ROLE OF THE SERINE-THREONINE KINASE TPL2 IN REGULATORY T CELL

DEVELOPMENT AND FUNCTION

by
XIN LI

(Under the Direction of Wendy T. Watford)

ABSTRACT

The serine-threonine kinase, tumor progression locus 2 (Tpl2, also known as Map3k8/Cot), is a
potent inflammatory mediator that drives the production of tumor necrosis factor (TNFa),
Interleukin-1B (IL-1PB), and Interferon y (IFNy). We previously demonstrated that Tpl2 regulates
T cell receptor (TCR) signaling and modulates T helper cell differentiation. However, very little
is known about how Tpl2 modulates the development of regulatory T cells (Tregs). Tregs are a
specialized subset of T cells that express forkhead box P3 (FoxP3) and possess
immunosuppressive properties to limit excess inflammation. Because of Tpl2’s documented role
in promoting inflammation, we hypothesized that Tpl2 antagonizes Treg development and
immunosuppressive function. Herein, we demonstrate that Tpl2 constrains the development of
inducible Tregs (iTregs). Tpl2” naive CD4" T cells preferentially develop into FoxP3" iTregs in
vitro as well as in vivo in a murine model of OV A-induced systemic tolerance. Treg biasing of

Tpi2™" T cells depended upon the TCR signal strength and corresponded with reduced activation



of the mammalian target of rapamycin (mTOR) pathway. Importantly, 7; plZ‘/ " Tregs have basally
increased expression of FoxP3 and immunosuppressive molecules, IL-10, IL-35 subunit Ebi3
and cytotoxic T lymphocyte-associated protein 4 (CTLA-4). Furthermore, they were more
immunosuppressive in vivo in a T cell transfer model of colitis, as evidenced by reducing
effector T cell accumulation, systemic production of inflammatory cytokines, and colonic
inflammation. These results demonstrate that Tpl2 promotes inflammation in part by
constraining FoxP3 expression and Treg immunosuppressive functions. Overall these findings
suggest that Tpl2 inhibition could be used to preferentially drive Treg induction and thereby limit

inflammation in a variety of autoimmune diseases.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Introduction

The immune system is tasked with the recognition and elimination of foreign pathogens. It is
comprised of non-specific innate immune cells and antigen-specific adaptive lymphocytes. T
lymphocytes derived from the thymus, along with B lymphocytes derived from the bone marrow
express somatically rearranged antigen receptors that mediate specific recognition of antigens
and are responsible for immunologic memory to antigens upon a second encounter. Host immune
responses to pathogens require some degree of inflammation, however, dysregulated or
inappropriate inflammation can lead to the development of autoimmune diseases. For example,
lymphocytes recognizing host-derived or “self” antigens mount intense pathologic immune
responses that drive systemic inflammation and autoimmunity (1). Therefore, the immune
system has devised multiple mechanisms to ensure that the host repertoire of lymphocytes is
educated to tolerate self-antigens. First, during T cell development in the thymus, immature high-
affinity, self-reactive thymocytes are eliminated via clonal deletion (or negative selection) by a
mechanism known as central tolerance (2). However, self-reactive T cells cannot be fully
eliminated by negative selection, which is an imperfect process. Therefore, a second
mechanism, known as peripheral tolerance is in place to control self-reactive T cells in peripheral
tissues (3). Importantly, peripheral tolerance is indispensable for preventing inflammation

triggered by environmental antigens or self-antigens that are not abundant in the thymus (4).



Immune suppression mediated by regulatory T (Treg) cell is an essential component of
peripheral tolerance (5, 6). Therefore, a better understanding of the mechanisms that regulate
Treg development and immunosuppressive functions is needed to facilitate the development of
novel treatments for autoimmune diseases.

T helper cell development

CD4" T helper (Th) cells are a subset of T cells that are essential for modulating adaptive
immune responses. The T cell receptor (TCR) and CD4 co-receptor enable the recognition of
antigen presented in the context of major histocompatibility complex (MHC) II molecules by
antigen presenting cells (APC), leading to CD4" T cell activation (7, 8). In addition to antigens,
T cells require a second signal provided by co-stimulatory molecules and cytokines. The CD28
co-stimulator is expressed on the surface of naive T cells and interacts with its ligands CD80
(B7-1) and CD86 (B7-2) expressed on APC (8). T helper cell lineage specification depends on
TCR activation along with local cytokine production (Figure 1.1). CD4" helper T cells can
differentiate into distinct lineages of effector T cells, including T helper 1 (Thl) cell, T helper 2
(Th2) cell, T helper 17 (Th17) cell, and regulatory T cells (Treg) (7-10) (Figure 1.1). These T
helper subsets are characterized by the expression of unique transcription factors, cytokine
expression profiles and effector functions (Reviewed in (7)). Upon TCR signals activation,
interleukin (IL)-12 can drive naive T cells into the Th1 cell lineage, whereas IL-4 converts naive
T cells into the Th2 lineage (Reviewed in (7)). Thl and Th2 cells express lineage-specifying
transcriptional factors, T-bet (encoded by 7bhx271) and GATA Binding Protein 3 (GATA3)
respectively (11). In addition, Th1l and Th2 cells protect against intracellular bacterial infection
and extracellular parasitic infections, respectively, through producing the signature cytokine

interferon (IFN)-y (Thl) or IL-4, IL-5 and IL-13 (Th2). Additional lineages have been



described, including Th17 cells and Tregs, which have their own master transcriptional
regulators. The orphan retinoid receptor (Roryt) is critical for Th17 differetiation, whereas
Forkhead Box P3 (FoxP3) promotes Treg differetiation (12-15). In the presence of TCR signals,
transforming growth factor beta 1 (TGF-B) and IL-6 can drive naive T cells into Th17 cell
lineage, a pro-inflammatory subset that provides protection against extracellular bacterial and
fungal infections, whereas IL-2 and TGF-3 promote the generation of Treg (Reviewed in (7)), a
specialized subset of T cell that have potent immunosuppressive activity that maintains
peripheral tolerance to self-antigens (16).

Tumor Progression Locus 2

Tumor progression locus 2 (Tpl2, also known as Map3k8) was identified as an oncogene in a
human thyroid carcinoma cell line in 1991 and was therefore designated Cancer Osaka Thyroid
(Cot) (17). Subsequently, provirus integration within the last intron of the 7pl2 gene led to
Moloney murine leukemia virus (MoMuLV)-induced T cell lymphomas in rodents (18, 19). Tpl2
is translated into 58- and 52-kDa protein isoforms from alternate translation initiation sites (20).
In addition to its serine/threonine kinase domain, Tpl2 also contains an amino-terminal region
with unknown function and a carboxy-terminal tail with regulatory function over Tpl2’s kinase
activity (21). Tpl2 is involved in signal transduction downstream of multiple receptors, including
Toll-like receptors (TLRs), cytokine receptors, antigen receptors (B cell receptor and T cell
receptor) and G protein-coupled receptors, to regulate the production of a variety of immune
mediators. Tp2 is through to function primarily by activating the mitogen-activated protein
(MAP) kinase pathway downstream of nuclear factor kappa-light-chain-enhancer of activated B

cells (NF-xB) (22, 23). In the steady state, Tpl2 is constitutively associated with NF-xB p105

and A20-binding inhibitor of NF-kB (ABIN-2) in an inactivate form (24) (Figure 1.2). The



death domain (DD) of NF-kB p105 directly interacts with the kinase domain of Tpl2, inhibiting
its kinase activity (25). Stimulus-induced proteolysis of NF-kB pl05 releases Tpl2 to
phosphorylate its substrate mitogen-activated protein kinase kinase (MEK), which subsequently
induces extracellular signal-regulated kinases 1/2 (ERK1/2) phosphorylation and signaling (22,
23). Tumor necrosis factor (TNF)- or Toll-like receptor 4 (TLR4)-mediated activation of the [kB
kinase (IKK) complex induces Tpl2 serine 400 phosphorylation and dissociation from NF-kB
p105 in macrophages (26, 27). Once Tpl2 is free from NF-kB p105 inhibition, it functions as a
MAP kinase kinase kinase (MAP3K) and phosphorylates MEK, leading to ERK activation,
before undergoing rapid proteosomal degradation (23). In addition to ERKI1/2 signaling,
overexpressed Tpl2 can also induce the activation of c-Jun N-terminal kinase (JNK), p38y and
ERKS MAPKSs (19). Despite the multitude of MAP3Ks, Tpl2 serves a critical, non-redundant
role in TLR-dependent ERK activation leading to expression of inflammatory mediators,
including TNF, IL-1f and cyclooxygenase-2 (COX-2) (23, 28, 29). Because of its essential role
in contributing to the expression of proinflammatory mediators, Tpl2 is considered to be a
potential target for immunotherapy of autoimmune diseases.

Tpl2 has been shown to play an important role in innate and adaptive immune regulation of host
defenses and inflammation. The generation of Tpl2-deficient mice by Philip Tsichlis’ laboratory
has made it possible to determine numerous immunological functions of Tpl2 in vivo. First,
Tpl2-deficient mice are resistant to endotoxin-induced septic shock due to a defect in TNF
secretion (28). Watford ef al. demonstrated that Tp/2” mice were more susceptible to Listeria
monocytogenes infection, which correlated with a defect of the induction of IL-1f (30). In innate
immune cells, such macrophages and dendritic cells, Tpl2 is required for Toll like receptor

(TLR)-induced activation of MEK and ERK MAP kinases in macrophages and bone marrow-



derived dendritic cells (BMDCs) but is dispensable for NF-kB, p38 and JNK activation (30, 31).
Interestingly, 7p2”" macrophages displayed abrogated TNF alpha production in response to
lipopolysaccharides (LPS) stimulation. However, Tp2” BMDC activated with either LPS (TLR4
ligand), polyinosinic:polycytidylic acid (Poly (I:C) ) (TLR3 ligand) or CpG (TLR9 ligand)
displayed only a partial reduction in TNF-a production (30) demonstrating cell type specific
functions of Tpl2. In addition, Tpl2 has been showed to maintain the expression of C-C
chemokine receptor type 2 (CCR2) and CCRS and the migration of macrophages (32). Tpl2 can
also regulate the immunoregulatory cytokines, such as IL-10. Tpl2 is required for maximal IL-10
production following stimulation of macrophages and myeloid dendritic cells with LPS or CpG
(30, 33).

Tpl2 also plays important roles in the adaptive immune response. Eliopoulos et al. showed that
Tpl2 transduced CD40 signals in B cells via ERK signaling (34). Importantly, Tpl2-deficient T
cells also exhibit a defect in TCR-induced ERK activation (35-37). In particular, Tsatsanis et al.
showed Tpl2 deficient murine CD8" T cells were defective in ERK activation and exhibited
enhanced proliferation after TCR stimulation (35-37). In addition, they also showed that Tp/2”"
CDS8" T cells were also defective in the induction of cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) (35). Watford et al. demonstrated that Th cell differentiation into Thl and Th2
lineages is also altered by Tpl2 ablation (36, 37). The differentiation of Tpl2-deficient Thl cells
was reduced, and this was due to impaired expression of the Thl transcription factors, signal
transducer and activator of transcription 4 (STAT4) and T-bet, resulting in impaired immune
responses to the intracellular parasite Toxosplasma gondii (36). In contrast, Th2 responses and
immunopathology were enhanced in 7p/2”" mice in an ovalbumin (OVA)-induced model of

allergic asthma (37). They found that Tpl2 negatively regulates Th2 cells development via



promoting IFN-y production (37). Watford et al. also found that Tpl2 was required for maximal
differentiation of IL-17" Th17 cells in vitro through negative regulation of the Treg transcription
factor, FoxP3 (38). Because a number of autoimmune diseases and cancers are believed to be T
cell-mediated (39), understanding how Tpl2 contributes to the TCR signaling of T helper cell
lineages and development, is warranted.

Regulatory T cells

Regulatory T cells (Tregs) are a subset of T helper cells with immunosuppressive properties that
maintain immunological self-tolerance by controlling self-reactive T cells. In 1985, Sakaguchi et
al. showed that CD4" splenic cells depleted of CD5"¢"CD4" and transferred to T cell-deficient
athymic nude mice induced spontaneous systemic autoimmune diseases. However, simultaneous
co-transfer of total CD4" splenocytes prevented disease development (40). Powrie et al. and
Morriset et al. subsequently independently demonstrated that transfer of CD45RB"¢" CD4" T
cells into congenic severe combined immunodeficient (SCID) mice also induced inflammatory
bowel disease (41, 42). These findings proved that a fraction of T cells possess dominant
immune-suppressive functions required for immune homeostasis. Sakaguchi et al. further
identified CD25 (the IL-2 receptor a-chain) as a surface marker to distinguish this population of
suppressor T cells (43). Indeed, they demonstrated that adoptive transfer of CD4 ' CD25 T cells
induced lethal, multi-organ autoimmune disease, whereas co-transfer of CD4 CD25" T cells
fully protected the mice. Furthermore, they demonstrated that depletion of CD4'CD25" T cells
from wild-type mice was sufficient to break peripheral self-tolerance and induce autoimmune
diseases. In 2003, both Sakaguchi et al. and Rudensky et al. independently revealed that the
transcription factor forkhead box P3 (FoxP3) controls the development and functions of

CD25'CD4" Tregs (14, 15). FoxP3, encoded by the X chromosome, specifies the Treg lineage



and exhibits a critical, non-redundant role in maintaining peripheral self-tolerance in mice and
humans (44). Humans with mutations in Foxp3, exhibit impaired development and dysfunction
of Tregs in a condition known as immunodysregulation polyendocrinopathy enteropathy X-
linked syndrome (IPEX). This devastating, life-threatening condition is accompanied by severe
multi-organ autoimmune diseases (44). Acute depletion of FoxP3 in murine model similarly
results in Treg deficiency and the development of fatal systemic autoimmunity, whereas
overexpression of FoxP3 confers its immunosuppressive functions (16). Therefore, FoxP3 is
considered to be the “master regulator” transcription factor of the Treg lineage (15, 16, 45).
CD4" Foxp3" Tregs can develop as either natural regulatory cells (nTreg) in the thymus or
inducible regulatory T cells (iTreg) derived from naive conventional T cells (Tcon) in the
periphery (Figure 1.3) (4, 46).

Generation of natural regulatory T cells and inducible regulatory T cells

The development of distinct Treg subsets (natural nTregs versus peipheral iTregs) occurs in
different anatomical locations and through different mechanisms. TCR signals are clearly
indispensable for nTreg development in thymus. The development of nTregs is highly influenced
by TCR signal strength, being strongly induced by high avidity TCR interactions with self-
peptide presented in the context of MHC class II molecules in the thymic environment (47). In
addition to TCR signals, co-stimulatory signals are also critical for thymic nTreg generation.
CD28 is a prominent T cell co-stimulator that is crucial for naive T cell activation and expansion
in the periphery through interactions with B7 (B7-1 and B7-2) co-stimulatory molecules
expressed by antigen presenting cells. Mice deficient in CD28 or its ligands, B7-1 and B7-2,
develop more severe autoimmune diabetes with dramatically reduced numbers of Tregs in the

thymus and periphery (48). Furthermore, a recent study revealed that the numbers of FoxP3"



nTregs were reduced in CD28 conditional knockout mice, but that the Foxp3" Treg percentages
in spleens and lymph nodes were similar to those of the control mice (49). All of these findings
confirm that the CD28/B7 co-stimulatory pathway is required for the generation of nTregs in the
thymus.

Several studies have demonstrated the essential role IL-2 and TGF-f3 signaling in Treg
development and maintenance (47, 50, 51). Mice deficient in IL-2, [L-2Ra or IL-2Rp lead to the
development of lymphoproliferative diseases associated with the accumulation of activated CD4"
and CD8" T cells (52-54). In particular, IL-2Rp deficient mice exhibit drastically reduced
numbers of Tregs (53-55). Similarly, mice lacking signal transducer and activator of
transcription 5 (STATS), a latent cytosolic transcription factor activated by IL-2 signaling, are
also severely impaired in Treg development, however, blockade of IL-2 results in a dramatic
reduction of the numbers of FoxP3" Tregs the spleen, despite similar numbers of nTregs in the
thymus (56, 57). However, mice deficient in IL-2 or IL2R-a maintain similar numbers of Treg
cells (53-55). Therefore, the role of IL-2 in thymic FoxP3" nTreg cell generation is still
incompletely understood (45, 51, 58, 59). However, IL-2 and TGF-f clearly synergistically
contribute to the induction of iTregs from naive CD4" T cells in the presence of TCR stimulation
in vivo and in vitro (47, 50, 51). In vitro and in vivo, either neutralization or genetic ablation of
IL-2 significantly reduced FoxP3 transcription and suppressive activity of iTregs (60-62).
Disruption of IL-2 signaling by deletion of STATS also lead to significant reduction of FoxP3
expression of iTreg in vivo (62). TGF- has also been implicated in the generation and
immunosuppressive functions of Tregs (46, 47, 50). However, iTreg and nTreg differ in their
developmental requirements for TGF- as well as IL-2. For iTreg development, TGF-f activates

mothers against DPP homolog 2/3 (Smad2/Smad3) signaling to induce FoxP3 transcription (63).



