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IL-12 p40 GENE EXPRESSION: INHIBITORY PATHWAYS AND
INFLAMMATORY BOWEL DISEASE
Kavitha N. Rao, M.S.

University of Pittsburgh, 2006
The IL-12 family of heterodimeric cytokines, comprising 1L-12, IL-23 and IL-27, is an

integral component of the inflammatory response. The IL-12 p40 subunit, which is part of both
IL-12 and IL-23, is expressed specifically in macrophages and dendritic cells in response to
microbial stimuli which signal through toll-like receptors (TLRs) and nucleotide-
oligomerization-binding domain (NOD) proteins. Dysregulated expression of I1L-12 p40 could
lead to prolonged, unresolved inflammation manifesting into chronic inflammatory disorders
such as inflammatory bowel disease (IBD). Understandably, IL-12 p40 expression is tightly
regulated. We have demonstrated the requirement of a complex comprising nuclear factor of
activated T cells (NFAT) and interferon regulatory factor 8 (IRF8) in IL-12 p40 gene
transcriptional regulation. Subsequently, IRF8 was shown to be a target for an important anti-
inflammatory pathway activated by carbon monoxide (CO) and heme oxygenase-1 (HO-1) in
murine IBD. This dissertation explored two molecular mechanisms of IL-12 p40 inhibition —
targeting the transcription factor NFAT using a novel cell-permeable inhibitory peptide and
phosphoinositide 3-kinase (PI3K) mediated inhibition of IL-12. Firstly, VIVIT peptide which
prevents the nuclear translocation of NFAT was employed to examine the role of NFAT in
macrophage gene expression. We observed that NFAT inhibition attenuated the expression of
inflammatory cytokines including IL-12, IL-23 and TNF. Secondly, we studied PI3K mediated
inhibition of IL-12 and characterized immune responses and macrophage defects in PI3K p1106

mutant mice which spontaneously develop IBD. We observed that the PI3K mutant mice



recapitulate certain aspects of human IBD, including a profound increase in several
proinflammatory cytokines in the intestinal mucosa and in macrophages, such as IL-12, IL-23,
IL-17, TNF-a and IFN-y. Furthermore, macrophages from PI3K p1106 mutant mice were
defective in IL-10 and C5a mediated inhibition of IL-12 p40.

Thus, the expression of proinflammatory cytokines is coordinately regulated by
transcription factors (such as NFAT and IRF8) and signaling molecules (such as PI3K), and
mechanisms limiting inflammation are crucial for maintenance of immune homeostasis.
Manipulation of such inhibitory pathways is a potential therapeutic approach for treating chronic

inflammatory disorders.
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1.0 INTRODUCTION

The seminal discovery that naive CD4" T cells could differentiate down two divergent pathways,
to form Thl and Th2 cells with distinct cytokine profiles and effector functions (1) led to the
search for factors that determined lineage decisions. Out of this search, interleukin-12 (IL-12)
emerged as a cytokine critical for the development of Th1l cells. 1L-12 was originally discovered
in 1989, as a soluble factor capable of stimulating natural killer (NK) cells to produce IFN-y (2).
Since then, tremendous progress has been made towards understanding the role of IL-12 in

immune responses.

11 IL-12 FAMILY OF CYTOKINES

IL-12 is a 70 kDa heterodimeric cytokine comprising two disulfide-linked subunits — p40 and
p35 (2, 3). p35 shares homology with other single-chain cytokines such as IL-6 and granulocyte
colony-stimulating factor (G-CSF) (4), whereas p40 is homologous to the hematopoietin receptor
family, particularly to the extracellular domain of the IL-6 receptor o chain (5). It has been
suggested that IL-12 might have evolved from a primitive cytokine of the IL-6 family and its
receptor (3). The genes encoding p35 and p40 are located on separate chromosomes (6-8) and
therefore their expression is independently regulated. Co-expression of both subunits is required
to form the biologically active, secreted p70 heterodimer (9). IL-12 p40 is produced in much
greater quantities than is required to form heterodimers (2, 10-12). Excess p40 is secreted as free

monomers and homodimers (13). Homodimeric p40 has been ascribed immunomodulatory roles.



It can act as an antagonist by competing for the I1L-12 receptor and dampen the immune response
(14). In other cases it has been reported to be immunostimulatory (15, 16). However,
homodimeric p40 has not been detected in human cells and is not considered a physiological IL-
12 antagonist in humans (17).

Recently two other heterodimeric cytokines related to IL-12; IL-23 and IL-27, were
identified (18, 19). IL-23 is heterodimer of IL-12 p40 and p19, which is homologous to p35 (19).
IL-27 is comprised of the subunits Epstein-Barr virus-induced gene 3 (EBI3), which is
homologous to p40; and a novel p28 protein, which is related to p35 (18, 20, 21). They are
grouped together as the IL-12 family of heterodimeric cytokines, with IL-12 being the prototype

member (22, 23).

IL-12 IL-23 L-27
- ﬁ
H  pao H  pd0 i
1) p35 ) p19 p28 1
| ‘E ? | e . EB'S. |
oo Il 2
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Figure 1. IL-12 is the prototype of a family of heterodimeric cytokines.

IL-12 p40 associates not only with p35 to form IL-12 but also with p19 to form IL-23. EBI3 is homologous
to p40 and heterodimerises with p28, a p35 like molecule, to form IL-27. All three members of the IL-12 family play
critical roles during a Th1 response. Adapted from Trinchieri G. 2003. Interleukin-12 and the regulation of innate

resistance and adaptive immunity. Nat.Rev.Immunol. 3, 133-146



Macrophages and dendritic cells (DCs) form an integral component of the innate immune
system. These cells are the first to respond during an infection and initiate an inflammatory
response characterized by secretion of soluble mediators such as cytokines and chemokines,
alteration of vascular permeability, recruitment of other innate immune cells such as neutrophils
and monocytes; eventually leading to the activation of the adaptive immune response. The
cytokines produced during the inflammatory innate response direct the differentiation of naive
CD4" T cells toward either Th1 or Th2 responses, which are effective against intracellular or
extracellular pathogens respectively (3).

Activation of innate immune cells occurs by the recognition of conserved molecular
microbial patterns through germ-line encoded receptors, of which Toll-like receptors (TLRS)
play a key role (24-26). Thus, macrophages and DCs perform crucial functions at the interface
between innate and adaptive immune responses and the 1L-12 family of cytokines is a critical
molecular component of this interface linking the two arms of immunity (3). Given this
important role, the expression of IL-12 family of cytokines needs to be tightly regulated to
prevent chronic inflammatory and autoimmune diseases such as multiple sclerosis (MS),

rheumatoid arthritis (RA) and inflammatory bowel disease (IBD).

1.1.1 IL-12

1.1.1.1 Biological functions

IL-12 is mainly produced by activated antigen presenting cells and phagocytes including
dendritic cells, macrophages, monocytes and neutrophils and to a lesser extent by B cells (3).

IL-12 is a cytokine with pleiotropic effects on various cell types. The most physiologically



important target cells are natural killer (NK), NKT and T cells, in which IL-12 induces several
cytokines including granulocyte-macrophage colony stimulating factor (GMCSF), tumor
necrosis factor (TNF) and particularly, IFN-y (27, 28). Induction of IFN-y is one of the most
important biologic effects of 1L-12 which coordinates the subsequent immune response and also
mediates many of the proinflammatory properties of 1L-12 (3, 29). IL-12 is an efficient inducer
of IFN-yat low concentrations and also synergizes with other stimuli such as IL-2, T-cell
receptor (TCR) ligation and signaling through CD28 receptor for T cells; and IL-2 and immune
complexes for NK cells (27, 30). IL-12 also synergizes with another unrelated cytokine 1L-18
(earlier known as IFN-y inducing factor-IGIF) in inducing IFN-y in T (31, 32), NK (33) and B
(34) cells. IL-12 and IL-18 can together induce IFN-y production by macrophages, DCs and B
cells, which normally are not considered to produce IFN-y (35, 36). IFN-y thus produced further
stimulates the antimicrobial functions of phagocytes such as macrophages and DCs and
synergizes with microbial products to enhance 1L-12 production by these cells.

Besides its role in inducing IFN-y production, IL-12 also induces the proliferation of
hematopoietic precursors and stimulates the production of Th1l class of immunoglobulins such as
19G 2a by B cells (3).

The ability of IL-12 to dictate the outcome of T-helper responses exemplifies its role as a
bridge between innate and adaptive immune responses. 1L-12 directs ThO precursor naive CD4"
T cells into the Thl pathway and is critical for the development of Thl cells (3, 37, 38). In
addition, IL-12 and IFN-y antagonize Th2 differentiation. Thl cells in turn produce IFN-y and
promote cell-mediated immunity by inducing the differentiation of naive CD8 T cells to form
cytotoxic T lymphocytes (CTLs) (39) which are essential for immunity against intracellular

pathogens (40-42). Accordingly, mice that are deficient for IL-12 p40 or p35 are highly



susceptible to infection by intracellular pathogens such as Leishmania major or Toxoplasma
gondii (3). IL-12 also induces the proliferation and enhances the cytotoxicity of NK cells and

CD8 T cells and plays an important role in anti-tumor immunity (3).

