Sfpi1'°-/-
mice and determine if IL-9 levels are reduced. We could take a similar approach
to block the OX40-OX40L (152) and TL1A/DR3 (153) signaling pathways as both
pathways have been shown to induce IL-9 production in a PU.1 independent
manner.  Although, these experiments would address the increased IL-9
production, they may not provide an answer to why Sfpi7'®-/- EAE mice have
worse disease. Passive induction of EAE through adoptive transfer of MOG3s.55
primed splenocytes from wild type and Sfpi1'*-/- mice into naive mice may
provide further insight into the attenuated disease recovery of Sfpi7'*-/- EAE
mice. Our studies looking at the function of tTregs from wild type and Sfpi1'-/-

mice show that tTregs from Sfpi7'°*-/- mice have similar functional capabilities
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when compared to wild type mice. However, transfer experiments will help
determine if the persistence of disease in Sfpi1'%-/- mice is due to impaired Treg
function in Sfpi1'°k-/- mice. To corroborate our findings from these transfer studies
we could also cross Sfpi1"f mice with the Foxp3-Cre mice and induce EAE in

these mice.

In addition, we observed increased expression of CD40L in the spleens of
Sfpi1'*-/- EAE mice, looking for CD40L expression in the spinal cord or brain by
immunofluorescence may provide further support for a role for CD40L in
promoting exacerbated disease in Sfpi7'%-/- mice. CD4* CD40L* T-cells and
CD40* monocytes have been detected in CNS tissue from human autopsy
patients (154). If increased CD40L expression is observed in the CNS of Sfpi7'°k-
/- EAE mice, we could also investigate the maturation state of APCs. APCs play
a pivotal role in licensing myelin specific T-cells to enter the parenchyma of the
brain (155). In addition, CD40L-CD40 interaction on APCs leads to increased
cytokine production and MHC Il presentation (156), which would promote T-cell
activation. We also detected increased immunoglobulin in the serum of Sfpj7'°-/-
EAE mice, which could have contributed to the worsened disease course.
Blocking CD40L at different stages of disease progression and transferring
serum from Sfpi1'*-/- EAE mice to naive wild type mice may be beneficial in
helping to elucidate the mechanism of exacerbated disease observed in Sfpi7'°-

/- EAE mice.
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The role of PU.1 in Tfh and Germinal Center Activity

PU.1 is a transcription factor that plays a prominent role in many different cell
types. PU.1 is a master transcription factor for cells in the myeloid lineage and
PU.1 can preferentially induce the expression of IL-9 in Th9 cells. The ability of
PU.1 to regulate gene expression in two divergent cell types suggests that PU.1
may be operating in very distinct transcription factor networks allowing for
specialized gene expression in the different cell types involved. PU.1 has been
shown to interact with a variety of proteins. In B cells, BCL6 can repress the
expression of the Igk locus by interacting with PU.1 (157). Conversely,
interactions between PU.1 and IRF4 can promote the expression of the Igk gene
in B cells but limit the expression of Th2 cytokines (76, 158). As BCL6 and IRF4
are required for Tfh development it is possible that the increase in CD40L and IL-
21 expression in Sfpi1'*-/- Tfh cells is a result of increased activity of BCL6 and
IRF4. We did observe an increase in BCL6 mRNA in Sfpi1'k-/- Tfh cells however
IRF4 levels were significantly decreased. Deciphering if PU.1 can interact with
BCL6 or IRF4 in Tfh cells could be challenging because of the low numbers of
Tth cells that develop in vivo. However, Tth cells have been expanded ex vivo
and a culturing system for the differentiation of “Tfh-like” cells in vitro has been
developed (159). Although, using the in vitro culturing system would not be ideal
it could help us generate preliminary evidence for the interaction between PU.1
and other transcription factors which may help use determine the how the
absence of PU.1 leads to increased CD40L and IL-21 expression by Sfpi1'k-/-

Tfh cells. Alternatively, we could also investigate how PU.1 regulates CD40L and
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IL-21 expression in activated T-cells and Th17 cells, respectively. It is not known
if PU.1 can regulate CD40L and IL-21 expression by binding directly to DNA.
Through the use of chromatin immunoprecipitation (ChlP) assays we can
determine if PU.1 binds directly to the CD40L and IL-21 loci. In addition,
investigating if PU.1 regulates the human Tfh cell activity will be important. The
finding of the ETS motif as a major enhancer motif suggests that PU.1 could

have some impact on the human Tfh cell phenotype.
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