In contrast to the critical role of TGF-f in iTreg development, the role of TGF-f in the
development of nTregs is less well established. In TGF-3 receptor II-deficient mice, the number
of nTregs is unaffected (64). However, a recent study showed that conditional deletion of TGF-f3
receptor I resulted in a dramatic reduction of thymic nTreg generation in mice between postnatal
days 3 and 5 (65). Collectively, these studies clearly demonstrate that IL-2 and TGF-p are
essential for FoxP3" iTreg generation (47, 50, 51, 60-62). It is generally believed that iTregs are
the result of co-evolution of the adaptive immune system with commensal bacteria and food
antigens in the gut (4). There has been considerable interest in understanding the mechanisms
regulating iTreg differentiation in gut-associated lymphoid tissues. In addition to the required
cytokines signals, many studies have confirmed that the local microenvironment significantly
influences the development and differentiation of iTregs in gut-associated lymphoid tissues (66-
70). The major vitamin A metabolite all-trans retinoic acid (RA) has been shown to regulate the
conversion of TGF-p-mediated FoxP3" iTreg cells (66, 71-74). For example, Belkaid and
colleagues found that CD103" dendritic cells from the small intestines and mesenteric lymph
nodes produce retinoic acid (RA) that can synergistically enhance the conversion of naive T cells
into FoxP3" Tregs cells in the presence of TGF- (66). Kuchroo et al., further demonstrated that
RA can enhance TGF-f3 signaling by promoting the expression and phosphorylation of Smad3,
subsequently increasing FoxP3 expression (73). Microbial metabolites, such as short chain fatty
acids from clostridial species, including acetic acid, propionic acid, and butyric acid, have also

been shown to contribute to the differentiation and expansion of colon FoxP3" Tregs (68, 70,

75).



The T cell transfer model of colitis

Immune suppression mediated by Tregs is a dominant mechanism to control systemic immune
homeostasis (76). This is perhaps most apparent in the gastrointestinal tract where abundant Treg
accumulation is necessary to maintain peripheral tolerance to ingested antigens (via oral
tolerance) and the vast numbers of resident commensal flora. Enrichment of FoxP3" Tregs has
been observed in mesenteric lymph nodes (MLN) as well as intestinal lamina propria following
adoptive transfer CD25°CD4" T cell into recombination-activating gene 1- deficient (Ragl™)
recipients (77, 78). In addition, a recent study indicated that CD4 CD25" Tregs within the lamina
propria are sufficient to control intestinal inflammation, as these cells maintain peripheral
tolerance even in splenectomized lymphotoxin-a-deficient mice that lack secondary lymphoid
organs (79). Because of their paramount importance in maintaining intestinal homeostasis, a
number of inflammatory bowel disease (IBD) models have been developed to investigate Treg
functionality. In a well characterized murine model of inflammatory bowel disease developed by
Powrie and colleagues, CD4"CD45RB"CD25" naive T cells are transferred into T cell-deficient
hosts and, in the absence of Treg-mediated peripheral tolerance, induce inflammation in the
colon (41). The induction of local and systemic inflammation is a complex process with mixed
Th1 and Th17 pathology (76, 80, 81). Following adoptive transfer, the naive T cells migrate to
the secondary lymphoid organs where they undergo lymphopenia-induced expansion. In the
absence of Treg-mediated peripheral tolerance, the colitogenic T cells migrate to the colon where
they are triggered by self-antigens primarily derived from commensal bacteria (82). After further
division of reactive T cells, inflammatory T effectors accumulate in the colonic lamina propria
and isolated lymphoid follicles (ILFs). This T cell-driven inflammation also recruits effectors of

the innate immune system to the laminia propria, isolated lymphoid follicles (ILFs) and

10



secondary lymph nodes. The cross-talk between central and local lymphoid structures continues
to amplify the inflammation. T cell-driven colitis exhibits local and systemic clinical
manifestations, including wasting disease, splenomegaly and increased pro-inflammatory
cytokines such as TNF, IFNy and IL-6 (76). Importantly, colitis can be prevented by co-transfer
of CD4'CD25" Treg cells (83, 84) that mediate immune suppression in this model primarily
through the production of the anti-inflammatory molecules, such as CTLA-4 and IL-10. CTLA-4
deficient Tregs could prevent CD4+ T cells proliferation and cytokine production in vitro,
however, they were unable to restrict the colitis development due to lymphopenia-induced
expansion and cytokines production of CD4" T cells in the T cell adaptive transfer model of
colitis (85). The role of IL-10 remains controversial in the T cell transfer model of colitis.
Several studies have suggested that IL-10 is required for the prevention of colitis (77, 85-87).
Powrie et al. revealed anti-IL-10 receptor monoclonal antibody (mAb) abrogates the ability
CD4"CD45RB"™ cells to restrict the development of colitis (86). In addition, IL-10 deficient
CD4'CD45RB""CD25" Tregs failed to control the expansion of CD4'CD45RB"¢" T cells and
colitis development upon transfer compared to their WT counterparts in T cells transfer model of
colitis (87). However, some studies have demonstrated IL-10 deficient Tregs are still fully
suppressive and able to prevent colitis as well as WT Tregs, suggesting that Treg-derived IL-10
is dispensable for the prevention of colitis development (82, 88). One explanation for these
studies is that host IL-10 is important for maintaining the stability of FoxP3" Tregs, which in
turn limits the inflammation and colitis development in the T cells adaptive transfer model of
colitis (88). This model is therefore extremely useful for studying the suppressive functions of

Treg cells during intestinal inflammation (83, 84).
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Mechanisms of immunosuppression mediated by Tregs

Treg-mediated suppression can be classified into four basic ‘modes of action’: (1) suppression by
anti-inflammatory cytokines, (2) suppression by cytolysis, (3) suppression by metabolic
disruption, and (4) suppression by modulation of dendritic cell (DC) maturation or function (89)
(Figure 1.4). The immunosuppressive cytokines, IL-10, IL-35 and TGF-B, have all been
implicated in Treg suppressive functions (90, 91). IL-10 is an anti-inflammatory cytokine
expressed by a variety of cell-types (92), including Tregs. IL-10 derived from Tregs is critically
important in inhibiting Th1 and Th2 cells by down-regulating the expression of co-stimulatory
molecules on dendritic cells and macrophages (93-95). In addition, IL-10 is required to maintain
FoxP3 expression and suppressive function of Tregs (88). However, specific deletion of Treg-
derived IL-10 did not lead to the development of spontaneous systemic autoimmunity, indicating
that Treg-derived IL-10 is not absolutely required for immune tolerance (96). Therefore, other
major cellular sources of IL-10, including macrophages and dendritic cells, are also important for
IL-10-mediated immune homeostasis (93-95). In addition, these data also suggest that other
Treg-derived factors may compensate for IL-10 deficiency.

TGF-B 1s a highly pleiotropic cytokine that is required for both the maintenance of FoxP3
expression and suppressor function of Tregs (97). TGF-f suppresses effector T cell activation,
differentiation and proliferation by inhibiting the expression of lineage-specifying transcription
factors, such as T-bet and Gata3 (76). Furthermore, TGF-f3 also modulates the maturation and
functions of other immune cells, such as dendritic cells and macrophages (98). In particular,
TGF-f promotes the induction of indoleamine 2,3-dioxygenase (IDO) in dendritic cells. IDO
inhibits effector T cells immune responses against infectious mircoorgansims (99). Similarly,

TGF-B dampens macrophage functions by inhibiting inducible nitric-oxide synthase (iNOS)
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(100). TGF-B blockade abrogates the protection from colitis afforded by co-transfer of nTregs,
indicating that TGF-f has an essential role in Treg-mediated immune suppression (76, 101).
IL-35, a heterodimeric protein comprised of [L-12a p35 subunit (IL-12a) and Epstein-Barr virus
induced gene 3 (Ebi3), was recently discovered as a new inhibitory cytokine preferentially
expressed by FoxP3" Tregs (91). In addition, the result of co-immunoprecipitation of Ebi3 with
IL-12a p35 confirmed that IL-35 was secreted from activated Tregs, but not from activated
effector T cells (91). Co-transfer of Tregs deficient in either Ebi3 or Il12a failed to suppress
colitis development in a T cell transfer model of inflammatory bowel disease, indicating that IL-
35 was required for Treg-mediated peripheral tolerance. Vignali et al. also demonstrated that
ectopic expression of IL-35 by conventional CD4" T cells can inhibit T cell proliferation and
cytokine production by acquiring a regulatory function. Another studies further revealed that IL-
35 could also inhibit the Th17 differentiation from CD4" T cells (102). IL-35 is a very important
suppressive mediator to maintain mucosal immune homeostasis, since the recombinant I1L-35
significantly reduced the development of experimental of colitis by inhibiting Thl and Th17
cells accumulation (103). Thus, IL-35 is a novel anti-inflammatory cytokine that can be
expressed both nTregs and iTregs and is required for maintenance of maximal
immunosuppressive function of Tregs (91, 104).

In contrast to the active secretion of anti-inflammatory cytokines, IL-2 consumption by Tregs is
also a documented mechanism of immune suppression (89). IL-2 is comprised of three receptor
chains: IL-2 receptor a, 3 and y. The IL-2 receptor expressed on resting naive T cells consists of
IL-2Rf and IL-2Ry and displays intermediate affinity for IL-2, whereas Tregs and activated T
cells express all three chains, including IL-2Ra (CD25), and display high affinity for IL-2 (105).

Tregs express characteristically high levels of IL-2Ra (CD25) and therefore are at a competitive
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advantage to consume local IL-2 (89). Because IL-2 is necessary for T cell survival and clonal
expansion (106), Treg-imposed IL-2 deprivation of effector T cells leads to their apoptosis (107,
108).

In addition to soluble mediators of immune suppression, Tregs express immunosuppressive
molecules that are essential for cell contact-dependent suppression by Tregs though regulating
co-stimulation or cytolysis, such as CTLA-4, programmed cell death protein 1 (PD-1),
granzymes and perforin. CTLA-4 has a higher affinity for B7 molecules (CD80 and CD86) on
antigen presenting cells compared to CD28, CTLA-4 competes with CD28 for binding their
shared ligands CD80 and CD86, resulting in the downregulation of CD80 and CD86 expression
and antigen presenting cells activation (review in (109). In this case, CTLA-4 can transmits
inhibitory signals that interfere with the maturation of antigen presenting cells and impairs their
ability to stimulate effector T cells (76, 89, 110). Mice deficient in the CTLA-4 exhibit massive
lymphoproliferation and tissue destruction, leading to lethality around 3 weeks of age (111, 112).
Treatments with anti-CTLA-4 monoclonal antibodies accelerates and exacerbates mouse models
of autoimmunity, such as experimental autoimmune encephalomyelitis (EAE), colitis, type 1
diabetes (T1D) (113), and could even induces autoimmune manifestations in normal mice,
including gastritis, oophoritis, and mild sialoadenitis (114, 115). In conclusion, CTLA-4
constitutively expression on Tregs are crucial for their suppressive functions (114).

PD-1 is a member of the B7/CD28 family of co-stimulatory receptors. It regulates T cell
activation through binding to its ligands, programmed death ligand 1(PD-L1) and programmed
death ligand 2 (PD-L2) (116). PD-1 is expressed by many immune cells types, such as T cells, B
cells, natural killer T cells, activated monocytes, and dendritic cells (DCs), and inhibits the

proliferation of effector T cells by preventing maturation of antigen presenting cells and
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negatively regulates T cells survival through promoting apoptoisis of T cells (116, 117). Recent
studies demonstrated that PD-1 and PD-L1 signaling enhances the development of FoxP3"
iTregs development and maintain their suppressive functions by restricting Akt-mammalian
target of rapamycin (mTOR) signaling (118, 119). PD-1 blockade also resulted in down-
regulation of intracellular FoxP3 expression by Tregs and reversed Treg-mediated suppression of
effector T cells(120, 121). Therefore, PD-1 has also been importantly implicated in maintaining
the immunosuppressive function of Tregs.

Granzyme B and perforin, are well-known for their high levels of expression in natural killer
(NK) cells and cytotoxic CD8" T lymphocytes (CTLs), where they execute cytotoxic activity
over target cells displaying non-self or “altered self” antigens (122, 123). Recent studies have
demonstrated that Tregs also exhibit cytolytic activity, which they utilize to suppress effector B
cells and T cells via induction of their apoptosis (123-125). Reduced cell contact-mediated
suppressive activity was observed in granzyme B-deficient murine Tregs and perforin-deficient
Tregs in vitro (124, 125). Particularly, activated murine Treg cells suppressed B cell proliferation
through induction of cell death in a granzyme and perforin-dependent manner (125). Therefore,
granzymes and perforin are considered key components of Treg-mediated suppression.
Regulation of FoxP3 expression.

TCR activation in cooperation with co-stimulatory molecules and cytokines (TGF-p and IL-2)
activates the transcription of Foxp3 (47, 50, 51, 126). TCR-derived signals are required for
Foxp3 expression in both nTregs and iTregs. However, intermediate TCR ligation and co-
stimulation are necessary for the generation of nTregs in the thymus, while the development of
1Tregs in the periphery is favored by low affinity antigen or weak TCR signals and inefficient co-

stimulation (67, 127, 128). The Foxp3 locus (Figure 2) is comprised of three highly conserved
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non-coding regulatory regions including the Foxp3 promoter, TGF-f3 sensor (conserved non-
coding sequence 1; CNS1), and Treg cell-specific demethylation regions (TSDR/CNS2), the
pioneer element (CNS3) (129).

TCR ligation triggers the activation of a number of intracellular signaling pathways, including,
NF-xB, nuclear factor of activated T cells (NFAT), phosphoinositide 3-kinase (PI3K) and
MAPK pathways (Figure 1.4) (126). TCR activation promotes cyclic-AMP response element
binding protein (CREB)/activating transcription factor (ATF) to an intronic enhancer element in
the Foxp3 gene, which results in a decreased methylation of the intronic CpG island and is
inversely correlated with FoxP3 expression (130). In nTregs, protein kinase C-0 (PKC-0), NFAT
and activator protein 1 (AP-1) all promote Foxp3 expression in response to TCR and/or co-
stimulation signals (131). In this pathway, PKC-0 acts as an upstream regulator of Foxp3
expression by activating the Ca*"-calcineirin-NFAT pathway (132, 133). Understandably,
stronger TCR signals therefore promote increased Foxp3 expression through these pathways. In
contrast, studies examining the differentiation of iTregs in vitro have demonstrated that both
PKCO and the MEK-ERK pathway inhibit of Foxp3 expression, as inhibition of these pathways
enhance the expression of Foxp3 and Treg-associated genes (134-136). Another signaling
pathway activated in response to TCR and/or co-stimulation signals, the PI3K/Akt/mammalian
target of rapamycin (mTOR) pathway, has been shown to inhibit FoxP3 expression and Treg
function through regulating Treg metabolism (134, 137-140). The mTOR pathway consists of
two complexes, mammalian target of rapamycin complex 1 (mTORC1) and mammalian target of
rapamycin complex 1 (mTORC?2), with scaffold proteins regulatory-associated protein of mTOR
(Raptor) and rapamycin-insensitive companion of mTOR (Rictor) as their defining components,

respectively (Review in (141)). The immunosuppressive drug rapamycin preferentially inhibits
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mTORCI, but also interferes with mTORC?2 activity and promotes iTreg conversion from naive
T cells (137). T cell deficient of both of mMTORC1 and mTORC?2 failed to differentiate into Thl,
Th2 and Th17 cells (138). However, T cells deficient of mTOR of T cells preferentially
differentiate into iTregs, even in absence of iTreg polarizing cytokines, such as IL-2 and TGF-
B (138). Together, these studies indicate that the strength of TCR and co-stimulatory signals are
key determinants of Foxp3 expression, and that Foxp3 expression is differentially regulated by
TCR signals during T cell development.

In addition to TCR and co-stimulatory signals, IL-2 and TGF-f3 are also essential for Foxp3
expression during the induction of iTregs in the periphery (59, 97, 142) (Figure 3). Binding of
IL-2 to its receptor activates Janus kinase 1 (JAK1), JAK3 and the latent cytosolic transcription
factor, signal transducer and activator of transcription 5 (STATS). Once activated, STATS
translocates into the nucleus to bind to the Foxp3 promoter and Treg cell-specific demethylation
regions (TSDR) for the induction of Foxp3 expression (53). In contrast, TGF- activates
activating cell surface receptors, which in turn phosphorylate the downstream Smad2/3 complex
(Reviewed in(63)). Phosphorylated Smad2 and Smad3, form a new complex with Smad4, which
is translocated into the nucleus. This ultimately results in the binding of the Smad3 transcription
factor to the TGF-f3 sensor region (Figure 2) of the Foxp3 locus to induce FoxP3 expression (47,
143).