1.1.1.2 IL-12 receptor and signal transduction

The IL-12 receptor (IL-12R) is composed of two subunits — IL-12Rp1 and IL-12Rp2 — which are
structurally related to the type | cytokine receptor superfamily and are homologous to gp130 (43,
44). Although each subunit has low affinity for 1L-12, when co-expressed, a high affinity
receptor is generated (43). IL-12R is mainly expressed on T cells and NK cells and also on DCs
and B cells (35, 43, 45). Although NK cells express low levels of the receptor, IL-12R is only
expressed in T cells upon activation. The expression of the 2 subunit is more stringently
regulated than that of the B1 subunit and is thought to be a determinant of Th phenotype, since it
is specifically expressed on Thl cells (46, 47). Signaling through T cell receptor (TCR)
synergizes with other stimuli such as IL-12, IFN-y, TNF and co-stimulation through CD28 to
upregulate the $2 subunit. IFN-y induces the transcription factor T-bet, which has been shown to
maintain the expression of IL-12RB2. Conversely, the Th2 cytokine IL-4 has been shown to
inhibit the expression of the 32 subunit. Thus, reciprocal regulation of IL-12R[B2 expression by
IFN-y and IL-4 may control Thl/Th2 differentiation (48). Furthermore, anti-inflammatory
cytokines such as IL-10 and TGF- have been shown to modulate the expression of IL-12R[32
subunit (49, 50). Collectively, the above studies suggest that responsiveness to IL-12 is an

important means of immune regulation.



The IL-12RB2 chain is the signaling component of the receptor and the B1 chain is
important for ligand binding (43, 51). Binding of IL-12 induces the Janus kinase (JAK)-STAT
(signal transducer and activator of transcription) pathway leading to the activation of several
STAT family members including STATL1, STAT3, STAT4 and STAT5 (52). However, the main
biologic effects of IL-12 are mediated by STAT4, since STAT4 deficient mice demonstrate a

phenotype similar to that of IL-12 p40 deficient mice (53, 54).

1.1.2 1L-23

IL-23 which is a heterodimer of covalently linked subunits — p19 and p40 — was identified as part
of a bioinformatics search for novel IL-6 family members (19). The p19 protein is homologous
to IL-12 p35 and similar to p35 is not biologically active on its own. Similar to IL-12, both p19
and p40 need to be coexpressed in a single cell to form bioactive IL-23 (19).

Similar to IL-12, IL-23 is produced mainly by DCs and macrophages upon stimulation of
TLRs (55). Interestingly, some differences were observed in the induction of IL-12 and IL-23 by
various TLRs. While p19 is induced by gram negative bacteria like Escherichia coli, Bacteroides
vulgatus and Veilonella parvula, a stronger response was reported for stimulation with gram
positive bacteria (56). Accordingly, stimulation of DCs with the TLR2 ligand peptidoglycan
(which is more abundant in gram positive bacteria) induced greater amounts of I1L-23 than the
TLRA4 ligand lipolysaccharide (LPS) (56, 57). In addition, unlike IL-12, maximum induction of
IL-23 has been reported to be less dependent on IFN-y (58). Such differences in the stimulation

might result in the variant biologic activities of 1L-23 compared to those of I1L-12.



1.1.2.1 Biological functions

Accumulating evidence has established that similar to IL-12, IL-23 functions as a bridge between
innate and adaptive immunity with overlapping and yet distinct effects (55). IL-23 biology is
currently under intense investigation and much still needs to be understood about its biologic
effects. Studies using p19 -/- mice and a careful re-analysis of p35 -/- (IL-12 deficient) and p40 -
/- (IL-12 and IL-23 deficient) mice have revealed that IL-23 may play a greater role in chronic
inflammatory and autoimmune compared to 1L-12. IL-23 deficient (p19 -/-) mice have been
shown to be resistant to experimentally induced autoimmunity such as experimental autoimmune
encephalitis (EAE, a murine model for MS) (59) and collagen-induced arthritis (CIA, a murine
model for RA) (60). Furthermore, p19 transgenic mice develop spontaneous severe multiorgan
inflammation with overexpression of proinflammatory cytokines (61). These data suggest that
IL-23 is more important than IL-12 in the perpetuation of chronic inflammation. In line with this
hypothesis, 1L-23 is reported to be a poor inducer of IFN-y production and activates memory
CD4" T cells more efficiently than naive T cells (59, 60). Thus, unlike I1L-12, 1L-23 has been
thought to function later during Th cell development, playing a key role in the maintenance of
memory T cells, rather than directing Th lineage development.

However, recent reports have shown that IL-23 can direct the development of a distinct
Th cell subset, characterized by the production of the proinflammatory cytokine — IL-17 (62, 63).
This novel Th cell subset, designated Th17 is currently being investigated. It has been reported
that TGF-B and not IL-23 is critical for the differentiation of CD4" T cells into Th17 cells; and
that 1L-23 plays a key role in the survival and maintenance of these cells (64). The dependence
of Th17 cells on IL-23 is exemplified by the absence of this subset in IL-23 deficient, p19-/- and

p40-/- mice (60). While the IL-12/IFN-y pathway is important for host defense against



intracellular pathogens, IL-23/IL-17 pathway is shown to be important for immunity against
extracellular pathogens such as Klebsiella pneumoniae (65). IL-17 has been shown to recruit and
activate neutrophils (66, 67), induce proinflammatory cytokine production by various cell types
and also drive the maturation of DCs (52). This IL-23-1L-17 axis has been described as an
important pathway in a number of chronic inflammatory and autoimmune diseases (68, 69). IL-
23 dependent Th17 cells are reported to drive autoimmunity in mouse models of EAE (70, 71) ,
CIA (60) and IBD (72). Thus, the role of IL-23 /IL-17 in host defense and autoimmunity is still

being unfolded.

1.1.2.2 1L-23 receptor and signal transduction

IL-23 shares one of the receptor chains with IL-12. 1L-23 receptor is composed of IL-12Rp1 and
a new second chain, IL23R. The IL23R is expressed on activated or memory T cells, NK cells,
monocytes and DCs. Upon binding to its receptor, IL-23 induces the same JAK-STAT pathway
as IL-12, but STAT3/STAT4 heterodimers seem to mediate the main biologic effects of 1L-23 as
opposed to STAT4 homodimers in the case of 1L-12 (3, 23). This divergence in signaling might

explain the unique properties of 1L-23.

1.1.3 IL-27

IL-27 was discovered from a computational search for proteins homologous to p35 and IL-6
(18). IL-27 is a heterodimer of EBI3 (Epstein-Barr induced protein 3) and p28. EBI3 is
homologous to IL-12 p40 and p28 is structurally related to IL-12 p35. Similar to IL-12, both

EBI3 and p28 need to be coexpressed to express the secreted form of IL-27 (23, 52).



1.1.3.1 Biological functions

Initial studies with IL-27 receptor deficient or EBI3 deficient mice demonstrated that IL-27 has a
role in Thl responses. Both EBI3 and IL-27 receptor were shown to be involved in protective
responses to Leishmania major (73, 74). IL-27 receptor deficient cells produced less IFN-y than
wild type (WT) cells and IL-27 receptor deficient mice were more susceptible to infection with
the intracellular pathogen Listeria monocytogenes (74, 75). Accordingly, signaling through the
IL-27 receptor has been shown to activate STAT1 and induce T-bet, a transcription factor critical
for Thl development; and inhibit the expression of GATAS, a Th2 inducing transcription factor
(23). In addition, IL-27 is shown to induce the proliferation of naive T cells and enhance IFN-y
production in synergy with 1L-12 and IL-18 (18). Furthermore, IL-27 p28 antibodies were shown
to ameliorate disease in animal models for RA and EAE (23). Thus, IL-27 was considered to be
important for the development of Thl cells and have a proinflammatory role. However, recent
studies have shown that IL-27 can also have regulatory, immunosuppressive roles. IL-27
receptor deficient mice infected with Toxoplasma gondii initially develop protective immune
responses, but fail to donwregulate the immune response at later stages, leading to a lethal T cell
dependent inflammatory disease with excessive production of IFN-y (76). In another study, IL-
27 receptor deficient mice infected with Trypanosoma cruzi developed severe liver injury and
increased mortality accompanied by enhanced production of inflammatory cytokines TNF, IL-6,
IL-4 and IFN-y (77). Hence elucidating the multiple roles of IL-27 in immunity would help in

our understanding of Th cell development.



1.1.3.2 IL-27 receptor and signal transduction

IL-27 receptor (IL-27R) comprises of two receptor chains — the T cell cytokine receptor (TCCR)
also known as WSX-1 (named after the WSXWS protein motif found in type | cytokine
receptors) and gp130. WSX-1 is related to the IL-12R and gp130 is also used by IL-6 and other
cytokines (52). WSX-1 is expressed highly on naive T and NK cells; and also on mast cells,
monocytes and dendritic cells. Signaling through IL-27R activates the JAK-STAT pathway

leading to the activation of STAT1, 3 and 5 (52).

1.2 REGULATION OF IL-12

1.2.1 Positive regulation

Microbial products — including bacterial cell wall components (such as LPS, PGN), CpG
containing bacterial DNA, baterial flagellin, viral RNA, intracellular parasites and fungi — that
signal through TLRs are strong inducers of IL-12 in monocytes, macrophages and DCs (3).
However, the relative efficiency of IL-12 induction depends on the levels of expression of the
different TLRs that these products engage and the signaling pathways that they initiate.

TLRs are transmembrane proteins comprising highly conserved structural domains — an
extracellular leucine-rich repeat (LRR) domain, a single transmembrane domain and a
cytoplasmic tail consisting of the Toll-interleukinl receptor (TIR) domain. The LRR is the ligand
binding domain and the TIR domain transduces signals by binding to signaling proteins. At least
eleven members of this expanding family of receptors have been identified in mice and humans

(78). After ligand binding, TLRs dimerize and undergo conformational changes that help in the
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recruitment of a set of TIR-domain containing adaptor proteins. Except TLR3 all TLRs identified
so far signal through the adaptor protein myeloid differentiation primary-response protein 88
(MyD88), which in turn activates the recruitment of downstream kinases known as IL-1
receptor-associated kinases (IRAKSs) 1, 2 and 4. TNF-receptor-associated factor 6 (TRAF6) is
then activated which subsequently activates Ix-B kinases (IKKs) resulting in the nuclear
translocation of NF-kB and activation of proinflammatory genes. Mitogen-activated protein
kinases (MAPKS) — c-jun N-terminal kinase (JNK), extracellular regulated kinase (ERK) and
p38 are also activated by TLR signaling which in turn activate other transcription factors which
induce inflammatory genes (78). In addition to the membrane bound TLRs, the cytosolic
nucleotide-oligomerization binding domain (NOD) proteins act as intracellular pattern
recognition receptors (PRRs), activated by specific microbial components. These proteins also
activate NF-xB through a different signal transduction pathway that includes the kinase
RICK/RIP2, and induce proinflammatory cytokine expression (79). The importance of NOD
proteins in human disease is emphasized by the description of the family member NOD?2 as the
first susceptibility gene in human Crohn’s disease (80, 81).

Signaling through TLR ligands alone induces low levels of IL-12 in macrophages and
DCs. IFN-y has been described to have a potent priming effect on IL-12 induction (82) and
synergizes with TLR ligands resulting in maximal production of IL-12 heterodimer. This
enhancement of IL-12 production by IFN-y constitutes a positive feedback loop in Thl
responses. IFN-y exerts its effects by induction of a family of transcription factors known as
interferon regulatory factors (IRFs). IRF-1, 2 and 8 have been shown to be involved in the
transcriptional regulation of p35 and p40 genes (83-88). Recently, IRF3 has been shown to play

a selective role in IL-12 p35 expression (89). IRF-1 and 2 deficient mice are defective in both IL-
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12 p35 and p40 expression; and IRF8 deficient mice display selective impairment of IL-12 p40
expression (90-92).

Apart from TLR ligands and IFN-y, IL-12 production can also be induced via a T cell
dependent pathway through interactions of CD40 ligand on activated T cells and CD40 on
macrophages and DCs. Microbial stimulation of macrophages and DCs induces the expression of
CD40 and makes them responsive for CD40L resulting in enhancement of IL-12 production (93-
95).

Thus, optimal induction of I1L-12 requires a combination of T cell independent (through

microbes and IFN-y) and T cell dependent (through CD40) stimuli.

1.2.2 Negative regulation

Although IL-12 is critical for host defense, appropriate downregulation of IL-12 is equally
important to prevent persistent inflammation leading to various immune mediated inflammatory
disorders such as MS, RA and IBD.

The anti-inflammatory cytokine 1L-10 is a potent inhibitor of IL-12. IL-10 has been
shown to inhibit the transcription of both IL-12 p35 and p40 in a protein synthesis dependent
manner (96, 97). The molecular mechanism for IL-10 mediated inhibition of 1L-12 is largely
unknown. Some studies have reported the inhibition of nuclear translocation and DNA binding
of NF-«xB subunits by IL-10 (98-100). However, a recent study by Zhou et. al., demonstrated that
IL-10 inhibits recruitment of RNA polymerase to the IL-12 p40 promoter but does not affect NF-
kB complexes (101). The prominent role of IL-10 in regulating IL-12 is demonstrated by the
development of uncontrolled, lethal, systemic inflammatory response upon infection of IL-10

deficitn mice with Toxoplasma gondii (102). These mice also develop chronic intestinal
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inflammation (103). Apart from IL-10 other cytokines that have been reported to inhibit IL-12
are IL-4, TGF-B, IFNo/ and TNF (3).

It has been well established that signaling through G-protein coupled receptors (GPCRS)
play an important role in the regulation of IL-12. GPCR ligands inhibit IL-12 production mainly
through their induction of cyclic AMP (cCAMP) (104). Prostaglandin E, (PGE;) was one of the
first GPCR ligands shown to inhibit IL-12 (105). Subsequently, other G,s-linked receptor ligands
were also shown to inhibit IL-12. These include histamine receptor H,, B, adrenergic receptors,
adenosine receptor A2a and vasoactive intestinal peptide (VIP). Furthermore, ligation of GPCRs
by cholera toxin (CT) has shown to inhibit IL-12 and IFN-y in vivo and the 3, adrenergic agonist
salbutamol was effective in ameliorating disease in CIA model of arthritis (104). In addition to
Gus-linked receptors, several ligands for Gg;-linked receptors have also been shown to inhibit IL-
12. These include chemokines and chemoattractants such as CCL2, CCL8, CCL7 and CCL13
(MCP-1 to 4) (104). Complement components C5a and formyl peptide fMLP which also signal
through G;-linked receptors inhibit IL-12. In accordance with an inhibitory role for GPCRs, Gizq
deficient mice display enhanced production of IL-12 and develop Th1 mediated colitis (106).

Activation of other non-GPCRs on macrophages and DCs also inhibits 1L-12. These
include activation of Fc receptors by immune complexes, activation of CR3 by iC3b, activation
of CD47 by thrombospondin and ligation of CD46 by C3b (3, 107). Apart from cell surface
receptors, nuclear receptors also inhibit IL-12. Ligands for glucocoticoid receptor, vitamin D
receptor and peroxisomal proliferator activated receptor (PPAR) have been shown to inhibit IL-
12 have anti-inflammatory effects (108). One of the mechanisms employed by some of the
inhibitors of IL-12 is induction of IL-10, suggesting the importance of balance between pro and

anti-inflammatory mediators in maintaining immune homeostasis.

13



Our group has demonstrated that nitric oxide (NO) suppresses IL-12 in macrophages and
DCs (109). In our study NO inhibited TLR signaling by disrupting the interaction between IRAK

and TRAF6. In addition, NO inhibited phosphorylation of 1-kB, thus preventing the nuclear

localization of NF-«B.

1.3  TRANSCRIPTIONAL REGULATION OF IL-12

IL-12 is mostly regulated at the level of transcription of the genes encoding the subunits p35 and
p40; and the expression of both genes need to be coordinated in order to produce the biologically

active heterodimer (6).

1.3.1 IL-12p35

IL-12 p35 is ubiquitously expressed in many cell types, whereas 1L-12 p40 is only expressed in
cells that produce bioactive IL-12 — mainly macrophages and DCs (12). For this reason
combined with the fact that IL-12 p40 heterodimerises with p19 to form IL-23, the regulation of
IL-12 p40 has been studied in extensive detail compared to that of p35. In addition, analysis of
IL-12 p35 regulation has been difficult due to its ubiquitous and low level of expression.
However, in purified monocytes and DCs, it is found that both p40 and p35 genes are
transcriptionally induced upon activation (110). Due to its low abundancy even in activated cells,
it has been proposed that expression of p35 is the rate-limiting step for production of the
bioactive heterodimer (111).

Analysis of both the murine and human IL-12 p35 promoters has revealed a complex picture
(112-114). The human p35 gene has at least two transcription initiation sites; one is active in B-
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lymphoblastoid cells and the other in monocytes. The latter generates a shorter mRNA,
suggesting cell type specific differences in p35 regulation (114). The murine p35 gene is shown
to possess multiple transcription initiation sites resulting in the generation of four isoforms.
Differential usage of initiation sites was observed in resting and activated cells. The isoforms
generated upon activation supported translation better than those formed in resting cells
suggesting that p35 is also regulated by post-transcriptional mechanisms (115). Both human and
murine p35 promoters contain binding sites for several transcription factors that include IRF-1,
IRF-3, SP1, IRF8 and NF-kB family members c-Rel and p65 (83, 84, 89, 116, 117).