Regulatory T cells in autoimmune diseases

A number of studies have demonstrated that dysregulation of immune homeostasis or a break in
immune tolerance can lead to autoimmune conditions, such as type 1 diabetes (T1D), rheumatoid
arthritis (RA), inflammatory bowel diseases (IBD), and other disorders (144, 145). A variery of

therapies have been developed for treatments of autoimmune diseases, including traditional
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corticosteroids, disease modifying drugs, biologic therapies and new immunomodulation
therapies. The traditional therapies usually are the first-line therapy for the autoimmune diseases,
but they are associated with high toxicity and incomplete efficacy. The development of new
biological therapies, mainly dominated by proinflammatory cytokines monoclonal antibodies
(mAbs), such as infliximab, adalimumab, and certolizumab, open up a new era for autoimmune
diseases treatments. These new therapies provide better efficacy and safety for many patients,
particularly for those in whom traditional therapies fail to control the diseases (reviewed in
(146)). Recently, small molecule oral inhibitors have been discovered as a new class of inhibitors
that modulate pro-inflammatory immune responses on a cellular level. Notably, tofacitinib, an
oral inhibitor of Janus kinase (JAK), has been approved by Food and Drug Administration
(FDA) for patients with moderate to severe rheumatoid arthritis who do not respond to a disease-
modifying anti-theumatic drug (DMARD) (147, 148). Tofacitib interferes with Janus kinase
(JAK)-STAT pathway to inhibit pro-inflammatory cytokines production and transduction (148,
149). More selective JAK inhibitors such as filgotinib and baricitinib, are being investigated for
treatment of Crohn’s disease and rheumatoid arthritis in clinical trials (150, 151). These biologic
or immunomodulatory therapies generally exhibit more specificity and lower toxicity compared
to corticosteroids and other disease modifying drugs (146, 152-154). These new therapies usually
alleviate autoimmunity by a variery of mechanisms, such as pro-inflammatory cytokine
blockade, depeletion of T cells or B cells or cellular signaling pathway modulation in immune
cells (146). However, none of them can restore the immune balance after withdrawal of drug
treatment. T cell-mediated immune homeostasis was identified as a critical regulatory
mechanism for autoimmune disease developmement (155). Tregs are an essential component in

regulating immune tolerance to prevent autoimmunity (5, 6). Many studies have described
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abnormalities in the functions of Tregs in patients with autoimmune conditions (156). Therefore,
Treg-based therapeutic approaches are being investigated as potential treatments for autoimmune
conditions (157). Adoptive transfer of Tregs into mice and patients with inflammatory disorders
can restore immune tolerance in pro-inflammtory environments (78, 158, 159). Ex vivo
expansion and adoptive transfer of Tregs into diabetes-susceptible NOD mice can restore
immune tolerance and reverse diabetes (158). A recent report also demonstrated that ex vivo-
expansion and transfer of autologous polyclonal Tregs is safe and well tolerated in adult patients
with recent-onset T1D (157). Therefore, targeting or utilizing Tregs is now being evaluated in
human clinical trials for therapeutic potential in autoimmune diseases (160, 161), but clinicians
face significant hurdles in maintaining Tregs of highly purify or functional stability for
autoimmune diseases treatment. Targeting Treg signaling pathways has been shown to aid in the
expansion and/or functionality of Tregs ex vivo for treating autoimmune diseases (162).
Inhibition of the PI3K-Akt-mTOR pathway can enhance Treg cell development and function in
vitro and in vivo (162). Histone deacetylases (HDACs) and histone acetyltransferases (HATs) are
suggested as potential targets to epiegentically modulate of Treg cells function (163, 164).
Therefore, understanding how Treg cell signaling alters Treg development and function is
necessary to advance Treg based immunotherapy in autoimmune diseases treatment.
CONCLUSION

Autoimmune diseases are approaching epidemic levels, estimated to affect 5-8% of the U.S.
population. These encompass a broad range of conditions, including multiple sclerosis,
rheumatoid arthritis, inflammatory bowel disease, type-1 diabetes, psoriasis and chronic graft-
versus-host disease associated with tissue transplants. In many cases, pathogenesis is attributed

to self-reactive T cells that recognize tissue-specific auto-antigens and trigger destruction of
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tissues through the production of inflammatory cytokines (39). Disease management varies
widely, but consists primarily of neutralizing effector cytokines or reducing T cell receptor
(TCR) and co-stimulatory signaling. Although some treatments have shown promise, low
efficacy, off-target effects and increased susceptibility to infections are routinely observed and
demand the search for additional, more precisely targeted, therapeutic candidates. Of particular
interest are therapeutic strategies that favor the development of immunosuppressive T regulatory
cells (Tregs) which favor self-tolerance at the expense of self-reactivity and inflammation.
Because TCR and cytokine signal integration influence effector lineages commitment,
intervention at this level represents a potential means to deviate pathologic immune responses.
Watford et al. recently demonstrated that 7pl2”" T cells failed to up-regulate T helper 1 (Thl)-
specific transcription factors responsible for IFNy induction, including STAT4 and T-bet, in
response to TCR signaling and TplZ'/’ mice were more susceptible to infection with the
intracellular parasite Toxoplasma gondii (36). These findings suggest that Tpl2 normally

promotes the development of T helper 1 cells that secrete IFNvy and are implicated in

autoimmunity. While it represents a theoretical target for control of autoimmune disease,
significant gaps in our understanding of Tpl2 function remain. Although we found Tpl2 might be
required for ERK activation in activated CD4" T cells in response to TCR stimulation (36, 37), it
is not clear precisely how Tpl2 impinges upon TCR and cytokine signaling pathways and to what
extent Tpl2 contributes to the differentiation and function of T helper cells lineages. In addition,
a recent study indicated that Cot/Tpl2 mediates P-Ser473 Akt phosphorylation, and subsequently
leads to activation of the Akt-ribosomal protein S6 kinase beta-1 (p70 S6k)-mTOR pathway in
macrophages (165). However, we do not know whether Tpl2 is required for Akt-p70 S6k-mTOR

pathway in T cells in response to TCR and/or co-stimulatory signals or how Tpl2 influences the
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development and function of immunosuppressive T regulatory cells. These are important
problems, because a more complete understanding of how TCR signaling pathways are regulated
could reveal novel therapies for T cell-dependent autoimmune diseases. Clearly, a better
understanding of the mechanisms by Tpl2 that regulates Treg development and
immunosuppressive functions is needed to facilitate new Treg-based immunotherapies.
Therefore, the objective of this doctoral thesis is to determine how Tpl2 regulates the
development and function of immunosuppressive T regulatory (Treg) cells. Our core hypothesis
is that Tpl2 normally promotes inflammation by inhibiting regulatory T cell development and
their anti-inflammatory functions. In Chapter 2, we investigated how Tpl2 regulates Treg
differentiation in vitro and development in vivo. In Chapter 3, we evaluated whether Tpl2
regulates Treg immunosuppressive functions. We believe this study provides key insights into
the mechanism(s) by which Tpl2 genetic ablation (or ultimately clinical inhibition) enhances
Treg cell development and anti-inflammatory activities. This study provides novel information
that may lead to a method to deviate pathologic inflammatory immune responses in human
autoimmune diseases by promoting the differentiation of immunosuppressive Tregs through the

use of Tpl2 inhibitors.

21



FIGURES

Dendritic cell T cell subsets Cytokines Immune Reactions

Clearance of intracellular

pathogens,
Th1 ‘ — IFN~y Autoimmunity,
Delayed-type hypersensitivity.

{2
\\/,'\
IL-4 Humoral immunity,
IL-4 ,Th2a CAIAS —» IL-5 Protection against
IL-13 parasitic infection,

Allergy, Asthma.

ﬁTh17 IL-17A Protection against
RORW . |L-17F extracellular pathogens,
IL-22 Tissue inflammation,

Autoimmunity.
iTreg . IL-10
L35 Immune suppression,
TGF-B Tolerance.
Helper T cell differentiation

Figure 1.1: Helper T cell differentiation.

TCR signals drive naive T cells differentiate into distinct T helper cells (Th) lineages under the
direction of different cytokines signals in the local environment. These Th cells lineages can be
characterized by their cytokines production profiles and by transcription factor expression. Thl
cells that are specified by the transcription factor, T-bet, produce IFN-y to provide protection
against intracellular pathogens. Th2 cells express GATA3 and secrete IL-4, IL-5 and IL-13,
which are important for humoral immunity and clearance of helminth infections. Thl7 cells
express ROR-yt and produce IL-17 and IL-22 to clear infections by extracellular pathogens.
Regulatory T (Treg) cells express FoxP3 and produce anti-inflammatory cytokines, IL-10, IL-35

and TGF-, which inhibit pro-inflammatory immune responses and maintain immune tolerance.
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Figure 1.2: Tpl2 activation by Toll-like receptors (TLRs).

Tpl2 is activated by a variety of receptors, including Toll like receptors, G-protein coupled
receptors, cytokine and antigen receptors. In un-stimulated cells, Tpl2 is associated with NF-kB
pl05 and A20-binding inhibitor of NF-kB (ABIN-2) in an inactivate form. NF-xB p105 and
Tpl2 mutually inhibit each other. Upon activation, p105 is degraded, releasing Tpl2 from
inhibition to activate its downstream substrate, MEK, which then activates ERK. This leads to

the production of pro-inflammatory mediators.
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Figure 1.3: Model for generation of thymic derived natural regulatory T cells (nTregs) and
inducible regulatory T cells (iTregs).

Natural Treg cells (nTregs) or thymic Treg cells (tTregs) differentiate in the thymus and migrate
to peripheral tissue to maintain immune tolerance. Inducible Treg cells (iTregs) can be induced
from naive T cells under influence of the cytokines or retinoic acid (RA) and TCR signals in
secondary lymphoid organs and tissues. Tregs residing in the periphery comprise both nTregs

and iTregs.
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Figure 1.4: Mechanisms of Treg-mediated suppression of conventional T (Tcon) cells.

Several mechanisms have been implicated in Treg-mediated suppression of conventional T
(Tcon) cells. Tregs can produce immunosuppressive cytokines, IL-10, IL-35 and TGF-f to
inhibit Tcon activation and proliferation. Tregs also suppress Tcon cells survival and expansion
by competitive IL-2 consumption. Granzyme and perforin also can be produced by Tregs to
induce Tcon cell death. Furthermore, inhibitory co-stimulation molecules, such as CTLA-4 and
PD-1 that are expressed on the Treg surface can downregulate the activation and function of

antigen presenting cell (APC), thereby inhibiting Tcon activation.
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Figure 1.5: Multiple signaling pathways regulate the induction of FoxP3 expression.

Treg commitment can be determined by TCR, CD28 and cytokine receptor signals. IL-2 and
TGF-p trigger activation of transcriptional factors: STAT5 and SMADs, respectively, that drive
FoxP3 expression in the nucleus. TCR and co-stimulation signals can lead to the activation of
multiple signaling pathways that result in the activation of transcription factors and influence the
regulation of FoxP3 expression, including cAMP-responsive-element-binding protein (CREB),
activating transcription factor (ATF), nuclear factor of activated T cells (NFAT), Forkhead box
protein O1/3 (FoxO1/3) and activator protein 1 (AP1). However, each pathway contributes to the
differential regulation (either beneficial or inhibitory) of FoxP3 expression between the different

types of Tregs. For example, co-stimulation signal is required for the development of thymic
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FoxP3" Tregs, whereas the activation of the phosphoinositide 3-kinase (PI3K)-~AKT-mammalian

target of rapamycin (mTOR) pathway inhibits FoxP3 expression during iTreg conversion.
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CHAPTER 2

TUMOR PROGRESSION LOCUS 2 NEGATIVELY REGULATES INDUCIBLE T

REGULATORY CELL DIFFERENTIATION

Li X., Acuff N. V., Peeks A. R., Kirkland R., Wyatt K. D., Nagy T, Watford W. T. Accepted by

the Journal of Biological Chemistry. Reprinted here with permission of publisher, 2016.
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ABSTRACT

The serine-threonine kinase, tumor progression locus 2 (Tpl2, also known as Map3k8/Cot), is a
potent inflammatory mediator that drives the production of TNFa, IL-1B, and IFNy. We
previously demonstrated that Tpl2 regulates TCR signaling and modulates T helper cell
differentiation by promoting IFNy production and inhibiting IL-4 production by CD4" T cells.
However, very little is known about how Tpl2 modulates the development of regulatory T cells
(Tregs). Tregs are a specialized subset of T cells that express FoxP3 and possess
immunosuppressive properties to limit excess inflammation to self- or non-self antigens. Because
of Tpl2’s documented role in promoting inflammation, we hypothesized that Tpl2 antagonizes
the differentiation of immunosuppressive Tregs. Herein, we demonstrate that Tpl2 constrains the
development of inducible Tregs (iTregs). 7] plZ’/ " naive CD4" T cells cultured in vitro
preferentially developed into FoxP3" iTregs in vitro as well as in vivo in a murine model of
OV A-induced systemic tolerance. Treg biasing in 7} plZ'/ " T cells depended upon the TCR signal
strength and corresponded with reduced activation of the Akt/mammalian target of rapamycin
(mTOR)/S6 ribosomal protein (S6) pathway in the absence of Tpl2. These results demonstrate
that Tpl2 has an important role in limiting FoxP3 expression and Treg differentiation. Overall
these findings suggest that Tpl2 inhibition could be used to preferentially drive Treg induction or

expansion and thereby antagonize inflammation in variety of autoimmune diseases.
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INTRODUCTION

Pathogenesis of a number of autoimmune diseases is attributed to self-reactive T cells that
recognize self-antigens and trigger organ-specific damage (166). Regulatory T cells are a
specialized lineage of T cells with immunosuppressive properties. The forkhead box
transcription factor FoxP3 is important in specifying this lineage (15, 167), and humans with
mutations in the Foxp3 gene develop severe multi-organ autoimmune disease including
autoimmune enteropathy, dermatitis, thyroiditis, and typle I diabetes (44). This syndrome is
highly homologous to scurfy mice that also harbor mutations within the Foxp3 gene (168). Tregs
arise naturally in the thymus (nTregs or tTregs) or can be induced from naive conventional T
cells in the periphery (inducible regulatory T cells; iTregs) (4, 90, 169, 170). Both types of
FoxP3" Tregs exhibit critical immunoregulatory functions to maintain immune tolerance (4,
169). Treatment with immunosuppressive iTregs is now being evaluated for therapeutic potential
in autoimmune diseases like type 1 diabetes (TID) and graft-versus host disease (GvHD) (157,
171, 172), but clinicians face significant obstacles in obtaining enough highly purified and stably
immunosuppressive Tregs for treatment protocols. Therefore, a better understanding of the
mechanisms that regulate Treg development and immunosuppressive functions is clearly
warranted.

One molecule that has recently gained interest as a potential therapeutic target is the serine-
threonine kinase, tumor progression locus 2 (Tpl2), also known as Map3k8/Cot. Tpl2 is essential
for the processing, secretion and even signal transduction of TNFa (28), an inflammatory
cytokine implicated in diverse autoimmune diseases including rheumatoid arthritis, inflammatory
bowel diseases, psoriasis and lupus (173). Tpl2 shows low homology to other kinases, is not

inhibited by the nonspecific kinase inhibitor staurosporine and is the only known human kinase
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to have a proline instead of a glycine in its ATP binding region, all of which make it an attractive
drug target for selective inhibition (174). In macrophages, Tpl2 is maintained in an inactive form
through a stoichiometric interaction with NFxB1/p105 (175). TNF- or TLR4-mediated activation
of the kB kinase complex leads to phosphorylation of Tpl2 and its release from p105 inhibition.
Phosphorylated Tpl2 is released to activate the MEK-ERK signaling pathway (23). Despite the
multitude of MAP kinases, Tpl2 serves a critical, non-redundant role in TLR-dependent ERK
activation leading to expression of inflammatory mediators, including TNF, IL-1B and COX-2
(28-30).

Importantly, 7] plZ’/ " T cells also exhibit altered T helper cell differentiation into Th1l and Th2
lineages (36, 37). We demonstrated that Tp/2”" Th1 cells were impaired in expression of the Thl
transcription factors, STAT4 and T-bet, and secretion of IFN-y (36). In contrast, Th2 responses
and immunopathology were enhanced in Tp/2”" mice in an OVA-induced model of allergic
asthma (37). Because a number of autoimmune diseases and cancers are believed to be T cell-
mediated (39), understanding how Tpl2 contributes to other T helper cell lineages, especially the
development and function of Treg cells, is necessary.