IL-12 p35 is also regulated at a post-translational level. Processing of the p35 pre-protein
does not conform to the co-tranlocational model in that the removal of the signal peptide occurs
through two sequential cleavages (118).

Thus, the expression of 1L-12 p35 is regulated at several steps by complex mechanisms.

1.3.2 1L-12 p40

Extensive studies of the IL-12 p40 promoter by our group and others have revealed a complex
mechanism of regulation characterized by many protein-protein and protein-DNA interactions.
Initial characterization of the murine p40 promoter revealed an NF-kB element which was found
to be necessary for induction of promoter activity by LPS (119). In another study, an ETS
binding site was identified in both murine and human p40 promoters upstream of the NF-kB site.
This site was shown to bind a multi-protein complex of which Ets-2 ( a member of the Ets family
of transcription factors), PU-1, IRF1, IRF2, IRF8 and c-Rel (a member of the NF-xB family)
were major components and was thought to mediate the synergistic effect of IFN-y on IL-12 p40

induction by LPS (85) . However, mutation of this site did not eliminate synergistic activation of
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the promoter, indicating the presence of downstream sites (88, 120). Subsequently, an ISRE-like
(interferon stimulated response element-like) element was identified downstream of the NF-xB
site, which mediates promoter activation through ICSBP and IRF1 (87, 88, 121). Consistent with
the promoter analysis, mice deficient for IRF1, IRF2 or IRF8 are compromised in their IL-12
p40 production. In fact, IRF8 deficient mice display a selective defect in IL-12 p40 expression
and are susceptible to intracellular pathogens like Toxoplasma gondii (91, 92, 122). In addition,
c-Rel deficient mice demonstrate severely diminished expression of IL-12 p40 suggesting the
critical role of this NF-kB family member in p40 expression (123). Our group has performed a
comprehensive analysis of the murine and human p40 promoter which revealed multiple sites
responsible for promoter activation in response to LPS and heat killed Listeria monocytogenes
(HKLM) (124). The most critical elements identified in this study were the C/EBP and NF-xB
sites, which were shown to be functionally synergistic with each other. We have also
demonstrated the presence of an AP-1 element in the p40 promoter which cooperates with the
C/EBP site (125). Our recent study identified a novel composite element, spanning a region from
-68 to -57 of the p40 promoter, which bound NFAT and IRF8. The involvement of NFAT, a
prominent T-cell transcription factor, in IL-12 p40 gene expression in macrophages was a novel
finding of this study (126). Furthermore, this element likely accounts in part for the biologically
important phenomenon of synergistic activation of 1L-12 p40 expression by TLR ligands and
IFN-y. The only known repressor element in the 1L-12 p40 promoter was reported by Becker et.
al. This sequence known as the GA-12 (GATA sequence in the IL-12 p40 promoter) element was
identified between the NF-xB and the ETS sites and was occupied by a GA-12 binding protein

(GAP12) in unstimulated cells. GAP12 binding was increased by two known inhibitors of I1L-12
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— IL-4 and PGE.. Inhibition of IL-12 p40 by IL-4 was critically dependent on this sequence
(127).

Furthermore, the 1L-12 p40 promoter harbors a positioned nucleosome called nucleosome
1 in the proximal promoter region encompassing the NF-xB, C/EBP, AP1 and the NFAT/IRF8
sites. Upon activation with LPS and IFN- vy, nucleosome 1 was selectively remodeled (128).
Thus, I1L-12 p40 gene expression requires an inducible and highly selective remodeling event in
addition to synergistic activation by transcription factors. It has been proposed one of the
transcription factors required for p40 expression aids in selective recruitment of a chromatin
remodeling complex to nucleosome 1. However, such a targeting factor is yet to be identified. It

has been shown that this remodeling event is independent of c-Rel. (129).

-81/-75 -68/-57
-212/-207 -132/-122 -93/-88  Ap-1 NFAT/IRF8  -30/-24
Ets NF-xB C/EBP

TATA box

Figure 2. IL-12 p40 promoter

Schematic representation of the murine IL-12 p40 promoter

Targeting the binding of one or more of the above transcription factors is an attractive
therapeutic strategy for treating chronic inflammatory diseases. In fact, several inhibitors of IL-
12 production have been shown to attenuate transcription factor binding to the p40 promoter.
1,25-dihydroxyvitamin D3 affects binding of NF-kB, Fc-receptor ligation affects PU-1 binding

and VIP decreases binding of both proteins (130-132).
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1.4 IL-12 AND INFLAMMATORY BOWEL DISEASE

Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcerative colitis
(UC), is a chronic inflammatory disease of the intestine of unknown etiology. Both polygenetic
predisposition and environmental factors are thought to initiate and propagate the disease. The
current hypothesis is that IBD results from an uncontrolled, exaggerated mucosal immune
response to common, non-pathogenic, intestinal microflora (133). The pathogenesis of CD is
predominantly driven by an excessive Thl response characterized by an increased secretion of
IL-12, IFN-y and/or TNF and is considered a Thl mediated disease. UC is considered non-Thl
like with Th2 cytokines - IL-4, IL-5, and IL-13 - and TNF playing an important role (134-137).

The development and characterization of several animal models of chronic intestinal
inflammation has greatly furthered our understanding of mucosal immunity and the
pathophysiology of IBD (138). A skewed Thl or, less frequently, Th2 cytokine response is a
common feature of these animal models, underscoring the importance of negative regulatory
pathways. These models can be broadly divided into four groups — spontaneous models (e.g.,
C3H/HeJBir mice), induced models (e.g., trinitrobenzene sulfonic acid — TNBS — model),
adoptive transfer model (e.g., transfer of CD4*CD45RB™ T cells into immunodeficient mice) and
genetically engineered models (e.g., IL-10 -/- mice and STAT4 transgenic mice). These models
recapitulate various aspects of human IBD and have been used extensively to generate valuable
pre-clinical data for the development of novel therapeutics for IBD treatment.

Although IBD was initially thought to result from dysregulated acquired immune
responses, recent progress has brought to light the critical role of innate immunity in the
establishment of the initial inductive phase of disease, with the adaptive response playing a role

in the perpetuation of inflammation in the later effector phase (137). The gene encoding NOD2
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(an innate immune pattern recognition receptor) was the first described susceptibility gene for
IBD (80, 81). In addition, several innate immune proinflammatory cytokines have been
described to play a role in the pathogenesis of IBD and have also been targeted for therapy; the
most common of which are TNF-o and IL-12 antagonists (137).

The role of IL-12 in IBD has been clearly established in both human and murine IBD.
Both IL-12 p35 and p40 mRNA are upregulated in the mucosal tissue samples from CD patients
(139, 140). In addition, secretion of the 1L-12 p70 heterodimer was also enhanced by cells
cultured ex vivo from mucosal tissue biopsies of CD patients (139-141). Furthermore,
expression of the IL-12 receptor 32 chain was increased in active CD (142, 143). A recent study
showed that transcripts for IL-23 p19, IL-27 p28 and EBI3 were enhanced in colonic mucosa of
CD patients, implicating other IL-12 family members — IL-23 and IL-27 — in human IBD (144).
Upregulated expression of the IL-23 dependent cytokine IL-17 has also been shown in CD (145,
146). Anti-1L-12 p40 monoclonal antibody (mAb) has been undergoing clinical trials in Crohn’s
disease patients. Initial analyses reveal exciting results. It was reported that lamina propria
macrophages from CD patients secreted elevated levels of IL-12, IL-23 and IL-6 and treatment
with anti-1L-12 p40 mAb downregulated these cytokines (147, 148).

Administration of 1L-12p40 neutralising antibodies ameliorated mucosal inflammation in
mouse models of colitis and IL-12 p40 -/- mice were resistant to colitis (149-151). In addition,
constitutive high expression of p40 was demonstrated in the terminal ileum of IL-12 p40
promoter transgenic mice (152). Protein levels for IL-12 p40 and IL-23 p19/p40 were also shown
to be elevated in the terminal ileum of this mouse model, suggesting that high bacterial load in

the terminal ileum activates p40 gene transcription (152).
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Collectively, the data suggest a critical role for IL-12 family members in IBD and
understanding the molecular regulation of these cytokines would provide valuable insight into

disease pathogenesis and reveal novel therapeutic approaches.

15 NFAT/IRF8 INTERACTIONS IN IL-12 P40 GENE EXPRESSION AND IBD

The focus of our group has been to understand the molecular regulation of IL-12 p40, with the
long term goal being a better understanding of regulation of gene expression in the immune
system. Towards this aim, we have extensively characterized the IL-12 p40 promoter. Our initial
analysis revealed that multiple control elements were involved in heat-killed Listeria
monocytogenes (HKLM) - and LPS-activated transcription of the p40 gene. These elements
include a C/EBP binding site between -96 and -88 (124), and an AP-1 site from -81 to -75 (125).
Furthermore, functional studies suggested that several other cis-acting elements may regulate
promoter activation by bacteria and bacterial products (125). Accordingly, subsequent analysis
demonstrated the presence of a novel composite element in the promoter proximal region of the
IL-12 p40 promoter which was shown to bind a complex comprising NFAT and IRF8 as its
major constituents.

NFAT family of transcription factors plays a key role in cytokine gene expression in T
cells during an immune response. Five NFAT family members have been identified so far, four
of which are calcium-regulated and require the calcium/calmodulin-dependent phosphatase,
calcineurin for their nuclear localization. This is inhibited by the immunosuppressive agents,

cyclosporin A (CsA) and FK506 (tacrolimus) (153). Although the role of NFAT in T cells has
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been well studied, little is known about its functions in other cells of the immune system,
specifically macrophages.

Our study was the first to conclusively prove a role for NFAT in IL-12 p40 gene
expression in particular and macrophage gene expression in general. In a follow up study, we
demonstrated a functional role for IRF8 in pathways inhibiting IL-12 p40 and inflammation in a
mouse model for IBD — IL-10 deficient mice.

This section presents some of the data from the above studies which have been published

(154, 155).

1.5.1 Characterization of NFAT/IRF8 interactions at the IL-12 p40 promoter

IFN-y provides a potent priming signal for induction of IL-12 by macrophages and dendritic cells
(86) and it is has been shown that signaling through TLR or CD40, on antigen presenting cells,
alone is not sufficient for optimal production of IL-12 (156). This priming effect of IFN-y on IL-
12 has also been shown at the level of p40 promoter activity (86). Although interferon regulatory
factors (IRFs) 1, 2 and 8 have been shown to be involved in the transcriptional induction of IL-
12 p40 promoter (83, 85-88), the identification of an IFN-y responsive site on the p40 promoter
remains to be performed. Ma et. al., demonstrated the presence of an Ets element which binds
IRFs 1, 2 and 8 along with other transcription factors (Ets-2, PU-1 and c-Rel) as a multi-protein
complex. This site was shown to mediate the synergistic effect of IFN-y on IL-12 p40 promoter.
However, mutation of this site did not completely eliminate this synergy, indicating the presence
of other sites (85). One of the sites which appeared to have functional significance was the
region between -74 and -57, downstream of the C/EBP site. Mutation of this region considerably

reduced the promoter activity and also abolished the DNase | footprint observed with HKLM
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treated nuclear extracts (124). A bioinformatic search for potential transcription factor binding
sites suggested that the region from -63 to -54 had strong homology to a consensus NFAT
binding site and the region from -74 to -62 had a weaker homology to an ISRE (interferon
stimulated response element) site, which is a binding site for IRF family members.

The functional significance of this region of the IL-12 p40 promoter upon activation by
LPS and IFN-y was tested in a transient transfection system. We transfected RAW 264.7
macrophage cells with promoter-luciferase constructs containing the wild type (WT) promoter
sequence (-101 to +55) or sequences mutated in the putative NFAT (-62 to -57) or the IRF
binding site (-68 to -62). We observed activation of the WT promoter sequence with LPS and
strong synergistic activation with IFN-y. In cells transfected with the mutated promoter
constructs, LPS induced promoter activation was diminished. Interestingly, we observed a

significant abrogation of the synergistic effect of IFN-y on LPS induced promoter activity

(Fig.3).

120

100 -

]
o
|

[2]
o
|

D
o
L

N
o
|

Percentage of wild type promoter activity

sy =0

Unstimulated LPS LPS+IFNy

o
|

B wild type O ISRE site mutant O NFAT site mutant

Figure 3. Characterization of a functional element at -73 to -54 region of the IL-12 p40 promoter.
To determine effects of mutants on synergistic promoter activation by LPS and IFN-y, RAW264.7 cells

were transiently transfected with murine 1L-12 p40 promoter-luciferase plasmids (WT, NFAT site mutant and ISRE
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site mutant) and a CMV-B-galactosidase reporter. After 24 h, cells were stimulated with LPS (5 pg/ml) with or
without IFN-y (10 ng/ml) for 10-12 h. Luciferase activity was normalized to p-galactosidase activity, and results
expressed as percentage of promoter activity compared with LPS plus IFN-y activation for the wild type IL-12 p40

promoter-luciferase plasmid (100%). Each result represents the mean + standard deviation from four experiments.

In order to characterize specific DNA-protein interactions in this region, electrophoretic
mobility shift assays (EMSA) were performed using nuclear extracts from LPS or LPS+IFN-y
activated RAW 264.7 cells. Mutation of NFAT or ISRE site, which demonstrated decreased
promoter activity in functional assays, also abrogated protein-DNA complex formation in
EMSA, confirming the functional relevance of this protein-DNA interaction. Supershift assays
indicated the presence of NFAT and IRF8 (also known as ICSBP- interferon consensus sequence
binding protein) in the complex (154).

Chromatin immunoprecipitation reactions, which detect in vivo protein-DNA
interactions, were utilized to confirm in vitro results. In these studies, proteins cross-linked to
DNA in intact nuclei were immunoprecipitated as sheared chromatin fragments with specific
antibodies. The I1L-12 p40 promoter region from -146 to -50 was then detected by PCR
amplification. We observed that both NFAT and IRF8 associate with the endogenous IL-12 p40
promoter in LPS and IFN- y activated RAW 264.7 cells. NFAT binds to the promoter even in
unactivated cells, indicating constitutive nuclear localization of NFAT. This is in agreement with
a report demonstrating the presence of constitutive calcineurin activity in macrophages (157).
Treatment of cells with the calcineurin/NFAT inhibitor, cyclosporin A (CsA), prevents DNA

binding of both NFAT and IRF8. Thus, DNA binding of IRF8 requires NFAT (Fig.4).
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Figure 4. NFAT and IRF8 bind to the endogenous p40 promoter in RAW 264.7 cells.

RAW 264.7 cells were either untreated or activated by LPS, IFN- vy /LPS and Cyclosporin A/IFN-y/LPS for
4 hours. Formaldehyde was added to 1% final concentration for 30 minutes to cross-link protein-DNA interactions
followed by which cell lysate was sonicated to shear chromatin. Antibodies against NFATc1, IRF8 or species
matched control antibody were used to precipitate protein-DNA complexes. The immunoprecipitated IL-12 p40

promoter was amplified using specific PCR primers after reversal of crosslinking and protease digestion . Shown
here is a representative result of three independent experiments.

Co-immunoprecipitation reactions of endogenous NFAT and ICSBP demonstrated DNA-

independent interaction between the two proteins in LPS and IFN- y activated RAW 264.7 cells
(Fig.5).
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Figure 5. Demonstration of an in vivo interaction between NFAT and ICSBP.

Nuclear extracts from IFN-y/LPS treated RAW264.7 cells were immunoprecipitated by antibodies to

NFATc1 (left), or ICSBP (right). Immunoblots with antibodies against ICSBP (left) and NFATcl (right)

demonstrate a strong interaction. Shown here is a representative result of three independent experiments

In order to test functional interactions between NFAT and IRF8 in IL-12 p40 promoter

activation, NFAT or IRF8 expression plasmid were co-transfected into RAW 264.7 cells with
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promoter luciferase constructs (WT or NFAT site mutant). We observed that expression of IRF8
alone, but not NFAT alone induces promoter activity (Fig. 6). However, expression of NFAT
and IRF8 together, synergistically induced promoter activity. Mutation of the NFAT site

abrogated this synergy. Thus, NFAT and IRF8 can function in synergy to activate the IL-12 p40

promoter.
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Figure 6. ICSBP and NFATcL synergistically activate the IL-12 p40 promoter in RAW 264.7 cells.

ICSBP and NFATc1 expression plasmids were co-transfected into RAW 264.7 cells with IL-12 p40
promoter reporter constructs (wild type or NFAT site mutated) and CMV-B-galactosidase reporter using Superfect.
24 hours after transfection, cell lysates were obtained and assayed for luciferase activity, which was normalized with
[B-galactosidase activity. Cells transfected with the IL-12 p40 luciferase reporter and empty expression vector were
stimulated with LPS (5ug/ml) prior to harvesting. Results are reported as percent promoter activity compared to
NFAT+ICSBP induced activation (100%). Each result represents mean + sem (n=3).

A functional role for NFAT in endogenous IL-12 p40 mRNA was determined by
transfecting RAW 264.7 cells with a plasmid for dominant negative NFAT, which lacks the
ability for nuclear translocation. We observed that endogenous IL-12 p40 mRNA expression in
response to LPS and IFN-y was reduced in RAW 264.7 cells transfected with a dominant

negative construct of NFAT, as assessed by RT-PCR.
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In summary, we demonstrate the presence of a composite NFAT/IRF8 element in the
proximal region of the IL-12 p40 promoter that is functionally important for promoter activation
by LPS and LPS plus IFN-y. DNA binding of NFAT and IRF8 is demonstrated on the
endogenous promoter by chromatin immunoprecipitation. NFAT is required for IRF8 binding to
this region. Overexpression of NFAT and IRF8 synergistically activates the p40 promoter. A
physical association between NFAT and ICSBP in the absence of DNA is detected by co-
immunoprecipitation of endogenous proteins. Finally, a dominant negative NFAT molecule

attenuates LPS- and IFN v activated endogenous IL-12 p40 mRNA expression.