Several TCR-induced signaling pathways are known to regulate iTreg development, which is
favored by weak TCR signals and limited co-stimulation in peripheral T cells (67, 127, 128). In
particular, inhibition of either the MEK-ERK pathway or the PI3K/Akt/mammalian target of
rapamycin (mTOR)/S6 ribosomal protein (S6) pathway promotes the expression of FoxP3 and
Treg-associated genes (134, 135, 137, 138). Because Tpl2 promotes the activation of ERK and
the PI3K/Akt/mTOR pathway in a variety of innate cell types and in response to multiple stimuli
(35-37, 165), Tpl2 deficiency might therefore be predicted to enhance FoxP3 expression.

However, a previous study demonstrated that Tpl2 ablation increased inflammation-induced
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intestinal tumorigenesis in APC™" mice, and this correlated with reduced IL-10 expression and
impaired Treg generation (176). In contrast, another study demonstrated that Tpl2 was a negative
regulator of Tregs, since Tpl2 destabilized the Treg lineage through inhibition of FoxP3 DNA
binding activity in a MEK-ERK-dependent manner (177).

To address this apparent discrepancy in the regulation of Treg differentiation by Tpl2, we
investigated the mechanisms by which Tpl2 regulates iTreg cell development in vitro and in vivo
via TCR and/or cytokine-induced signals. We observed that differentiation to the iTreg lineage
preferentially occurred in Tpl2” T cells in a T cell autonomous manner. Furthermore, we
observed increased proportions of FoxP3" iTregs induced from naive Tpl2”” CD4" T cells in vivo
in a murine model of OV A-induced systemic tolerance, indicating that Tpl2 plays an important
role in restricting FoxP3 expression. This inhibition of FoxP3 expression by Tpl2 depended upon
the strength of signal sensed by the TCR and correlated with decreased activation of the Akt-
mTOR-S6 pathway in Tpl2-deficient CD4" T cells. Collectively, our data suggest that Tpl2
inhibition may provide a means to deviate pathologic immune responses, not only by impairing
de novo induction of pathogenic Thl cells (36), but also by promoting the differentiation and
development of immunosuppressive iTregs.

MATERIALS AND METHODS

Mice

C57BL/6 and Ragl” mice were obtained from the Jackson Laboratory. 7] plZ'/ " mice backcrossed
more than ten generations onto the C57BL/6 genetic background were kindly provided by
Thomas Jefferson University and Dr. Philip Tsichlis (Tufts University). All wild-type (WT) and
Tpl2”" mice were bred as littermate controls. 7] plZ'/ “mice were also intercrossed with OT-1I TCR

transgenic mice obtained from the NIH repository. C57BL/6-Ly5.1 (CD45.1) mice were
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purchased from Charles River Laboratories. Animals were used at six-to-sixteen weeks of age as
indicated and were age- and sex-matched for individual experiments. Animals were maintained
in sterile microisolator cages on the same housing rack of the Central Animal Facility of the
College of Veterinary Medicine. All experiments involving mice were performed according to
the University of Georgia guidelines for laboratory animals and were approved by the UGA
Institutional Animal Care and Use Committee.

Cell isolation and purification

Spleens, lymph nodes or thymi were disaggregated by pressing through a 70 wm filter. For
spleens, red blood cells were lysed with ACK lysing buffer (Invitrogen). Naive CD4" T cells and
Tregs were isolated from spleens and lymph nodes of mice as follows. First, CD4" T cells were
enriched using magnetic separation with a CD4" T cell isolation kit (Mitenyi Biotec). Untouched
naive T cells (CD4 CD44"°CD62L"CD25") and Tregs (CD4'CD25") were further purified by
FACS using antibodies recognizing CD4, CD44, CD62L and CD25 (eBiosciences). Lamina
propria lymphocytes (LPLs) were purified from colons of mice as described previously (66).
Bone marrow-derived dendritic cells (BMDCs) were generated as described previously (30).
BMDCs were harvested after 7 days and purified by magnetic positive selection with CD11c
microbeads (Mitenyi Biotec).

Cell culture

For T cell/dendritic cell co-cultures, 100,000 naive WT OT-II" or Tpi2”~ OT-II' T cells
(CD4"CD44"°CD62L"CD25") were co-cultured with either 10,000 WT or 7pl2”” BMDCs in a
volume of 200 pL. medium under neutral (medium alone) or iTreg-inducing conditions (5 ng/mL
rthTGF- + 40 IU/mL rhIL-2, Peprotech) and in the presence of increasing concentrations of

OVAsz3.330 peptide (Peptides International). Alternatively, 100,000 WT naive OT-II or Tpl2”
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OT-II T cells were co-cultured with 10,000 WT BMDCs in a volume of 200 uL. complete
medium alone (ThO) or in the presence of iTreg-inducing conditions (0, 1.25, 2.5, 5, or 10 ng/mL
rhTGF-B + 40 IU/mL rhIL-2) along with 3 uM OV A (OVAj;,3.339, Peptides International). On
day three of culture, FoxP3 expression was determined by intracellular staining using the FoxP3
Fix/Perm Kit (eBiosciences) followed by flow cytometry or by real-time PCR for Foxp3 mRNA
expression as described below. For stimulation of T cells with anti-CD3 and anti-CD28, 1 x 10°
WT or Tpl2” naive CD4" T cells (CD4'CD44"°CD62L"CD25") were plated in complete RPMI
medium on wells pre-coated with the indicated concentrations of anti-CD3 and anti-CD28 as
indicated concentations. Cells were cultured under iTreg-inducing conditions (40 IU/mL rhIL-2
+ 2.5-10 ng/mL rhTGF-f) for 3 days and then harvested for RT-PCR, Flow cytometry or
Western blot analysis.

Cell stimulation for phospho-flow staining

Splenocytes were isolated from WT and 7] plZ’/ “mice. After a 2-hour resting period in complete
medium, cells were stained on ice with 5 ug/mL biotinylated anti-CD3 and 2.5 pg/mL
biotinylated anti-CD28 (eBioscience) followed by cross-linking with 50 pg/mL streptavidin
(Thermo Scientific). Cells then were stimulated for 2, 5, or 30 min in complete medium at 37°C.
ERK phosphorylation within the gated naive CD4" T cells population (CD4 TCRB CD25
CD44"°) was detected by intracellular staining for anti-ERK1/2 (pT202/pY204) (BD
Biosciences) and flow cytometry. For measurement of phosphorylation of ribosomal protein S6,
splenocytes were stimulated with 2.5 ug/mL each of soluble anti-CD3 and anti-CD28 for 10, 20,
or 30 min, and phosphorylation of S6 (Ser235/236; Cell Signaling Technology) was determined
by intracellular staining within the gated naive CD4" T cell population (CD4 TCRB CD25

CD44").
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Flow cytometry

For analysis of cell surface markers, cells were stained in PBS containing in either 5% fetal
bovine serum (FBS) or 0.1% (wt/vol) bovine serum albumin (BSA) with antibodies directed
against: CD4 (eBioscience, RM4-5), CD25 (eBioscience, PC61.5), CD62L (eBioscience, MEL-
14), CD44 (eBioscience, IM7), TCRp (eBioscience, H57-597), ICOS (eBioscience, C398.4A),
GITR (eBioscience, DTA-1), CD45.1 (eBioscience, A20) and CD45.2 (eBioscience, 104).
Annexin V-FITC (eBioscience) was stained following the manufacturer’s instructions
(eBioscience). Intracellular FoxP3 (eBioscience, FJK-16s) and CTLA-4 (eBioscience, UC10-
4B9) were stained using the FoxP3 Fix/Perm Kit (eBioscience) following surface staining.
Measurement of mRNA expression and cytokine secretion

mRNA expression was determined as described previously using RT-PCR. SensiFAST Probe
Hi-ROX kit (Bioline, Taunton, MA) and specific TagMan probes (Applied Biosystems, Grand
Island, NY). Samples were run on a StepOnePlus qPCR machine (Applied Biosystems). Results
given are relative to actin control and wild type cells (AACr). In some cases, wild type cells were
assigned a Cr value of 40 when no amplification occurred within 40 cycles. The following
probe/primer sets were purchased from Applied Biosystems: Map3k8 (Mm00432637), Foxp3
(Mm00475165 ml), Tgfbrl (Mm00436964) Actinb (4352341E-1112017) and 18s (4310893E-
0802039).

Carboxyfluorescein succinimidyl ester (CFSE) labeling

1107 WT OT-II" or Tpi2” OT-II" naive T cells were incubated for 8 minutes at room
temperature in 1 mL PBS with 2.5 uM CFSE (Cayman Chemical). The incubation was
terminated by addition of an equal volume of FBS for 1 min. Cells were washed twice with

complete medium and counted. 100,000 CFSE-labeled naive WT OT-II" or Tp/2”~ OT-II" naive
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T cells were co-cultured with 10,000 WT BMDC and 1 uM OVA (OVAs;z3.339, Peptides
International) in a volume of 200 pL. media under iTreg-inducing conditions (5 ng/mL rhTGF-
B + 40 IU/mL rhIL-2, Peprotech) for 3 days. Cells were harvested and stained intracellularly for
FoxP3 following surface staining.

Cell apoptosis assay

100,000 naive WT OT-II+ or 7; plZ‘/ " OT-II+ naive T cells were co-cultured with 10,000 WT
BMDC and 1 uM OVA (OVAs3.339, Peptides International) in a volume of 200 uL medium
under iTreg-inducing conditions (5 ng/mL rhTGF-f3 + 40 IU/mL rhIL-2, Peprotech) for 3 days.
Cells were harvested and surface stained for Annexin V following the instructions of the FITC
Annexin V apoptosis detection Kit I (BD Biosciences) and stained intracellularly for FoxP3
(eBioscience, FJK-16s) using the FoxP3 Fix/Perm Kit (eBioscience).

Calcium Flux Assay

Splenocytes were harvested from WT or Tpl2-deficient mice as described above. Cells were
washed once in Hank’s Balanced Salt Solution (HBSS) supplemented with 0.2 mM EDTA and
resuspended in HBSS containing 0.5% BSA. Cells were incubated with Fluo-4 dye (Molecular
Probes) at a final concentration of 0.5 uM for 30 min at 37°C. Cells were washed twice with
HBSS plus 0.5% BSA and incubated 1 hr more at 37°C. Ten million cells/mL were stained with
10 ug/mL biotinylated anti-CD3 antibody (eBioscience) for 15 minute on ice in HBSS + 0.5%
BSA, washed in HBSS + 0.5% BSA containing 2 mM CaCl, and resuspended in 1 mL of the
same buffer. For measurement of calcium flux, samples were heated at 37°C for 3 min, and a
baseline reading was taken for 1 min on an LSRII flow cytometer (BD Biosciences). Then, 50
uL of a 100 ng/mL stock of streptavidin (Thermo Scientific) was added, and the CD3-triggered

calcium flux was measured over the next 3 min. Calcium ionophore (5 ul of a 5 ug/mL stock)
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was added, and the maximal calcium flux was measured for an additional 2 min.

Western Blotting

WT or Tpl2”" CD4" T cells were stimulated with the indicated ligands over a timecourse at 37°C.
Cells were lysed in protein lysis buffer containing 0.5% Triton X-100, 50 mM Tris-HCI (pH
7.5), 300 mM NaCl, 2 mM EDTA, 200 M Na3VOs, 10 pg/ml aprotinin, 10 pg/ml leupeptin, and
2.5 uM nitrophenyl p-guanidinobenzoate. Proteins were separated on Bis-Tris 4-12% gradient
gels (Life Technologies) and probed with antibodies to detect Tpl2 (Santa Cruz Biotechnology),
phospho-Smad2 (Ser465/467), phospho-STATS (Tyr694) (Cell Signaling Technology), Smad2
(Cell Signaling Technology), STATS (Santa Cruz Biotechnology), and P-Actin (Santa Cruz
Biotechnology) followed by HRP-labeled secondary antibodies. Western blots were visualized
by ECL (Lumigen, Inc.).

In vivo differentiation of iTregs using a systemic tolerance model

Systemic tolerance was induced as previously described (136, 178). Briefly, 4 million sorted
naive WT OT-II" or Tpl2” OT-II' T cells (CD4CD44"°CD62L"CD25") were adoptively
transferred into C57BL/6-Ly5.1 (CD45.1") congenic recipient mice. After 24 hours, each
recipient was injected with 5 ug OV Asy3.339 peptide or an equal volume of PBS alone. At day 8
post-injection, spleens and mesenteric lymph nodes (MLNs) were harvested and stained for the
quantitation of FoxP3'CD4" iTreg conversion.

Statistical analysis.

Unless otherwise indicated, p values were calculated using two-tailed Student’s #-test, and error

bars represent means = SEM.
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RESULTS

Tpl2 is dispensable for nTreg development under homeostatic conditions.

In order to determine whether Tpl2 regulates Treg development or functions, we first measured
the relative expression of Tpl2 in Tregs isolated from spleens and lymph nodes of C57BL/6
(WT) mice. Compared to sorted CD4'CD25 naive T cells, CD4'CD25" Tregs expressed
approximately six-fold more Tpl2 mRNA and protein (Figure 2.1A-B). Because Tregs have
previously received a TCR signal to differentiate, we next investigated whether the increased
Tpl2 expression in Tregs is a consequence of prior TCR stimulation. Tpl2 gene expression was
measured in activated T cells and iTregs. Indeed, Tpl2 was significantly induced by
approximately 37-fold in naive T cells that had been activated for three days with anti-CD3 and
anti-CD28 (ThO; Figure 2.1A-B). In contrast, Tpl2 expression in activated T cells cultured under
1Treg-inducing conditions showed significantly lower Tpl2 expression similar to that observed in
freshly isolated Tregs. These data suggest that (1) TCR signals induce Tpl2 expression and (2)
TGF-B likely negatively regulates Tpl2 expression in iTregs because Tpl2 may be counter-
productive for Treg functions.

We next evaluated whether Tpl2 regulates Treg development in vivo under homeostatic
conditions. Thymi, spleens, mesenteric lymph nodes (MLNs) and lamina propria lymphocytes
(LPLs) were isolated from sex-matched littermate C57BL/6 or Tpl2”" mice derived from
heterozygous matings and analyzed for Tregs. No differences were observed for the total cell
numbers, proportions or absolute numbers of FoxP3" Tregs in the thymus, spleen, MLNs or
LPLs between WT and Tpl2”" mice (Figure 2.2A-E). Therefore, Tpl2 ablation does not alter the
proportion or absolute number of Tregs in the central or peripheral lymphoid organs under

homeostatic conditions. Helios (/kzf2) is a transcription factor of the Ikaros family that is
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expressed in the majority of CD4 FoxP3" nTregs, but not in iTregs (179); therefore, Helios has
been utilized as a marker to distinguish natural Tregs and peripherally derived iTregs in naive
mice. It is important to note that the majority of Tregs under homeostatic conditions are natural
Tregs derived from the thymus (179). Similar proportions of Helios” FoxP3" Tregs were
observed in the thymus and peripheral lymphoid organs in WT and 7] pl2'/ “mice (Figure 2.3A-C),
suggesting that Tpl2 ablation does not alter nTreg development.

Tpl2 inhibits FoxP3 expression and iTreg differentiation in vitro via a T cell autonomous
mechanism.

Treg differentiation is orchestrated by both T cell intrinsic factors such as TCR signaling
pathways and T cell extrinsic factors, such as co-stimulatory or cytokine signals provided by
accessory cells (4, 51, 170, 180). TCR signals, in combination with the cytokines IL-2 and TGF-
B are important for iTreg differentiation (51, 63). To delineate the T cell intrinsic role of Tpl2 in
iTreg development and differentiation, we investigated whether 7p/2” naive CD4" T cells
differentiate normally into iTregs in vitro by performing co-culture experiments. OT-II" TCR-
transgenic naive CD4 ™ T cells derived from WT OT-II" or Tp/2”~ OT-II" mice were stimulated
with an MHC class II-restricted OVA peptide (OVA3p3.339) in the presence of WT BMDCs or
Tpl2”- BMDCs under neutral (ThO) or iTreg (TGF-B+IL-2) conditions. In co-culture with WT
BMDCs, T plZ‘/ " T cells preferentially developed into FoxP3-expressing iTregs compared to WT
T cells via a T cell-intrinsic mechanism under iTreg conditions (Figure 2.4A; Figure 2.4C, left
panel; Figure 2D, bottom). A similar trend was observed in the presence of Tp/2”~ BMDCs
(Figure 2.4C, right panel), demonstrating that the dominant role for Tpl2 in iTreg development
occurred within the T cell compartment. Importantly, this bias in FoxP3 expression was also

observed in Tpl2”" T cells cultured under ThO conditions, although WT and Tpl2” T cells had
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similarly low levels of FoxP3 expression (Figure 2.4B; Figure 2D, top). These data confirm a T
cell intrinsic requirement for Tpl2 in suppressing FoxP3 expression. CTLA-4, inducible T-cell
costimulator (ICOS), glucocorticoid-induced TNFR-related protein (GITR) and CD25 are all
considered to be cell surface markers of Tregs (169, 181-183). Notably, CTLA-4 supports FoxP3
expression and iTreg differentiation in response to TGF-f and IL-2 (184, 185). Consistent with
increased FoxP3 expression, our data revealed that Tp/2”" iTregs also exhibit higher CTLA-4
induction than WT iTregs (Figure 2.5). However, the expression of other Treg markers, such as
CD25, ICOS, and GITR (181, 183), was not different between WT and 7} plZ‘/ " cultured 1Tregs
(Figure 2.5). In addition, purified Tpl2-deficient T cells also displayed an increased propensity to
differentiate into FoxP3" iTregs even in response to stimulation with low dose anti-CD3 and
anti-CD28 in the presence of IL-2 and TGF-p (Figure 2.6, left panel). These data confirm that
increased FoxP3 expression in 7) plZ'/ " T cells is a consequence of iTreg-inducing signals, i.e.
TCR plus cytokines. FoxP3 expression was favored in 7; plZ‘/ T cells with decreasing TCR signal
strength (i.e. decreasing OV A peptide or anti-CD3 and anti-CD28 stimulations), whereas strong
TCR signals compensated for Tpl2-deficiency in iTreg cultures (Figure 2.4D, and Figure 2.6 left
panel). These data confirm a T cell intrinsic requirement for Tpl2 in suppressing FoxP3
expression in response to TCR signals.

Tpl2 inhibits differentiation of FoxP3" iTregs independent of cell proliferation and
survival.

A previous study demonstrated that 7} plZ‘/ “CD8 T cells exhibit enhanced proliferation compared
to WT CDS8" T cells upon TCR stimulation (35). In order to determine whether enhanced FoxP3
expression may be attributed to increased proliferation and outgrowth of FoxP3" iTregs in Tpl2”

cultures, we examined the proportion of FoxP3" iTregs within WT and Tpl2” T cells at
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individual cell divisions. WT and 7pl2”" OT-II" CD4 T cells were labeled with CFSE and
cultured under iTreg conditions. Over the culture period, more 7} pZZ'/ "~ T cells underwent 3-4 cell
divisions (25%) compared to WT T cells (13%), confirming a modest increase in proliferation
within Tp/2”" CD4 T cells (Figure 2.7A). However, increased proliferation was unable to account
for the increased frequency of 7Tpl2” iTregs, because within each cell division, there was a
consistent increase in the proportion of 7] plZ'/ " FoxP3" iTregs (Figure 2.7B-C). This demonstrates
increased conversion of 7] plZ’/ " T cells to the iTreg lineage independent of proliferation.
Furthermore, we also investigated whether increased iTreg generation may be attributed to
increased survival in Tpl2” iTregs. WT and Tpl2”” OT-II" CD4 T cells cultured for three days
under 1Treg conditions were stained with Annexin V and anti-FoxP3 antibody to examine both
cell survival and apoptosis of iTreg cells. There was no difference in the proportion of viable
cells observed between WT and Tp/2” iTreg cultures within the gated FoxP3" population or
within all gated CD4" T cells (Figure 2.8). Overall, these results demonstrate that enhanced
FoxP3 expression in 7pl2” T cells is due to increased conversion to the iTreg lineage rather than
increased outgrowth or survival of already committed iTregs.

Tpl2 inhibits FoxP3 expression by promoting activation of the mTOR signaling pathway in
response to TCR signals.

In order to determine which pathways are altered in Tpl2” CD4" T cells, we performed
biochemical analyses to measure the contribution of Tpl2 to both TCR- and cytokine-induced
pathways that regulate iTreg differentiation. Because of the early identification of Tpl2 as a
regulator of nuclear factor of activated T cells (NFAT) signaling in T cells (186), we first
examined the intracellular calcium signaling that drives NFAT activation during TCR signaling.

Our data showed similar calcium release between WT and Tpl2” T cells (Figure 2.9) confirming
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that Tpl2 does not contributed to very early TCR signaling events (Figure 2.9). This finding is
consistent with a previous report showing similar IL-2 secretion, which is regulated by NFAT
(28), by WT and T} plZ‘/ “CD4" T cells. ERK inhibition is known to promote FoxP3 expression
(134), and a recent study revealed that Tpl2 activates the MEK-ERK pathway to impair FoxP3
stability (177). Therefore, we first examined whether Tpl2 modulates ERK phosphorylation in
naive CD4" T cells upon TCR stimulation with anti-CD3 and anti-CD28. However, acute ERK
activation proceeded normally in Tpl2-deficient naive CD4" T cells (Figure 2.10). Because the
AKT-mTOR-S6 pathway is another TCR signaling axis that negatively regulates iTreg
differentiation (134, 137, 138), we similarly examined the phosphorylation of ribosomal protein
S6, a translational regulator and robust indicator of mTOR activation (187). Significantly
impaired phosphorylation of S6 was observed in Tpl2-deficient naive CD4" T cells upon TCR
activation for 20 or 30 min with anti-CD3 and anti-CD28 compared to WT T cells (Figure
2.11A). A trend towards reduced S6 activation was also noted at the earlier 10 min time point.
These data suggest that reduced mTOR signaling contributes to enhanced iTreg differentiation in
the absence of Tpl2. Because S6 is the substrate of ribosomal protein S6 kinase beta-1 (S6K1)
that is phosphorylated by mammalian target of rapamycin complex 1 (mTORCI), reduced S6
activation in Tp/2”" T cells suggests that Tpl2 promotes mTORC]1 activation. We further tested
whether treatment with rapamycin, an inhibitor of mTORCI, leads to similar enhancement of
1Tregs in WT and 7] plZ'/ " T cells. Indeed, rapamycin treatment increased the proportion of FoxP3"
WT iTregs to a level comparable to 7; plZ'/ “1Tregs treated with the vehicle control (Figure 2.11B).
Furthermore, rapamycin treatment did not significantly enhance the proportion of FoxP3" cells in
Tpl2” iTregs. These data further support a role for Tpl2 in enhancing FoxP3 expression via

inhibition of the mTOR pathway.
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We also examined whether alterations in cytokine signaling contribute to the iTreg bias in Tpl2”
T cells. Naive CD4 " T cells from WT or Tpl2”" mice were first activated with anti-CD3 and anti-
CD28 to induce expression of the high affinity IL-2Ra receptor, CD25, and then re-stimulated
with IL-2 over a brief time course to analyze IL-2-induced STATS activation by Western
blotting. Activation of STAT5 occurred with normal kinetics and magnitude in Tpi2”" T cells
(Figure 2.12). Next, we examined TGF-B responsiveness of Tpl2” T cells. Ipl2” T cells
displayed increased functional sensitivity to TGF- compared to WT T cells, since the proportion
of Foxp3" iTregs was significantly increased in 7p/2” T cells cultured with increasing
concentrations of TGF-B (Figure 2.13A). A similar trend was observed in purified T cell cultures
activated with low dose (2.5 ug/mL) anti-CD3 and anti-CD28 (Figure 2.6B). Increased
functional sensitivity to TGF-f3 was not due to increased TGF-f receptor expression, because the
signaling chain, 7gfbril, was expressed at similar levels in naive T cells isolated from WT and
Tpl2”" mice (Figure 2.13B). To test the effect of Tpl2 ablation on Smad2 activation, ThO cells
were stimulated over a time course under iTreg-inducing conditions (10 ng/mL TGF-B in
combination with 100 IU/mL IL-2 and 10 ug/mL anti-CD3), and Smad?2 activation was assessed.
Modestly increased levels of phosho-Smad2 activation were observed very early after
stimulation in 7p/2”~ CD4" T cells based on three individual experiments (Figure 2.13C),
although this modest effect is unlikely to contribute to the observed phenotypic changes. These
data may suggest Tpl2 somehow integrates TGF-f signals with TCR signal to suppress FoxP3
expression during iTreg conversion. Collectively, biochemical studies clearly demonstrate that
Tpl2 promotes TCR signaling through mTOR to suppress FoxP3 expression during iTreg
conversion.

Tpl2 inhibits iTreg development in vivo in a murine model of systemic tolerance.
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We next evaluated whether Tpl2 inhibits iTreg development in vivo in a murine model of OVA-
induced systemic tolerance. In this model, iTregs are induced in response to OVA antigen
administered systemically in the absence of adjuvant (136, 178). Donor naive CD4" T cells were
purified from WT OT-II" or Tpl2”~ OT-II" transgenic mice expressing the CD45.2 congenic
marker and adoptively transferred into C57BL/6-Ly5.1 recipient mice expressing CD45.1.
Twenty four hours later, OV Aj;3.339 peptide was injected intravenously into CD45.1° recipients
in the absence of adjuvant. After 8 days, a subpopulation of donor OT-II" transgenic T cells
could be seen to differentiate from naive CD4" T cells into FoxP3" iTregs ((178) and Figure
2.14A-B). FoxP3 was nearly undetectable in either WT or Tpl2”" transferred CD45.2" OT-II" T
cells without systemic administration of OVA antigen (Figure 2.14B). However, upon OVA
administration, Tpl2”~ OT-II" donor T cells differentiated significantly more efficiently into
iTregs in the spleen and MLN than did WT OT-II" donor cells (Figure 2.14B-C). These results
are consistent with the observed Treg bias in 7] plZ'/ “CD4" T cells in vitro and confirm the role for
Tpl2 and TCR signaling in regulating FoxP3 expression and iTreg induction in vivo.
DISCUSSION

Our data demonstrate that Tpl2 is dispensable for nTreg development but promotes iTreg
conversion via a T cell intrinsic role. First, naive 7} pl2’/ “OT-II" T cells preferentially differentiate
into FoxP3-expressing iTregs when co-cultured with either WT or Tpl2”" dendritic cells and
OVA peptide antigen, demonstrating that the dominant functional role for Tpl2 reside within the
T cell compartment. /n vivo, we also observed a significant increase in the proportions of FoxP3"
iTregs in the spleen and MLNs in an OV A antigen-induced murine model of systemic tolerance.
Enhanced iTreg conversion of Tpl2”~ CD4" T cells correlated with impaired activation of the

Akt-mTOR-S6 axis upon TCR activation. Futhermore, rapamycin corrected the iTreg bias by
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inducing similarly increased iTreg frequencies in both WT and Tpi2”" T cells, comfirming that
Tpl2 inhibits FoxP3" iTreg cell differentiation through promoting activation of the Akt-mTOR-
S6 pathway.

The host complement of Tregs is comprised of both nTregs derived from the thymus and 1Tregs
that differentiate from naive T cells in the periphery (4, 90, 169, 170). Development of these
distinct Treg subsets occurs in different anatomical locations and through different mechanisms
(4, 90, 169, 170). Our data demonstrate that nTregs develop normally in 7} pZZ'/ " mice. Because
the majority of peripheral Tregs in most organs of naive mice are thymus-derived nTregs (179,
188), normal development of nTreg in Ipl2”" mice likely also explains the similar pool of
peripheral Tregs observed in naive Tpl2-deficient and WT mice. In order to specifically
interrogate iTreg conversion by naive antigen-specific WT and Tpl2” CD4" T cells, a murine
model of systemic tolerance was utilized. Analysis of iTreg cell conversion from naive CD4" T
cells in vivo in response to antigen stimulation in the absence of adjuvants clearly revealed that
induction of iTreg differentiation was enhanced by Tpl2 ablation via a T cell intrinsic
mechanism.

Development of nTregs in the thymus requires strong TCR signals (reviewed in (189)), whereas
weak TCR signals and limited co-stimulation favor iTreg development in the periphery (72, 127,
128). Several TCR signaling molecules and pathways have been implicated in the integration of
TCR signals to restrict iTreg differentiation, including PKC-0, mTOR, Akt and MEK-ERK (134,
135, 138). For instance, PKC-0 is critically important for thymic Treg development and function
by activating the calcineurin/nuclear factor of activated T-cells (NFAT) pathway, but inhibition
of PKC-0 promotes iTreg differentiation via the Akt-FoxO1/3a pathway (132, 136). In addition,

activation of MEK-ERK pathway or the Akt-mTOR-S6 pathway inhibits FoxP3 expression
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during 1Treg conversion (134, 135, 137, 138). Although prior studies have shown a defect in
TCR-induced ERK activation in previously activated Tpl2-deficient T cells (35-37), no defect in
ERK phosphorylation was observed in the current study in freshly isolated naive Tpl2-deficient
CD4" T cells upon anti-CD3 and anti-CD28 stimulation. This finding is consistent with another
recently published report (190). Consistent with a previous report that demonstrated Tpl2 is
required for the activation of the Akt-p70S6k pathway in LPS-stimulated macrophages (165),
our data reveal a novel role for Tpl2 in activating the mTOR signaling pathway in TCR-
stimulated T cells. Reduced S6 activation in 7} plZ'/ " T cells suggests that Tpl2 promotes mTORCI1
and S6K activation. As expected, treatment with the mTORCI1 inhibitor, rapamycin, eliminated
the iTreg bias by inducing similarly increased iTreg frequencies in both WT and Tp/2”" T cells.
Therefore, enhanced iTreg differentiation by Tpl2” T cells, as observed in vitro and in vivo,
likely results initially from reduced activation of Akt-mTOR-S6 pathway by 7] pZZ'/ " T cells in
response to TCR stimulation. Consistent with altered TCR signaling, FoxP3 expression was
favored in 7 plZ‘/ " T cells with decreasing TCR signal strengths (i.e. decreasing OVA peptide),
whereas strong TCR signals partially compensated for Tpl2-deficiency in iTreg cultures.
Although our data suggest that Tpl2 ablation leads to enhanced proliferation of CD4 T cells,
which was similarly observed in CD8 T cells (35), enhanced FoxP3 expression in 7pl2” T cells
is due to increased conversion to the iTreg lineage rather than increased outgrowth (or survival)
of already committed iTregs. We also demonstrated that Tpl2 inhibits CTLA-4 expression in
1Tregs. The fact that AKT-mTOR-S6 pathway activation inhibits FoxP3 expression and CTLA-4
induction during de novo Treg conversion (191), is consistent with our observation of reduced
mTOR activation in 7 plZ'/ “CD4" T cells.

TGF-B 1s also clearly important in the induction and maintenance of FoxP3 expression by
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working in concert with TCR-derived signals to activate the Foxp3 enhancer (63, 192).
Accordingly, TGF-B-induced phosphorylation of Smad2 was modestly increased in 7} plZ’/ " Tregs,
which correlated with an increase in TGF-B-dependent FoxP3 expression. The increased
functional sensitivity to TGF-B by Tpl2”" T cells is consistent with our previous finding that high
concentrations of TGF-B impaired Th17 differentiation of Tp/2”" naive CD4™ T cells by
inappropriately inducing FoxP3 expression under classical Th17 differentiation conditions of IL-
6 + TGEB (38). Given the increased functional sensitivity of 7pl2”" T cells to TGF-f and the
antigen dose-dependent requirement for Tpl2 during Treg development, Tpl2 may functions to
integrate both TCR and TGF-f signals to suppress FoxP3 expression during iTreg conversion.
Further studies are needed to understand the integration between these two signaling pathways.

One study reported that Tpl2 ablation resulted in modestly reduced Treg proportions in vivo in an

min

Apc™™ model of intestinal tumorigenesis, and this reduction correlated with decreased IL-10
secretion in the intestinal mucosa (176). The same study also demonstrated that Tpl2 was
required for iTreg generation in response to TGF-B in vitro (176). In contrast, a more recent
study demonstrated that Tpl2 inhibits the DNA binding activity of FoxP3 through a MEK-ERK-
dependent pathway (177). Consistent with the findings of the latter study, our data further
demonstrate that Tpl2 inhibits FoxP3" iTreg differentiation in vitro and in vivo. The reasons for
the discordant findings between the former and latter studies, including our own, are currently
unclear but may relate to the relative contribution of Tpl2 to nTregs versus iTregs in the model
systems used. In the former study, the majority of measurements were made within the intestines

of mice on the APC™"" genetic background of intestinal inflammation, which is likely to alter

Treg proportions. Therefore, additional studies are needed to clarify the tissue- and cell type-
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specific functions for Tpl2 in the generation and maintenance of specific Treg populations in
vivo under specific inflammatory conditions.

In conclusion, our data demonstrate a T cell-intrinsic role for Tpl2 in promoting TCR activation
through enhancing Akt-mTOR-S6 signaling activation, which corresponds with impaired FoxP3
expression and iTreg differentiation in the presence of Tpl2. These findings provide important
information about the therapeutic potential of Tpl2 inhibitors; Tpl2 inhibitors might be a means
to enhance the expansion of more stable 1Tregs in vitro for use in Treg-based immunotherapies

to treat autoimmune diseases.
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Figure 2.1:Tpl2 expression is inhibited in iTreg cells compared to activated ThO cells.