1.5.2 Description of IRF8 as a target for the anti-inflammatory effect of heme oxygenase
(HO)-1inIBD

Inflammatory bowel disease is a chronic inflammatory disease of the intestine, the etiology of
which is unknown. Nevertheless, it is clear that the disease is caused by a complex interplay of
genetic, immunologic and environmental factors. The human IBDs are subdivided into two
distinct but overlapping entities, Crohn’s disease (CD) and ulcerative colitis (UC) (133).
Epidemiological observations have demonstrated a protective effect of cigarette smoking
in patients with UC (158, 159). However, the immunologic mechanisms for this effect remain
unclear. Several studies have focused on nicotine as a mediator of this protective effect.
Therapeutic trial in UC patients treated with nicotine gum and transdermal nicotine has been
inconclusive (160, 161). One component of cigarette smoke which has been shown to have anti-
inflammatory effects is carbon monoxide (CO) and we studied the effects of CO in our study.
Mammalian cells generate CO endogenously as a product of heme degradation by the

heme oxygenase (HO) enzymes (162). Two primary isoforms of HO exist: HO-1 is ubiquitously
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expressed and highly inducible, whereas HO-2 is constitutively expressed primarily in the central
nervous system and vascular beds (163). HO-1 is induced by a variety of agents causing
oxidative stress and inflammation (164).

The protective role of CO has been demonstrated in murine models of sepsis,
postoperative ileus and xenotransplantation (165-167). In acute inflammation, it has been shown
that CO inhibits the expression of inflammatory cytokines. Macrophages activated with LPS in
the presence of CO secreted significantly less TNF (168). In addition, CO significantly
increased LPS induced secretion of the anti-inflammatory cytokine IL-10. In this study we
address the role of CO and HO-1 in mucosal immunity and chronic inflammation. Given the
significance of IL-12 and its subunit IL-12 p40 in IBD (52, 149-151), investigated the effect of
CO/HO-1 pathway on IL-12 p40 gene expression.

The immunomodulatory effect of CO was studied in a murine model of Thl mediated
colitis — IL-10 -/- mice. Mice were exposed to 250 ppm of CO from 8 to 12 wk of age (n=12) and
compared with a control group (n=8) exposed to ambient air. Hematoxylin and eosin stained
colonic sections of CO and ambient air — treated mice were graded by a pathologist blinded to
the treatment groups using a standard scoring system (155), and results were presented as a sum
total of four averaged scores from five regions of the large intestine. CO-exposed mice
demonstrated a 60% improvement in histological scores compared to air exposed mice (Fig. 7),
which suggests that CO ameliorates colitis in IL-10 -/- mice. We also observed that IL-12 p40
protein secretion is attenuated in intestinal explants from CO treated IL-10 -/- mice, compared to

those from ambient air treated mice (data not shown).
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Figure 7. CO abrogates colitis in IL-10 -/-mice.

IL-10-/- mice were housed in ambient air (n =8) or a chamber maintaining a constant concentration of 250
ppm CO (n=12) from 8 through 12 wk of life. (A) Representative hematoxylin and eosin staining and histologic
colitis ofIL-10 -/- colonic tissue. Left, ambient air; right, CO-treated. (B) Colitis scores were significantly decreased
in CO-exposed mice compared with control mice. *, P <0.01

We then investigated the molecular effects of CO on IL-12 p40 expression in murine
bone-marrow derived macrophages. Since IFN-y is required for optimal 1L-12 p40 expression,
macrophages were stimulated with LPS alone or LPS plus IFN-y. It was observed that exposure
of cells to 250 ppm of CO selectively inhibits the synergistic induction of 1L-12 p40 by LPS and
IFN-y (Fig. 8a). This effect was also observed at the level of p40 mRNA (data not shown),
suggesting that CO modulates IFN-y signaling in macrophages. Since HO-1 has been shown to
mediate the protective effects of CO in a model of acute liver failure, we investigated the
involvement of HO-1 in CO mediated inhibition of 1L-12 p40 in hmox™ mice. In support of our
hypothesis, bone marrow derived macrophages from hmox”™ mice displayed abrogation of CO
mediated inhibition of LPS and IFN-y induced IL-12 p40 (Fig. 8b). This suggests that HO-1 is

required for the inhibitory effects of CO on IFN-y signaling in macrophages.

28



(@) (b.)

7000 HO-1"BM-M®

. 2500
HAjr .
60001 | Air

aco
2000]g co

1500

IL-12 p40 (pg/ml)

10001

SO TN NI §
o Ml ‘ |

Unstim. LPS LPS/IFN-y Unstim. LPS LPS/IFN-y

N w =y (1)
o o o o
[=] [=] [=] o
S &8 5 &

IL-12 p40, pg/ml

Figure 8. CO inhibits LPS and IFN-y induced IL-12 p40 expression in a HO-1 dependent manner.
BM-derived macrophages from WT (a.) and hmox™ (b.) mice were activated with 1 ug/ml LPS and 10
ng/ml IFN-y in the presence or absence of 250 ppm CO. IL-12 p40 protein was measured in supernatants at 24 h.

Each result represents the mean + SD of triplicate assays and is representative of three independent experiments.

IL-12 p40 is transcriptionally regulated through a number of cis-acting elements that
respond to bacterial products and IFN-y (124). To study inhibition of LPS/IFN-y induced IL-12
p40 transcription by CO, J774 murine macrophage cells were transiently transfected with a
murine 1L-12 p40 promoter fused to a luciferase reporter gene and then activated with IFN-y plus
LPS in the presence or absence of CO at 250 ppm for 24 h. CO selectively inhibits IL-12 p40
promoter activity synergistically induced by LPS/IFN-y (Fig. 9a). IFN-y signaling activated IRF
family of transcription factors that bind to ISRE sequences found in promoters of IFN-y
inducible genes. Therefore, we determined whether CO modulates LPS/IFN-y activation of a
promoter that contains a consensus ISRE. J774 cells were transiently transfected with a plasmid
containing a multimerized consensus ISRE fused to a luciferase reporter gene. Cells exposed to
250 ppm CO and activated with LPS/IFN-y showed significantly augmented ISRE reporter

activity (Fig. 9b).
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Figure 9. CO alters IFN-y signaling in macrophages.

J774 murine macrophages were transiently transfected with an IL-12 p40 promoter-luciferase reporter
construct (A) or (B) a multimerized ISRE-luciferase reporter plasmid. Cells were cultured in 250 ppm CO after the
addition of 1ug/ml LPS or 1 ug/ml LPS plus 10 ng/ml IFN-y for 18 h. Results are expressed as relative light units

normalized to activity from a cotransfected constitutively active 3-galactosidase reporter plasmid.

Having shown that CO antagonizes IFN-g responses for 1L-12 p40 and augments the
same for ISRE, we hypothesized CO modulates IRF family of transcription factors. IRF8 which
has been shown to be critical for IL-12 p40 expression and also a repressor at ISRE sequences
was considered a logical target of CO (154). Murine splenocytes were stimulated with LPS and
IFN-y and were cultured in ambient air or 250 ppm of CO for 8h. As determined by western blot
analysis of nuclear extracts, CO inhibits LPS and IFN-y induced IRF8 protein expression
compared to air exposed cells (Fig. 8). CO did not inhibit other IRFs (data not shown). In order
to conclusively prove that CO mediated inhibition of 1L-12 p40 is dependent on IRF8 inhibition;
we expressed IRF8 in bone marrow derived macrophages by retroviral transduction of an IRF8
expression vector. Cells were also transduced with an empty vector. Retrovirally transduced cells

were stimulated with LPS and IFN-y and cultured in either ambient air or 250 ppm of CO for

24h. Consistent with our hypothesis, the inhibitory effects of CO on LPS and IFN-y stimulated
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IL-12 p40 is completely abrogated in IRF8-vector transduced BM-derived macrophages

compared to control cells (Fig. 10). Thus, CO inhibits LPS and IFN-y induced 1L-12 p40 through
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Figure 10. CO selectively inhibits LPS/IFN-y induced IRF-8 in murine macrophages.

(Top panel) Western blot analysis of IRF8 in murine splenocytes. Lane 1, unstimulated; lanes 2 and 3
stimulated with LPS/IFN-y for 8 h in the absence or presence of 250 ppm CO, respectively. (Bottom panel) BM-
derived macrophages were transduced with retrovirus IRF-8 or empty virus as control. 48 h after infection, cells
were seeded in 24-well plates at 10° cells/ml, stimulated with 1 pg/ml LPS or LPS and 10 ng/ml IFN-y, and
incubated for 24 h in the absence or presence of 250 ppm CO. Supernatants were then collected, and 1L-12 p40

protein secretion was measured by ELISA. Each result is representative of three independent experiments.

In summary, CO exposure at low concentrations ameliorates Th1l-mediated colitis. The
molecular effects of CO on IL-12 p40 regulation were studied and it was observed that CO
specifically inhibits the synergistic effect of IFN-y on LPS induced IL-12 p40 in murine
macrophages. This inhibitory effect of CO was dependent on HO-1 and was found to be
mediated through inhibition of IRF8.

Hence, this study demonstrated for the first time that the transcription factor IRF8 which
is critical for IL-12 production could be targeted by anti-inflammatory pathways.

These studies lead us to study other pathways which inhibit IL-12 p40, which may

converge on the NFAT-IRF8 element, in order to identify novel therapeutic targets.
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1.6 SPECIFIC AIMS

Studies on the pathogenesis of several chronic inflammatory diseases such as IBD, rheumatoid
arthritis, diabetes and multiple sclerosis have revealed common underlying immunologic
mechanisms. This has prompted extensive research on different aspects of an inflammatory
response including cell migration, identity and function of cytokines and inflammatory
mediators, signaling pathways and transcription factors involved in their expression and their
role in the induction of innate and adaptive immune responses. Precise and coordinated
resolution of inflammation is crucial to prevent chronic inflammation and maintain immune
homeostasis. Although much is known about positive regulation of inflammation; inhibitory
pathways involved in the resolution of inflammation are less well characterized. The studies in
this dissertation focused on inhibition of expression of IL-12 p40 and other proinflammatory
mediators in macrophages as critical events during the innate immune response. Specifically we
studied interactions at a composite element in the IL-10 p40 promoter that binds the transcription
factors NFAT and IRF8 as an important target of inhibitory signal transduction pathways. This
was approached in two ways: (1.) use of a novel cell-permeable peptide to inhibit a transcription

factor — NFAT involved in IL-12 p40 expression (2.) study of PI3K mediated inhibition of I1L-12

1.6.1 Role of NFAT in proinflammatory gene expression in macrophages

The role of NFAT family of transcription factors in T cell mediated immune responses is well
established. However, their role in regulating innate immune responses has been less studied.
Our previous study demonstrated that NFAT and IRF8 are important for 1L-12 p40 gene

expression in macrophages (154). In addition, NFAT/IRF8 sites were also observed in the
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promoters of iINOS and IL-18 (Zhu C. and Plevy S., unpublished data). In a subsequent study we
demonstrated the involvement of IRF8 as a target for antiinflammatory pathways. Here, we
extend our observations and investigate the role of NFAT in proinflammatory gene expression in
macrophages. Experiments performed in Chapter 2 employed a novel cell permeable peptide —
TAT-VIVIT to inhibit the nuclear translocation of NFAT. The purpose of the aim was to
demonstrate a functional role for NFAT in 1L-12 p40 gene expression in murine macrophages

and also identify other NFAT target genes.

1.6.2 Characterization of chronic IBD and innate immune defects in PI3K p1108 mutant

mice

Phosphoinositide 3-kinase (PI13K) has recently emerged as an important molecule involved in
dampening TLR signaling and inflammatory responses. The negative regulatory role of PI3K is
highlighted by the fact that mice harboring a point mutation in the p1105 subunit of PI3K
spontaneously develop IBD (169). Here, we characterize the histopathologic and immunologic
features of IBD in these mice and also investigate macrophage specific defects. In addition,
experiments performed in Chapter 3 address the role of PI3K in negative regulation of IL-12 and

other inflammatory genes.
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20 ROLE OF NFAT IN PROINFLAMMATORY GENE EXPRESSION IN
MACROPHAGES

Nuclear factor of activated T cells (NFAT) is important for the development and function of
diverse cell types, including immune and non-immune cells. However, their role in macrophage-
specific gene expression is relatively unknown. We had previously reported that NFAT is
important for 1L-12 p40 gene expression in the macrophage cell-line RAW 264.7 where NFAT
regulated the interleukin (IL)-12 p40 promoter as a complex with interferon regulatory factor 8
(IRF8). In this study, a synthetic, cell-permeable NFAT inhibitory peptide (VIVIT) was
employed to elucidate the role of NFAT proteins in mediating inflammatory responses in murine
macrophages. Inhibition of NFAT by VIVIT attenuated LPS or LPS and IFN-y induced IL-12
p40 protein and mMRNA expression. Accordingly, VIVIT decreased secretion of IL-12 p70 and
IL-23. TNF secretion was also inhibited by VIVIT treatment. VIVIT inhibited the DNA binding
of both NFAT and IRF8 to the IL-12 p40 promoter and inhibition of IL-12 p40 was independent
of IL-10 induction. NFAT also played a role in the expression of inducible nitric oxide synthase
(iINOS) gene and nitric oxide secretion in murine macrophages. Thus, NFAT inhibition induces

immunosuppression through innate as well as adaptive immune mechanisms.
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2.1 INTRODUCTION

Macrophages lie at the critical interface between innate and adaptive immunity, performing
effector functions such as phagocytosis, microbial killing, antigen presentation to T-helper (Th)
cells and production of inflammatory mediators. Microbial stimulation of macrophages through
toll-like receptors (TLRs) leads to a cascade of signaling events culminating in the production of
various proinflammatory cytokines including IL-12, IL-23 and TNF; and antimicrobial mediators
such as oxygen radicals, nitric oxide (NO) and proteases, all of which aid in the clearance of the
pathogen. Expression of these mediators needs to be tightly regulated, failure of which could
underlie the pathogenesis of chronic inflammatory diseases including rheumatoid arthritis,
multiple sclerosis and inflammatory bowel disease (IBD) (170). Hence, understanding the
molecular regulation of genes encoding cytokines and antimicrobial products in macrophages
will provide important insight into the role of innate immunity in infectious and inflammatory
diseases.

The I1L-12 family of heterodimeric cytokines (IL-12, 1L-23 and IL-27) has been
implicated in the pathogenesis of various chronic inflammatory disorders (149, 171-173). IL-12
and IL-23 are heterodimeric cytokines composed of a common p40 subunit in addition to a p35
and p19 subunit, respectively. Both IL-12 and IL-23 are involved in maintaining a Thl response
(3, 22). IL-23 has recently been shown to be involved in the development and maintenance of an
inflammatory T cell population that produces IL-17 (Thl7 cells) (64), also involved in
autoimmune and inflammatory diseases (66). 1L-12 p40 is expressed specifically in macrophages
and dendritic cells (174) and is highly induced by microbial constituents such as LPS, CpG rich
bacterial DNA, lipoproteins and T-cell dependent cognate interactions via CD40-CD40 ligand

(3). Detailed molecular characterization of IL-12 p40 promoter activation by microbes and
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cytokines has described complex regulation through numerous protein DNA and protein protein
interactions (124, 125, 154). Recently, our group described a novel composite element in the IL-
12 p40 promoter that interacts with members of the nuclear factor of activated T cells (NFAT)
and the interferon regulatory factor (IRF) families of transcription factors (154). This element is
involved in the synergistic induction of IL-12 p40 promoter activity by bacterial products and
interferon-gamma (IFN-y).

The NFAT family of transcription factors plays a key role in cytokine gene expression in
T cells during an immune response. Five NFAT family members have been identified so far, four
of which are calcium-regulated and require the calcium/calmodulin-dependent phosphatase,
calcineurin for their nuclear localization. More recently, NFAT has been described to mediate
gene expression in other cells of the immune system and other organ systems (175). Although
the role of NFAT in T cells has been well studied, little is known about its functions in other
cells of the immune system, specifically macrophages. In this study, we characterized the role of
NFAT in macrophage-specific gene expression using a small cell permeable peptide inhibitor,
VIVIT, which prevents NFAT-calcineurin interaction without affecting the phosphatase activity
of calcineurin (176). Inhibition of NFAT by VIVIT, but not by a control inactive peptide
(VEET), attenuated the expression of LPS or LPS plus IFN-y induced IL-12 p40 mRNA and
protein expression in bone marrow derived macrophages (BMDMs). VIVIT also reduced the
DNA binding of NFAT to the NFAT/IRF8 site in IL-12 p40 promoter. In addition, the
expression of iINOS mRNA and NO production was also inhibited by VIVIT. Furthermore,
VIVIT also inhibited the secretion of IL-12 p70, IL-23 and TNF, suggesting a role for NFAT in

proinflammatory gene expression in macrophages.
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2.2 MATERIALS AND METHODS

2.2.1 Mice

7 to 10 week old IL-10 -/- mice on a C57BL/6 background and C57BL/6 wild type mice were
purchased from the Jackson Laboratories. All animals were housed in specific pathogen free
(spf) conditions in accordance with guidelines from the American Association for Laboratory
Animal Care and Research Protocols and were approved by the Institutional Animal Care and
Use Committee of the University of Pittsburgh. At the end of the study period, animals were
euthanized using excess CO, inhalation, followed by which femurs were collected and bone

marrow cells were isolated.