(A) Sorted naive CD4" T cells (CD4 CD44°CD62L"CD25") and Tregs (CD4"CD25") were
isolated from WT mice. WT naive T cells were cultured with 5 ug/mL immobilized anti-CD3
and CD28 in neutral (ThO) or iTreg (40 IU/mL rhIL-2 + 10 ng/mL rthTGF-f) conditions for 3
days. Tp/2 mRNA expression was measured by real-time RT-PCR for freshly isolated WT naive
T cells, freshly isolated WT Tregs, day 3 cultured WT ThO and day 3 cultured WT iTreg cells.
Data are pooled from 3 or more independent experiments. *, p<0.01, two-tailed Student’s #-test.
(B) WT naive CD4" T cells, freshly isolated Tregs, day 3 cultured WT ThO and day 3 cultured

WT iTregs were immunoblotted for Tpl2 and -Actin. Data are representative of 2 independent

experiments.
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Figure 2.2: Tpl2 is dispensable for FoxP3" Treg development under homeostatic conditions.
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Thymi, spleens, MLNs and LPLs were harvested from littermate control WT or Tp/2”" mice at 16
weeks of age. (A) Organ total cell numbers. (B-E) Cells from thymi, spleens, MLNs and LPLs
were stained for CD4" FoxP3" Tregs. The representative data and gating strategy for FoxP3"
Treg frequencies within CD90.2"CD4'CDS8" T cell population in thymi (B) and spleens (C) are
shown. (D) Frequencies of FoxP3" Tregs, (E) Absolute numbers of FoxP3" Tregs. N=5 mice.

Data are representative of 2 independent experiments. Two-tailed Student’s #-test.
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Figure 2.3: Tpl2 is dispensable for nTreg development under homeostatic conditions.

Thymi, spleens, MLNs and LPLs were harvested from littermate control WT or Tp/2”" mice at 16
weeks of age. (A-C) Cells from thymi, spleens, MLNs and LPLs were stained for CD4" FoxP3"
Helios™ Tregs. (A-B) The representative data and gating strategy for Helios FoxP3" nTreg
frequencies within CD90.2"CD4'CDS8" T cell population in thymi (A) and spleens (B) are shown.
(C) Frequencies of Helios FoxP3" nTregs. N=5 mice. Data are representative of 2 independent

experiments. Two-tailed Student’s #-test.
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FIGURE 2.4: Tpl2 inhibits Foxp3 expression in vitro via a T cell autonomous mechanism.

(A) Representative strategy for gating TCRB'CD4" Foxp3" iTreg cells in vitro under ThO and
iTreg culture conditions with dose of 0.3 uM OVA peptide. CD4 TCRB" cells were first gated
and then analyzed for the proportion of Foxp3" cells. (B) Either 100,000 WT OT-II or 7 plZ'/ i

OT-II naive CD4" T cells were co-cultured with 10,000 WT or 7pl2”” BMDCs with increasing
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doses of OVA (0.1, 0.3, 1, 3, or 10 uM) in a volume of 200 uL for three days under neutral ThO
conditions or iTreg conditions (40 IU/mL rhIL-2 + 10 ng/mL rhTGF-f). Cells cultured with WT
BMDCs (left) and KO BMDCs (right) were harvested and stained intracellularly for FoxP3, and
the percentage of Foxp3" gated CD4" T cells was measured by flow cytometry. N=3 replicates.
Data are presented as means = SD. *, p<0.05; **, p<0.01, ***, p<0.001, two-tailed Student’s ¢-
test. Data are representative of three or more experiments with similar results. (C) FoxP3
mRNA expression was measured from cell pellets in C. ThO, N=3 individual experiments; iTreg,

N=4 individual experiments. *, p<0.05; one-tailed paired Student’s #-test.

54



—>

— —r

—s

—

Figure 2.5: Tpl2 inhibits CTLA-4 expression of iTreg.
Either 100,000 WT OT-II" or Tp/2”" OT-II' naive CD4" T cells were co-cultured with 10,000
WT BMDCs with 1uM OVA in a volume of 200 uL for three days under iTreg conditions (40

[U/mL rhIL-2 + 10 ng/mL rhTGF-f). Cells were harvested and stained for CTLA-4, CD25,
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ICOS and GITR. Data are representative of 3 independent experiments.

55

— WT
— Tpl2*



>
0y

100 1 . 100 - . .
% 80 1. 1801 o 0—*
3 3
O 60 - 5601 o—o—2
& 40 &
x 40 x404{ —o-
i —O-WTT £ wrT
2 207 _eTpi2tT 220 - TP2°T
o T T T 1 O r Y r )
T2 3 4 5 . 0 25 5 75 10
anti-CD3/ TGE L
H _—‘ -
_—-4 anti-CD28 ﬁ (ng m )
(ug/mL )

Figure 2.6: FoxP3 expression is favored in 7p/2” T cells with decreasing TCR signals.

(A) Naive CD4" T cells (CD4'CD62L"CD44"°CD25") were harvested from WT or Tpl2-
deficient mice and cultured with increasing doses of immobilized anti-CD3 and anti-CD28 (1.25
ug/mL, 2.5 ug/mL, 5 ug/mL, or 10 ug/mL each) under iTreg-inducing conditions (40 IU/mL
rhIL-2 + 10 ng/mL rhTGF-p) for 3 days Cells were harvested and stained intracellularly for
FoxP3. The percentage of CD4" FoxP3" T cells in the gated TCR-B'CD4" population was
measured by flow cytometry. (B) Naive CD4" T cells (CD4'CD62L"CD44"°CD257) were
harvested from WT or Tpl2-deficient mice and cultured with 2.5 ug/mL anti-CD3 and anti-
CD28, 40 IU/ml rhIL-2 and increasing concentrations of thTGF-f3 (2.5 ng/mL, 5.0 ng/mL or 10
ng/mL) and analyzed similarly (A). N=5 individual experiments. Error bars represent means +

SEM. *, p<0.05; **, p<0.005; two-tailed paired Student’s #-test.
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FIGURE 2.7: Tpl2 inhibits differentiation of FoxP3" iTregs independent of cell
proliferation.

Either 100,000 sorted naive WT OT-II' or T, plZ‘/ " OT-II" T naive cells
(CD4"CD44°CD62L"CD257) were labeled with 2.5 uM CFSE and co-cultured with 1 uM OVA
peptide and 10,000 WT BMDC:s for 3 days under iTreg conditions (40 IU/mL rhIL-2 + 5 ng/mL

thTGF-B). WT T cells and Tp/2”" T cells were harvested and stained for CD4, TCR-p and FoxP3.
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(A) The proliferation of gated CD4™ TCR-B" T cells was measured by CFSE. (B) Representative
data showing the proportion of FoxP3" iTreg within each gated cell division of CD4 TCR-f" T
cells in (A). (C) Pooled data showing the percentage of FoxP3" iTregs within each gated cell
division. N=3 replicates. Data are presented as means + SD. *, p<0.05; **, p<0.01, two-tailed

Student’s #-test. Data are representative of three experiments with similar results.
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Figure 2.8: Tpl2 inhibits differentiation of FoxP3" iTregs independent of cell survival.
Either 100,000 sorted naive WT OT-II" or 7pl2”” OT-II" naive T cells were co-cultured with
10,000 WT BMDCs and 1 uM OV A peptide for 3 days under iTreg conditions (40 IU/mL rhIL-2
+ 5 ng/mL rhTGF-f). Cells were harvested and stained for Annexiv V-FITC and FoxP3 within
the gated CD4 TCR-B" T cells. Left: Representative data and gating strategy. Right: Pooled data
showing the frequencies of Annexin V' T cells and Annexin V" iTregs. N=3 replicates. Data are
presented as means + SD. No significant differences were identified using a two-tailed paired

Student’s ¢-test. Data are representative of 2 experiments with similar results.
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Figure 2.9: Tpl2 is dispensable for calcium release in CD4" T cells upon TCR activation.

Splenocytes were loaded with Fluo-4 calcium-sensitive dye, and cells were stimulated with anti-
CD3 as described in the Materials and Methods. For measurement of calcium flux, samples were
heated at 37°C for 3 min, and a baseline reading was taken for 1 min on an LSRII flow
cytometer. Then, 50 mL streptavidin at a concentration of 100 ng/mL was added, and the CD3-
triggered calcium flux was measured over the next 3 min. Calcium ionophore (5 ml of a 5

mg/mL stock) was added, and the maximal calcium flux was measured for an additional 2 min.
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Figure 2.10: Tpl2 is not required for ERK activation in CD4" naive T cell upon TCR
stimulation.

Splenocytes were isolated from WT and 7} pZZ'/ “mice and rested for 2 h in complete medium at
37°C and 5% CO,. Cells were stimulated with anti-CD3 and anti-CD28 for 2, 5 or 30 min, and
ERK phosphorylation within the gated naive CD4 " T cell population was detected by
intracellular staining and flow cytometry (Left). The mean fluorescence intensity (MFI) of
phospho-ERK 1/2 within the gated naive CD4" T cell population (Right). Data are pooled from 3

independent experiments.
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Figure 2.11: Tpl2 promotes the activation of the mTOR pathway in response to TCR
signals.

(A) Splenocytes were isolated from WT and Tpl2”" mice and rested for 2 h in complete medium
at 37°C and 5% CO2. Cells were stimulated with anti-CD3 and anti-CD28 for 10, 20 or 30 min,
and phosphorylation of S6 was determined by intracellular staining within the gated naive CD4"
T cell population (Left). The mean fluorescence intensity (MFI) of phospho-S6 within the gated

naive CD4" T cell population is shown (Right). Data are pooled from 3 independent experiments.
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* p<0.05, two-tailed paired Student’s -test. (C) Either 100,000 sorted naive WT OT-II" or Tpl2”
~ OT-II" T cells (CD4"CD44"°CD62L"CD25") were co-cultured with 10,000 WT BMDC and 1
uM OVA peptide for 3 days in Treg conditions (40 IU/mL rhIL-2 + 5 ng/mL rhTGF-#). WT and
Tpl2”" cultures were also treated with either 25 nM Rapamycin or DMSO vehicle control. Left:
Representative data showing the proportions of FoxP3" iTregs within the gated CD4™ TCR-B" T
cells. Right: Pooled data from 4 or more replicates are presented as means + SD, ** p<0.01,

two-tailed paired Student’s #-test. Data are representative of 3 experiments with similar results.
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Figure 2.12: Tpl2 is dispensable for IL-2 induced STATS5 activation in CD4" cells.

Sorted WT and Tpl2”" naive CD4" T cells were cultured in neutral (ThO) or iTreg conditions for
3 days, followed by expansion in 100 [U/mL IL-2 for 4 more days. Cells were re-stimulated with
100 TU/mL IL-2 for 5, 20, or 60 min and immunoblotted for phospho-STATS and total STATS.
Left: data are representative of three experiments with similar results. Right: quantitative
densitometry analysis of the phospho-STATS activation normalized relative to STATS in WT
and Tpl2”" ThO cells pooled from three experiments. No significant differences were observed

between groups; Two-tailed paired Student’s 7-test.
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Figure 2.13: Tpl2” T cells enhances functional responsiveness to TGF-B in CD4" T cells.

(A) Naive CD4" T cells sorted from WT OT-II or Tp/2”~ OT-II mice expressing a transgenic
TCR for OVA were co-cultured with 10,000 WT BMDCs (WT APC) for three days in the
presence of 3 uM OVA, 40 IU/ml rhIL-2 and increasing concentrations of thTGF-f (0, 1.25, 2.5,
5, 10 ng/mL thTGF-B). The proportions of FoxP3" iTreg were quantitated by intracellular
staining. N=4 experiments. *, p<0.05; ** p<0.01, two-tailed paired Student’s t-test. (B)
TGFBR1 mRNA expression was measured by RT-PCR in sorted WT and Tp/2” naive CD4™ T
cells and Tregs. N=3 experiments. No significant differences were observed between groups;
two-tailed Student’s #-test. (C) WT and Tpl2”" naive CD4 T cells were cultured in neutral (ThO)

conditions for 3 days, followed by expansion in 100 IU/mL IL-2 for 2 more days. ThO cells were
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harvested and rested for 4 h. After 4 h resting, cells were stimulated with 10 ng/mL TGF-f in
combination with 100 [U/mL IL-2 and 10 ug/mL anti-CD3 for 5, 10, 20, 40 or 60 min and
immunoblotted for phospho-Smad2 and Smad2. Left: data are representative of three
experiments with similar results. Right: quantitative densitometry analysis of the phospho-
SMAD?2 activation normalized relative to SMAD2 in WT and Tp/2”” ThO cells pooled from three

experiments. *, p<0.05, two-tailed paired Student’s ¢-test.
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Figure 2.14: Tpl2 inhibits iTreg cell development in vivo in a murine model of systemic

tolerance.

(A) 4,000,000 sorted naive WT OT-II" or Tpi2”~ OT-II" T cells (CD4'CD44°CD62L"CD25")

were adoptively transferred into C57BL/6-Ly5.1 (CD45.17) recipient mice. 5 ug OVAszz3.33
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peptide or an equal volume of PBS alone was injected into CD45.1" recipients 24 hours post-T
cell transfer. At day 8 post-OVA peptide injection, spleens and mesenteric lymph nodes (MLN5s)
were harvested. (B) Representative data for WT or 7pl2”” FoxP3" iTreg cells within the gated
CD4 TCR-B'CD45.2" donor cell population in spleen and MLN. (C) Pooled data from 6 mice.
Data are presented as the percentage of converted FoxP3' iTreg cells within the donor
population. Data are representative of 2 independent experiments. *, p<0.05, 2-tailed Student’s -

test.
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CHAPTER 3
THE SERINE/THREONINE KINASE, TPL2 (MAP3KS), INHIBITS REGULATORY T

CELL IMMUNOSUPPRESSIVE FUNCTIONS

Li X., Acuff N. V., Peeks A. R., Kirkland R., Wyatt K. D., Nagy T, Watford W. T. Accepted by

the Journal of Biological Chemistry. Reprinted here with permission of publisher, 2016.
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ABSTRACT

Regulatory T cells (Tregs) are a specialized subset of T cells that function to maintain peripheral
tolerance by limiting immune responses to self-antigens. We previously demonstrated that the
serine-threonine kinase, tumor progression locus 2 (Tpl2, also designated Cot/Map3k8),
regulates TCR signaling and inflammatory cytokine secretion in CD4" T cells. Herein, we reveal
that 7Tpl2” Tregs have increased expression of the transcription factor FoxP3 and
immunosuppressive molecules, IL-10, Epstein-Barr virus induced gene 3 (Ebi3), and cytotoxic T
lymphocyte-associated protein 4 (CTLA-4). Furthermore, they were more immunosuppressive in
vivo in a T cell transfer model of colitis, as evidenced by their enhanced ability to limit effector T
cell accumulation, systemic production of inflammatory mediators, such as TNFa, IL-6, IFNy,
and monocyte chemoattractant protein-1 (MCP-1), and colonic inflammation. These results
demonstrate that Tpl2 has an important role in limiting FoxP3 expression and
immunosuppressive functions in Tregs. Therefore, Tpl2 inhibition could potentially deviate
pathological immune responses in a variety of autoimmune diseases towards a protective,

tolerogenic response through restricting Treg immunosuppressive functions.
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INTRODUCTION

Inflammatory bowel diseases (IBD) are estimated to affect 1-1.3 million people in the United
States (193). Although the causes of IBD still remain obscure, recent studies have demonstrated
that aberrant, excessive effector T cell responses to host microbiota antigens play a central role in
driving the inflammatory process (193). Regulatory T cells are a specialized subset of T cells
with immunosuppressive properties that are critical in maintaining peripheral tolerance.
Consequently, humans and mice with mutations in Foxp3, the gene that specifies the Treg
lineage, develop a fatal multi-organ lymphoproliferative condition (15, 44, 167). Regulatory T
cell-based immunotherapy has shown potential in the treatment of IBD due to its regulatory
capacity in prevention of T cell mediated inflammation (78). Seminal studies by Powrie ef al.
(78, 84) demonstrated that treatment with CD4 CD25" Tregs can effectively prevent the
development of colitis in a murine model based upon naive T cell transfer into Rag-deficient
hosts. However, clinicians face significant obstacles in obtaining Tregs of high purity, adequate
numbers and functional stability for treatment protocols. Therefore, a better understanding of the
mechanisms that regulate Treg immunosuppressive functions, expansion and stability is needed
to facilitate Treg-based immunotherapies.

Recent attention has focused on the serine-threonine kinase, tumor progression locus 2 (Tpl2,
also known as Cot/Map3k8) as a potential target for immunotherapy, because of its essential role
in regulating the secretion of inflammatory cytokines, such as TNFa, IFNy, and IL-1p (28, 30,
36), which have been implicated in diverse autoimmune diseases including inflammatory bowel
diseases, rheumatoid arthritis, psoriasis and lupus (194). Tpl2 is held inactive through a
stoichiometric interaction with NF-xB1-p105 (175). Inflammatory stimuli that activate the NF-

kB pathway induce p105 degradation and Tpl2 phosphorylation (23). Tpl2 is transiently free to
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phosphorylate MEK, leading to ERK activation, before undergoing rapid proteosomal
degradation (23). A recent study demonstrated that Tpl2 may serve a critical role in destabilizing
FoxP3 expression via activation of the Tpl2-MEK-ERK pathway in response to external
inflammatory stimuli (177).  However, information about how Tpl2 regulates Treg
immunosuppressive functions is currently lacking. In this study, we observed that 7pl2”" Tregs
are more protective in a T cell transfer model of colitis, and this correlated with both reduced
accumulation of effector T cells and systemic production of the inflammatory meditors TNFa,
IL-6, IFNy and MCP-1. Enhanced immunosuppressive activity also correlated with increased
expression of the transcription factor FoxP3 and the immunosuppressive molecules IL-10, IL-35
subunit Ebi3, and CTLA-4 in Tpl2” Tregs on a per cell basis in vitro. Collectively, our data
suggest that Tpl2 inhibition may provide a means to deviate pathologic immune responses during

chronic inflammatory conditions by enhancing the immunosuppressive functions of Tregs.
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MATERIALS AND METHODS

Mice

C57BL/6 and Ragl” mice were obtained from the Jackson Laboratory. 7] pZZ'/ " mice backcrossed
more than ten generations onto the C57BL/6 genetic background were kindly provided by
Thomas Jefferson University and Dr. Philip Tsichlis (Tufts University). C57BL/6-Ly5.1 mice
were purchased from Charles River. Animals were used at six-to-sixteen weeks of age as
indicated, and were age- and sex-matched for individual experiments. Animals were maintained
in sterile microisolator cages on the same housing rack of the Central Animal Facility of the
College of Veterinary Medicine. All experiments involving mice were performed according to
the University of Georgia guidelines for laboratory animals and were approved by the UGA
Institutional Animal Care and Use Committee.

Cell isolation and purification

Naive CD4" T cells and Tregs were isolated from spleens and lymph nodes of mice as follows.
First, CD4" T cells were enriched using magnetic separation with a CD4" T cell isolation kit
(Mitenyi Biotec). Naive T cells (CD4 CD44"°CD62L"CD25") and Tregs (CD4 CD25") were
further purified by FACS using antibodies recognizing CD4, CD44, CD62L and CD25. Lamina
propria lymphocytes (LPLs) were purified from colons of mice as described previously (66).

Cell culture

Naive T cells and Tregs were stimulated with 40 or 100 IU/mL IL-2, respectively, in
combination with 10 ug/mL immobilized anti-CD3 and 2 ug/mL soluble anti-CD28
(eBioscience) for two days. Cells were harvested and subjected to either RT-PCR or Western
blot analysis.

Flow cytometry
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For analysis of surface markers, cells were stained in PBS containing in either 5% fetal bovine
serum (FBS) or 0.1% (w/vol) BSA with antibodies: CD4 (eBioscience, RM4-5), CD25
(eBioscience, PC61.5), CD62L (eBioscience, MEL-14), CD44 (eBioscience, IM7), CD45RB
(eBioscience, C363.16A), TCRP (eBioscience, H57-597), CD45.1(eBioscience, A20), CD45.2
(eBioscience, 104). Intracellular FoxP3 (eBiosicence, FJK-16s) was stained with the Foxp3
Fix/Perm Kit (eBiosciences) following surface staining.

Measurement of mRNA expression and cytokine secretion

Gene expression was determined by RT-PCR. SensiFAST Probe Hi-ROX kit (Bioline, Taunton,
MA) and specific TagMan probes (Applied Biosystems, Grand Island, NY). Samples were run
on a StepOnePlus qPCR machine (Applied Biosystems). Results given are relative to actin
control and wild type cells (AACry). In some cases, wild type cells were assigned a Cy value of 40
when no amplification occurred within 40 cycles. The following probe/primer sets were
purchased from Applied Biosystems: Map3k8 (Mm00432637), Foxp3 (Mm00475165 ml), 1110
(Mm01288386 ml), I112a (Mm00434165 ml), Ebi3 (Mm00469294 _ml), Ctla4 (Mm00486849).
Actinb (4352341E-1112017) and 18s (4310893E-0802039). 1L-10 concentrations in cell culture
supernatants were measured by ELISA (IL-10 Ready-Set-Go ELISA, eBioscience).

Western Blotting

WT or Tpl2”" CD4" CD25 Tregs were stimulated with the indicated ligands over a timecourse at
37°C. Cells were lysed in protein lysis buffer containing 0.5% Triton X-100, 50 mM Tris-HCI
(pH 7.5), 300 mM NaCl, 2 mM EDTA, 200 M Na3VOs, 10 pg/ml aprotinin, 10 pg/ml leupeptin,
and 2.5 pM nitrophenyl p-guanidinobenzoate. Proteins were separated on Bis-Tris 4-12%
gradient gels (Life Technologies) and probed with antibodies. Antibodies were used to detect

Ebi3 (Santa Cruz Biotechnology) and (3-Actin (Santa Cruz Biotechnology) in combination with
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HRP-labeled secondary antibodies (Cell Signaling Techonology).

T cell transfer model of colitis

For in vivo suppression assays, 6- to 7- week old Rag! " mice were injected with 300,000 FACS-
sorted naive WT CD4 CD45RB™CD25 T cells alone, or in combination with 100,000 WT or
Tpl2”" CD4'CD25" Treg cells, intravenously in a total volume of 200 puL PBS. Mice were
weighed prior to injection and weekly thereafter. Blood was drawn at three-week intervals post T
cell transfer. Where indicated, the following modified protocol was used, in which a suboptimal
number of Tregs was administered to specifically assess defects in Treg immunesuppresive
functions. 500,000 FACS-sorted naive WT CD4 CD45RBMCD25 T cells alone, or in
combination with 12,500 WT or Tp/2”~ CD4"CD25" Treg cells, were injected intravenously into
Ragl”” mice in a total volume of 200 uL PBS according to a published report (195). Mice were
weighed prior to injection and twice weekly thereafter. Blood was collected from the tail vein at
the indicated intervals post transfer as well as by terminal cardiac puncture at the time of
euthanasia. Serum cytokines were quantified using a murine Th1/Th2/Th17 or inflammation
cytokine bead array (BD Biosciences).

Histopathology

Colonic sections from mice were collected and fixed in 10% neutral buffered formalin for 24 h at
room temperature. Complete cross sections of formalin-fixed intestinal sections were placed in
cassettes, embedded in paraffin, sectioned at 4 um thickness, mounted on glass slides, and
stained with haematoxylin and eosin (H&E). Histological sections were evaluated by a
veterinary pathologist (TN) and scored according according to the following criteria: (A)
Distribution of inflammation: 0=None, 1=Focal, 2=Multifocal, 3=Diffuse; (B) Degree of

inflammation: 0=None, 1=Mild, 2=Moderate, 3=Severe; (C) Extent of erosion and/or ulceration:
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0=None, 1=Superficial (lamina propria only), 2: Moderate (extends to the submucosa), 3: Severe
(transmural). Scores were pooled to give a total inflammation score.

Statistical analysis.

P values were calculated using two-tailed Student’s #-test, one or two-tailed paired Student’s -
test, or 1-tailed Mann-Whitney test as indicated in the figure legends. Error bars represent means
+ SEM unless otherwise indicated.

Results

Tpl2” Tregs offer greater protection in a T cell transfer model of colitis.

In Chapter 2, we demonstrate that Tpl2 inhibits FoxP3 expression and the generation of
inducible Tregs (iTregs). In addition, significantly increased FoxP3 expression was observed in
freshly isolated Tp/2”~ Tregs (Figure 3.1A). Because FoxP3 promotes and maintains the
immunosuppressive properties of Tregs (196), these findings led us to examine Tpl2’s role in the
regulation of Treg immunosuppressive functions. To investigate whether 7] pZZ'/ " Tregs are more
functionally suppressive, we employed an in vivo suppression assay. This model, based on CD4"
T cell transfer into Rag]'/‘ mice, is believed to faithfully demonstrate immune suppressive
functions of Tregs in vivo (41, 83, 84). Colitis induced by naive effector T cells can be prevented
by co-transfer of CD4"'CD45RB"YCD25" Tregs (83, 84, 195). As expected, Ragl”™ mice that
received naive T cells alone developed colitis characterized by weight loss and increased serum
inflammatory cytokines, including TNF, IL-6 and IFNy, due to a break in peripheral tolerance
(Figure 3.2A-B). On the contrary, co-administration of either WT or Tpl2”" Tregs completely
blocked the development of colitis (Figure 3.2A-B). We further evaluated the immunopathology
of these mice colons. We found that 7p/2”" Tregs were as effective as WT Tregs at reducing

ulcerations and the extent and distribution of inflammation along the colonic epithelium (Figure
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3.2 C-D). In fact, there was modestly increased immunosuppression by Tpl2”" Tregs in vivo
based on body weights (Figure 3.2A). Together, these data demonstrate that Tpl2 normally
functions within Tregs to limit their differentiation, proliferation and functions. Increased
suppressive activity of 7] pZZ'/ " Tregs may have been obscured by the fact that WT Tregs were
already fully suppressive under the experimental conditions used (300,000 WT effector cells +
100,000 Tregs). Therefore, a modified protocol was employed in which colitis was induced by
transfer of 500,000 WT naive effector cells, and colitis was ‘rescued’ by co-transfer of 12,500
WT or 7] pZZ'/ " Tregs (195) (Figure 3.3A). As expected, Rag]‘/ " mice that received naive T cells
alone developed colitis characterized by weight loss as early as 2-3 weeks post transfer (Figure
3.3B). On the contrary, co-administration of 12,500 WT or Tp/2” Tregs (Figure 3.3B) with
500,000 WT naive T cells either partially or fully blocked weight loss (Figure 3.3B). WT Tregs
were only partially immunosuppressive and protected young mice from weight loss but failed to
support weight gain. 7] plZ’/ " Tregs, however, were fully suppressive and supported significant
weight gain in age-matched recipients (Figure 3.3B). Furthermore, 7pl2”" Tregs, but not WT
Tregs, were fully able to inhibit the increase in spleen and MLN total cell numbers (Figure 3.3C)
and colonic inflammation (Figure 3.4A-B). These findings also correlated with systemic pro-
inflammatory cytokines. Tpl2”" Tregs effectively prevented the induction of serum pro-
inflammatory cytokines TNF, IL-6, IFNy and monocyte chemoattractant protein-1 (MCP-1)
MCP-1 (Figure 3.5), which contribute to colitis development (197-200), whereas WT Tregs were
less effective at reducing their induction. Consistent with this, 7] pl2’/ " Tregs significantly reduced
the proportion of inflammatory effector T cells (Tes) within spleen, MLN and lamina propria
lymphocytes (LPLs) (Figure 3.6A), as well as the absolute number of inflammatory Te¢ cells in

spleen and MLN (Figure 3.6B). Although the proportions of Tp/2”" Tregs within the lymphocyte
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gate were elevated in spleen, the absolute number of Tregs remained similar or trended towards a
decrease in Tpl2” Tregs compared to WT Tregs in the spleen and MLN (Figure 3.7A-B).
Collectively, these findings demonstrate that Tp/2”" Tregs offer superior protection in a T cell
transfer model of colitis and suggest that this is achieved by increased suppressive functions of
Tpl2”" Tregs on a per cell basis.

Tpl2”" Tregs secrete increased levels immunosuppressive cytokines.

Next, we investigated the nature of the increased immunosuppressive activities of 7] pZZ'/ " Tregs.
Tregs inhibit effector cell activation and proliferation through cell contact-independent and
contact-dependent mechanisms as described in Chapter 1 and reviewed in (90). Particularly, both
IL-10 and CTLA-4 have been implicated in maintaining Treg suppressive functions in the T cell
transfer model of colitis (85, 88, 201). Although Tpl2 is required for IL-10 production by antigen
presenting cells in response to Toll-like receptor stimulation (33), whether Tpl2 functions
similarly in Tregs is unknown. In this regard, stimulus- and cell type-specific functions of Tpl2
have been reported previously (202). To evaluate IL-10 production by 7Tp/2”" Tregs, we first
performed real-time PCR analysis on either freshly isolated or TCR-stimulated T cells. IL-10
expression was greater in freshly isolated Tregs compared to naive T cells. Furthermore, IL-10
expression was basally increased in freshly isolated Tpl2”" Tregs relative to WT Tregs (Figure
3.8A). Increased expression and secretion of IL-10 by Tpl2”" Tregs upon activation was also
confirmed by RT-PCR and ELISA (Figure 3.8A-B). IL-35, a novel heterodimeric cytokine
comprising interleukin-12p35 (//12a) and Epstein-Barr virus induced gene 3 (Ebi3), is also
highly expressed in FoxP3" Treg cells and is required for maximal Treg suppressive activity in
vivo and in vitro (91, 203). Neither IL-12p35 nor Ebi3 basal expression was significantly altered

in freshly isolated 7pl2” Tregs compared to WT Tregs (Figure 3.9A). However, after TCR
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stimulation with anti-CD3 and anti-CD28, Ebi3 mRNA and protein expression were significantly
increased in 7} plZ'/’ Tregs compared to WT Tregs (Figure 3.9B-C). There was also a trend
towards increased IL-12p35 expression in the Tp/2”" Tregs, although this was not statistically
significant (Figure 3.9B). Consistent with increased CTLA-4 induction in iTreg cells (Figure
2.5), activated Tpl2”" Tregs expressed higher levels of Ctla4 compared to WT Tregs (Figure
3.10). Collectively, these results suggest that Tpl2 normally inhibits Treg suppressive functions,
at least in part, through restricting the expression of the immunosuppressive cytokine IL-10, IL-
35 subunit Ebi3, and the cell surface inhibitory molecule, CTLA-4.

DISCUSSION

Our data demonstrate that 7p/2”" Tregs provide better protection against T cell-mediated colitis
compared to WT Tregs in a murine model. 7} plZ'/' Tregs effectively restrict systemic pro-
inflammatory cytokine production and colonic inflammation. The significantly reduced
inflammation correlated with reduced inflammatory Teg cell accumulation in mice receiving WT
naive Teg cells co-transferred with Tpl2”" Tregs compared to mice receiving only WT naive
effector T cells or those co-transferred with WT Tregs. However, enhanced immunosuppressive
activity of T} plZ'/‘ Tregs was not due to increases in total Treg cell numbers. Instead, the
enhanced immunosuppression correlated with increased expression of immunosuppressive
molecules, IL-10, IL-35 (Ebi3 subunit) and CTLA-4 in vitro. Collectively, our findings
demonstrate that Tpl2 restricts Treg immunosuppressive functions in a T cell transfer model of
colitis, suggesting that Tpl2 inhibitors may be useful for treating chronic inflammatory
conditions, such as colitis.

Lymphopenia-induced rapid proliferation in the T cell transfer colitis model is thought to be

driven by TCR recognition of self- and non-self antigen within the lymphopenic host (204). Co-
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transfer of Tregs can rescue T cell-mediated colitis mainly through the immunoregulatory
molecules, IL-10 and CTLA-4 (85, 201). IL-10 is an anti-inflammatory cytokine with critical
roles in inhibiting inflammatory Thl responses by acting on macrophages and dendritic cells to
reduce antigen presentation (93). In addition, IL-10 maintains FoxP3 expression and contributes
to the immunosuppressive functions of Tregs (88). Considering the published requirement for
Tpl2 in IL-10 secretion by macrophages and dendritic cells (33), we were surprised by the
increased production of IL-10 by Tpl2”" Tregs. These findings further highlight the cell-type
specific immunomodulatory functions of Tpl2 previously observed by Das et al. (202). IL-35, a
heterodimeric cytokine consisting of IL-12p35 and Ebi3, is a recently identified inhibitory
cytokine expressed by Foxp3"™ Tregs (91). The Ebi3 subunit is itself a downstream target of
FoxP3 and is critically required to maintain immunosuppressive activity of Tregs (91). IL-351s a
very important suppressive mediator to maintain mucosal immune homeostasis, since the
recombinant IL-35 significantly reduced the development of experimental of colitis by inhibiting
Th1 and Th17 cells accumulation (103). Consistent with the increased IL-10 expression, we also
observed increased expression of Ebi3 and a trend towards increased expression of IL-12p35 in
Tpl2”" Tregs. CTLA-4 is a co-inhibitory molecule highly expressed by FoxP3" Tregs to maintain
their immunosuppressive functions (114, 182). We demonstrated that Tpl2 inhibits CTLA-4
expression in both iTregs (Chapter 2) and activated Tregs. The fact that AKT-mTOR-S6
pathway activation inhibits FoxP3 expression and CTLA-4 induction during de novo Treg
conversion (191), is consistent with our observation of reduced mTOR activation in Tpl2”~ CD4"
T cells. In addition, Tpl2 was shown to promote the destabilization of FoxP3 in a MEK-ERK-
dependent manner (177). Importantly, our data revealed that Tpl2 ablation positively regulates

FoxP3 expression in inducible Treg (iTreg) development. Therefore, in addition to initial
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induction of FoxP3 expression, Tpl2 likely exerts a tolerogenic effect on limiting effector T cells
accumulation and inflammation in a lymphopenic environment.

In conclusion, our data support a T cell-intrinsic role for Tpl2 in inhibiting Treg
immunosuppressive function by constraining the expression of FoxP3 and immunosuppressive
molecules IL-10, Ebi3 and CTLA-4. These findings provide important information about how
the therapeutic inhibition of Tpl2 might be used to deviate pathogenic immune response in

variety of autoimmune diseases, including those dominated by Th1 or Th17 profiles.
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FIGURES
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Figure 3.1: TpI2” Tregs expresses higher levels of FoxP3 mRNA compared to that of WT

Tregs.
FoxP3 mRNA expression was measured by RT-PCR in freshly sorted WT and Tp/2”" Tregs. N=5

individual experiments. * p<0.05, two-tailed paired Student’s t-test.
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Figure 3.2: Tpl2” Tregs are functionally suppressive in vivo.

(A) Colitis was induced by T cell transfer into Rag/ " mice. Ragl - recipients received 300,000
WT sorted CD4"CD45RB"CD25 naive T cells alone or in combination with 100,000 purified
WT or 7] plZ'/ " CD4'CD25" (KO) Tregs. Mice were weighed weekly. N=5 mice per experiment
and are representative of two independent experiments. #, p<0.05; two-tailed Student’s ¢-test,
WT naive versus WT naive + KO Treg. *, p<0.05; two-tailed Student’s t-test, WT Treg versus
KO Treg. (B) Serum TNF, IL-6 and IFN-y were measured using a Th1/Th2/Th17 cytokine bead
array at 3, 6 and 12 weeks. N=5 mice per group. ++, p<0.01; two-tailed Student’s #-test, WT

naive T versus WT Treg. ##, p<0.01; two-tailed Student’s #-test, WT naive T versus KO Treg.

84



(C) Colon sections obtained from mice in (A) were used for H&E staining and clinical scoring.
Representative histological images (H&E, 100X magnification). Photomicrograph of a colitic
intestine from a mouse receiving WT naive T cells alone shows that infiltrating inflammatory
cells separate the intestinal glands, and intestinal glands are absent focally (asterisks). In a mouse
receiving WT Treg co-transfer, focal areas were evident where the intestinal glands were
replaced by a small focus of inflammatory cells (arrow). In a mouse receiving KO Treg co-
transfer, normal colonic mucosa was depicted. (D) Clinical scoring of colon sections.
Development of colitis was monitored by distribution of inflammation (left), degree of
inflammation (middle) and extent of erosion/ulceration (right). N>4 mice for a group. *, p<0.05;

1-tailed Mann-Whitney test.
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Figure 3.3: Co-transferred Tpl2” Tregs offer greater protection than WT Tregs in a T cell

transfer model of colitis.

(A) Representative data showing the starting ratios of cells used in the T cell transfer model of

colitis performed as described below. 500,000 WT sorted CD4"CD45RB"CD25 naive T cells

(CD45.17) alone or in combination with 12,500 purified WT or Tp/2”" CD4"CD25" Tregs

(CD45.2") were injected into Ragl 7 recipients. An unused portion of the injected cell mixture

was analyzed for CD45.1 expression by flow cytometry to confirm the ratio of injected

effectors:Tregs. (B) 6 to 7 week old Ragl” recipients received 500,000 WT sorted

CD4'CD45RB™CD25™ naive T cells alone or in combination with 12,500 purified WT or Tpl2”"
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CD4°CD25" Tregs. Mice were weighed twice weekly. N=7, 4, and 8 for WT naive, WT naive +
WT Treg, WT naive + T pl2'/ " Treg groups, respectively. Data are pooled from 2 independent
experiments. +, p<0.05; two-tailed Student’s #-test, WT naive versus WT Treg. #, p<0.05; ##,
p<0.01; ###, p<0.001, two-tailed Student’s t-test, WT naive versus 7} plZ'/ " Treg, *, p<0.05; **,
p<0.01, two-tailed Student’s #-test, WT Treg versus 7] plZ'/ " Treg. (C) Spleens were harvested and
weighed (left), and total cell numbers of spleen (Middle) and MLN (Right) were quantitated. *,

p<0.05; **, p<0.01 two-tailed Student’s z-test.
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Figure 3.4: Tpl2” Tregs are more cacapble of limiting colon inflammation.

(A) Colon sections were used for H&E staining and clinical scoring. Representative histological
images (H&E, 100X magnification). Photomicrographs of inflamed colons from mice receiving
WT naive T cells alone or in combination with co-transferred WT Tregs. Images show focal
erosions (solid arrows), and the intestinal glands in the underlying lamina propria were replaced
by inflammatory cells (asterisks). In mice receiving WT naive T cells and co-transferred Tpl2”
Tregs, normal colonic mucosa was observed. (B-C) Clinical scoring of colon sections.
Development of colitis was monitored by distribution of inflammation (B, left), degree of
inflammation (B, middle) and extent of erosion/ulceration (B, right). Total clinical scores (C)
were the sum of: distribution of inflammation, degree of inflammation and extent of

erosion/ulceration of colon sections. *, p<0.05, 1-tailed Mann-Whitney test.
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Figure 3.5: TplZ'/' Tregs are superior at limiting systemic pro-inflammatory cytokine
production.

Serum TNF, IL-6, IFN-y and MCP-1 were measured by a cytokine bead array (BD Parmingen) at
3, 5.5 or 6.75 weeks. N=7, 4, and 8, respectively. +, p<0.05; ++, p<0.01; +++, p<0.001, two-
tailed Student’s r-test, WT naive versus WT Treg. #, p<0.05; ##; p<0.01 ###, p<0.001, two-
tailed Student’s r-test, WT naive versus Tp/2”" Treg, **, p<0.01, two-tailed Student’s ¢-test, WT
Treg versus Ipl2” Treg. Data are pooled from 2 independent experiments. Samples were

collected from mice in Figure 3.5B.
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Figure 3.6: Tpl2” Tregs are superior at limiting effector T cell accumulation.

(A-B) Spleens, MLNs, and colon LPLs were harvested, and the proportions of CD4'CD45.1"

inflammatory effector T cells within the lymphocyte population are shown in (A). Absolute

numbers of CD4'CD45.1" T cells are shown in (B). *, p<0.05; **, p<0.01; *** p<0.001, A;

two tailed Student’s z-test, B; one-tailed Student’s t-test; Data are pooled from 2 independent

experiments.
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Figure 3.7: Normal accumulation of 7} pl2'/ "Tregs in the colitis model.

(A-B) Spleens, MLNs, and colon LPLs were harvested. The proportions of CD4'CD45.2" Tregs
within recipients of WT naive T cells co-transferred with either WT Tregs or Tpl2”" Tregs are
shown in (A). Absolute CD4'CD45.2" Treg numbers are shown in (B). *, p<0.05, A; two tailed

Student’s r-test, B; one-tailed Student’s #-test; Data are pooled from 2 independent experiments.
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Figure 3.8: Tpl2 inhibits the expression of the Treg immunosuppressive cytoine, IL-10, by
Tregs.

(A) Left: IL-10 mRNA expression was measured by RT-PCR in sorted WT and 7p/2”" naive
CD4" T cells and Tregs. N=4 individual experiments. *, p<0.05, two-tailed paired Student’s #-
test. Right: activated WT or Tpl2”” CD25" Tregs were re-stimulated with 40 IU/mL IL-2, 10
ug/mL immobilized anti-CD3 and 2 ug/mL soluble anti-CD28 for 2 days. IL-10 expression was
measured by RT-PCR. N=5 individual experiments. *, p<0.05, one-tailed Student’s ¢-test. (B)
WT and TplZ'/ "naive T cells and Tregs were activated as indicated in (A), and supernatants were
collected at 48 h. IL-10 secretion was measured by ELISA. Left panel, N=5 individual
experiments. Right panel, N=6 individual experiments; paired measurements within an

experiment are connected by a line. *, p<0.05, two-tailed paired Student’s ¢-test.
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Figure 3.9: Tpl2 inhibits the expression of the immusuppressive cytokine 1L-35 subunit
Ebi3, by Tregs.

(A) IL-12p35 (I112a, left) and Ebi3 (right) mRNA expression was measured in naive CD4" T
cells and Tregs. N=3 individual experiments. No significant differences were identified using a
two-tailed paired Student’s r-test. (B) Activated WT or Tp/2”" Tregs were re-stimulated with 40
IU/mL IL-2 and 10 mg/mL immobilized anti-CD3 and 2 mg/mL soluble anti-CD28 for two days.
mRNA expression of ///2a (left) and Ebi3 (right) was measured by RT-PCR in the cell pellets.
N=4 individual experiments. *, p<0.05, two-tailed Student’s r-test. (C) WT or Tpl2”" Tregs were
stimulated with 100 IU/mL IL-2 and 10 mg/mL immobilized anti-CD3 and 2 mg/mL soluble
anti-CD28 for two days. Top: Western blot for Ebi3 and B-Actin; Bottom: Ebi3 densitometry

relative to B-Actin loading control. N=3 individual experiments. *, p<0.05, two-tailed paired

Student’s ¢-test.
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Figure 3.10: Tpl2” Tregs express higher levels of Ctla4 mRNA than WT Tregs.
Left: Ctla4 mRNA was measured by RT-PCR in freshly sorted WT and Tp/2” naive CD4" T
cells and Tregs. Right: Ctla4 mRNA was measured in activated WT or Tp/2”” CD25" Tregs as

indicated in (A). *, p<0.05, one-tailed Student’s #-test.
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CHAPTER 4
CONCLUSION
Immune cells function to program and coordinate pro-inflamatory and anti-inflammatory
immune responses through complex cytokine signaling networks. Inflammtion is a ‘necessary
evil’ for eradication of infectious microorganisms. The immune system responds rapidly to
invading pathogens with a strong pro-inflammatory immune response designed to eradicate the
pathogen but it may also inadvertently damage host cells and tissues. Therefore, understanding
the molecular mechanisms regulating this immunological balance is urged for advancing new
treatments for both infectious and autoimmune diseases. A particular focus has been to elucidate
the molecular mechanisms by which the serine-threonine kinase, tumor progress locus 2 (Tp2),
regulates both innate and adaptive immune responses. Tpl2 is required for the expression of the
prominent pro-inflammatory mediator, TNFa, by innate immune cells (28). Therefore, Tpl2
small molecule inhibitors are being developed as potential therapeutic treatments for chronic
autoimmune conditions in which TNFa plays a pathogenic role, such as rheumatoid arthritis and
Crohn’s diseases (173, 205). Watford et al. further identified Tpl2 as factor expressed in T cells
that is required for optimal host immunity against intracellular parasites by promotine the
production of the pro-inflammatory cytokine, IFNy (36). Tpl2 is expressed at low levels in naive
T cells but is inducible with activation via T cell receptors and cytokine receptors (36-38, 206).
However, prior to this study it was not clear precisely how Tpl2 impinges upon TCR and

cytokine signaling pathways and to what extent Tpl2 contributes to the differentiation of Treg
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lineage. The overall goal of this study was to determine how Tpl2 regulates T helper cell

differentiation and effector functions, especially for the specialized lineage of regulatory T cells.

Our study revealed important information about basic immunological functions of Tpl2 and

whether Tpl2 inhibition might provide a therapeutic benefit to patients suffering from

autoimmune diseases. Our findings are summarized as follows.

1.

Tpl2 is upregulated upon TCR and co-stimulatory activation; however, TGF-f restricts
Tpl2 expression in iTreg cells. These data suggest that Tpl2 may negatively regulate
FoxP3" iTreg development and differentiation.

Naive Tpl2” T cells preferentially differentiate into FoxP3* iTregs when cultured with
either purified anti-CD3 + anti-CD28 or when co-cultured with WT dendritic cells and
OVA peptide antigen. Increased iTreg differentiation of Tpl2” naive CD4 T cells was not
attributed to defects in 7Tpl2”" dendritic cells. These data clearly demonstrate that Tpl2
inhibits the generation of FoxP3™" iTregs in vitro during iTreg conversion from naive CD4
T cells in a cell-intrinsic manner.

A significant increase in the proportions of FoxP3" iTregs in the spleens and MLNs was
observed in vivo in an OVA antigen-induced murine model of systemic tolerance. These
data underscore the physiological role of Tpl2 in suppressing iTreg conversion in vivo.
Although enhanced proliferation was observed within Tpl2” CD4* T cells compared to
WT CD4" T cells, elevated frequencies of FoxP3* iTreg of Tpl2” T cells was due to
increased conversion rather than increased outgrowth (i.e. increased survival and/or

increased proliferation) of Tpi2” FoxP3* iTregs.
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5. Tpl2 inhibits FoxP3 expression by enhancing activation of the Akt-mTOR-S6 pathway
rather than by activating the ERK MAP kinase pathway, cytokine signaling pathways or
early TCR signals (Figure 4.1).

6. Tpl2" Tregs are more immunosuppressive in vivo in a T cell transfer model of colitis than
WT Tregs. Tpl2" Tregs effectively restrict the production of systemic pro-inflammatory
meditors and colonic inflammation. Reduced inflammation correlated with reduced
accumulation of inflammatory effector T cells in mice receiving Tpl2” Tregs compared
to WT Tregs.

7. Tpl2 inhibits the immunosuppressive capacity of Tregs by inhibiting the expression of
FoxP3 and the immunosuppressive molecules, IL-10, Ebi3 and CTLA-4.

Overall, our findings provide key insights into the mechanism by which Tpl2 ablation (or
potential therapeutic inhibition) enhances Treg cell development and anti-inflammatory
activities. This study also provides a novel underlying mechanism by which Tpl2 controls T
helper cell differentiation and function through the mTOR signaling pathway.

A more complete model of T helper cell differentiation

Our findings in the current study have provided a more complete picture of the complex
regulatory pathways by which Tpl2 regulates T helper cell differentiation and functions (Figure
4.2). Watford et al. first demonstrated that T helper cell differentiation into Th1 and Th2 lineages
could be regulated by Tpl2 ablation (36, 37). Tpl2 promotes Thl cell differentiation, and Tpl2
ablation reduced the expression of STAT4 and T-bet transcription factors in response to TCR
stimulation, which led to impaired T cell immune responses to the intracellular parasite
Toxosplasma gondii infection (36). In contrast, Tpl2 ablation enhanced the production of IgE and

the development of bronchoalveolar eosinophilic inflammation in OV A-immunized mice. In this
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model, 7} pZZ'/ " mice exhibited enhanced Th2 responses, as evidenced by elevated levels of IL-4
and IL-5, suggesting that Tpl2 inhibits Th2 development (37). Enhanced Th2 cell development
in T plZ'/ " mice correlated with functional impairments in the production of the Thl signature
cytokine, IFN-y (37). We also found that Tpl2 impaired the production of IL-17A and IL-17F by
CD4" T cells under Th17 prolarzing conditions (TGF- + IL-6) (38). Reduced expression of IL-
17A correlated with increased FoxP3 expression by 7p/2” CD4" T cells but was independent of
Rorc, Rora, Irf4 and IL-23r expression or STAT3 activation (38). Futhermore, either removing
TGF-f or neutralizaing IL-2 during Th17 culture inhibited FoxP3 expression and restored IL-
17A production in 7] pZZ'/ "Th17 cells to WT levels (38). These data suggest that the [L-17A defect
in 7 pl2'/ " T cells was due to aberrantly high FoxP3 expression. In the current study, we have
extended our observations of how Tpl2 regulates T helper cell differentiation by demonstrating
that Tpl2 inhibits FoxP3 expression under iTreg polarizing conditions in a T cell-intrinsic
manner (Figure 4.2). Mechanistically, Tpl2 promotes the Akt-mTOR-S6 signaling pathway to
inhibit FoxP3 expression during Treg conversion from naive T cells (206). These data are
consistent with the previsous finding that Tpl2 is required for the activation of the Akt-mTOR-S6
pathway in macrophages upon TLRs stimulation (165). Currently, Tpl2 inhibitors are being
developed to treat inflammatory diseases (205, 207). Therefore, our data provide novel insights
into the molecular mechanism(s) by which Tpl2 inhibition may globally alter T helper cell
development.

In conclusion, this study, taken together with our previous studies, has revealed that Tpl2
systematically regulates T helper cell development by promoting inflammatory lineages at the

expense of anti-inflammatory Tregs. These findings suggest that Tpl2 inhibitors may be useful to
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treat human autoimmune diseases by deviating pathologic pro-inflammatory T cell responses,

such as Th1l and Th17 reponses, by favoring the development of immunosuppressive Tregs.
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Figure 4.1: Tpl2 inhibits FoxP3 expression via enhancing mTOR pathway in response to

TCR and co-stimulatory signals.
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