2.2.2 Reagents

LPS from Salmonella enteritidis was purchased from Sigma. FK506 was purchased from Alexis
Biochemicals. Recombinant murine (rm) IFN-y and GM-CSF were purchased from R&D
Systems. Antibodies to NFATcl (K18) and IRF8 (H-70) were purchased from Santa Cruz

Biotechnology.

2.2.3 Peptide synthesis

TAT-VIVIT (YGRKKRRQRRR-GGG-MAGPVIVITGPHEE) and TAT-VEET
(YGRKKRRQRRR-GGG-MAGPVIVITGPHEE) peptides were synthesized and purified using
high performance liquid chromatography at the peptide synthesizing Facility of the University of

Pittsburgh.
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2.2.4 Bone marrow macrophage culture

Bone marrow derived macrophages (BMDMs) were prepared as described (155). Briefly, bone
marrow cells obtained from WT or IL-10 -/- mice were seeded at ~1 x 10° cells/ml per 150mm
culture dish in 25 ml culture medium (RPMI 1640 supplemented with penicillin (100 units/ml),
streptomycin (100 units/ml), c-glutamine, and 10% heated-inactivated fetal bovine serum)
containing rmGM-CSF (20 ng/ml). On day 3, 25 ml of culture medium containing rmGM-CSF

(20 ng/ml) was added to the plates. Cells were harvested on day 7 for further experiments.

2.2.5 Electrophoretic mobility shift assay

Nuclear extracts from BMDMSs were prepared using the NE-PER kit purchased from Pierce
Biotechnology, by following the manufacturer’s instructions. For EMSA, 200 ng of double-
stranded oligonucleotide DNA probes were labeled with [0-**P]dGTP and [a-*P]dCTP by
Klenow, and purified with Quick Spin columns (Sephadex G-50) (Roche). The sequence of the
EMSA probe spanning the NFAT/IRF8 site of the IL-12 p40 promoter is 5'-
gatcTCAGTTTCTACTTTGGGTTTCCATCAGAAAGT. EMSAs were performed as described

previously (154).

2.2.6 RNA isolation, RT and real-time PCR

Total RNA was extracted using TRIZOL reagent (Invitrogen). cDNA was derived from 1.5 ug
total RNA by reverse transcription (RT) using Superscript Il (Invitrogen) and Random hexamers

(Invitrogen). Real-time PCR was performed as described previously (155) on the cDNA obtained

38



to detect IL-12 p40 and iNOS mRNA levels which were expressed as relative fold increase in

transcript level with respect to unstimulated cells.

2.2.7 Cytokine ELISA

Murine 1L-12 p40, 1L-12 p70, IL-10 and TNF immunoassay kits (R & D Systems) were used

according to manufacturer’s instructions.

2.2.8 Nitrite Determination

Nitrite concentration in culture, a measure of NO synthesis, was assayed by a standard Greiss
Reaction adapted to a microplate system as described previously (109). NaNO; is used as a

standard, and the data are presented as a concentration of nitrite.

2.3 RESULTS

2.3.1 Involvement of NFAT in IL-12 p40 expression

We first investigated the role of NFAT in I1L-12 p40 gene expression using the inhibitor FK506.
We first utilized FK506 (177), as another clinically relevant NFAT inhibitor cyclosporine A has
been shown to activate NF-kB, a transcription factor also involved in IL-12 p40 gene expression
(178, 179). In bone marrow derived macrophages (BMDMs), FK506 inhibits IL-12 p40 protein

secretion induced by LPS alone or LPS plus IFN-y, in a dose dependent manner (Fig.11 A).
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Real-time PCR analysis for IL-12 p40 mRNA demonstrated a similar dose-dependent inhibition

of p40 mMRNA by FK506 (Fig.11 B).
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Figure 11. FK506 inhibits IL-12 p40 protein and mRNA expression.

(A.) Murine bone marrow-derived macrophages (BMDMs) were either untreated (un) or pretreated with the
indicated concentrations of FK506 for 1 h followed by LPS (1 ug/ml) and/or IFN-y (10 ng/ml) for 24 h. IL-12 p40
protein secretion was assayed from supernatants by ELISA. (B.) BMDMs were either untreated (un) or pretreated
with the indicated concentrations of FK506 for 1 h followed by 1 h treatment with IFN-y (10 ng/ml, where
indicated) prior to LPS (1 pg/ml) treatment for 4h. Cells were harvested and total RNA was assayed for IL-12 p40
mMRNA levels by real-time RT PCR. Each result represents the mean + standard deviation (sd) for duplicate assays

and is representative of three independent experiments.

We next utilized the selective peptide inhibitor of NFAT, VIVIT, to validate findings
with FK506. Protein transduction domains (PTDs) have been employed for peptide delivery in
vitro and in vivo (180, 181) and VIVIT was rendered cell-permeable by means of conjugation to
the PTD of the HIV TAT protein. TAT-VIVIT inhibited IL-12 p40 protein secretion in a dose-
dependent manner in LPS and LPS plus IFN-y treated BMDMSs (Fig. 12 A). Inhibition was also

observed at the level of IL-12 p40 mRNA, as assessed by real-time RT PCR (Fig. 12 C). A
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control related inactive peptide sequence which was also conjugated to the TAT domain, TAT-

VEET, did not inhibit IL-12 p40 protein (Fig. 12 B) or mRNA (Fig. 12 C).
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Figure 12. TAT-VIVIT inhibits IL-12 p40 protein and mRNA expression.

(A.) Murine bone marrow-derived macrophages (BMDMSs) were either untreated or pretreated with the
indicated concentrations of TAT-VIVIT (A.) or the control, scrambled peptide, TAT-VEET (B.) for 1 h followed by
LPS (1 pg/ml) and/or IFN-y (10 ng/ml) for 24 h. I1L-12 p40 protein secretion was assayed from supernatants by
ELISA. (C.) BMDMs were either untreated or pretreated with the indicated concentrations of TAT-VIVIT or TAT-
VEET for 1 h followed by 1 h treatment with IFN-y (10 ng/ml) prior to LPS (1 ug/ml) treatment for 4h. Cells were
harvested and total RNA was assayed for IL-12 p40 mRNA levels by real-time RT PCR. Each result represents the

mean + sd for duplicate assays and is representative of three independent experiments.

To confirm the efficacy of TAT-VIVIT on NFAT nuclear translocation, we analyzed the
DNA binding of NFAT to the NFAT/IRF8 site in the IL-12 p40 promoter by EMSA using

nuclear extracts from murine BMDMs. Treatment of BMDMs with LPS and IFN-y induced

41



DNA-protein complex formation on an oligonucleotide probe containing the NFAT/IRFS site,
spanning the region from -88 to -54 with respect to the transcription start site of the murine 1L-12
p40 promoter (Fig 13, lane 2). The presence of NFAT and IRF8 in this complex was confirmed
by supershift using anti-NFAT and anti-IRF8 antibodies. Anti-NFAT antibody generated a
supershift whereas anti-IRF8 antibody abrogated complex formation, as shown previously (154).
TAT-VIVIT treatment of cells reduced the induction of DNA-protein complex formed upon LPS
and IFN-y stimulation (Fig. 13, compare lanes 2 and 5). Supershift using antibodies revealed
reduced levels of NFAT (Fig. 13, compare lanes 3 and 6) and IRF8 (Fig. 13, compare lanes 4 and
7) present in the complex. Treatment of cells with the control peptide did not affect DNA-protein
complex formation. The above results demonstrate that the VIVIT peptide effectively prevented
nuclear translocation of NFAT leading to reduced DNA-protein complex formation in vitro. In
addition, these results also suggest that VIVIT inhibits IRF8 DNA binding as well, confirming
our previous report that NFAT and IRF8 exist as a complex in macrophages.

Collectively, the above results in primary murine macrophages corroborate our previous
study which revealed the NFAT/IRF8 site in the IL-12 p40 promoter (154) and provide a
functional basis for the role of NFAT in IL-12 p40 expression in murine bone-marrow derived

macrophages.

2.3.2 Inhibition of IL-12 p40 by VIVIT is independent of IL-10

IL-10 is a potent anti-inflammatory cytokine which inhibits macrophage activation and the
proinflammatory response (182). Importantly, IL-10 inhibits 1L-12 p40 transcription (97).

Therefore, we determined whether inhibition of IL-12 p40 by VIVIT was mediated by
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Figure 13. TAT-VIVIT reduces DNA binding to the NFAT/IRFS site in the murine I1L-12 p40 promoter.

BMDMs were either untreated (lane 1) or pretreated with TAT-VIVIT (75 puM, lanes 5-7) or TAT-
VEET(75 uM, lanes 2-4) for 1 h followed by 1 h treatment with IFN-y (10 ng/ml) prior to LPS (1 ug/ml) treatment
for 4h. Cells were harvested and nuclear extracts were prepared for EMSA. *P labeled oligonucleotide probe
spanning the NFAT/IRF8 site of the 1L-12 p40 promoter (154) was incubated with 10 pg of nuclear extracts on ice
for 30 min prior to electrophoresis. For supershift assays (lanes 3,4 and 6,7), 10 ug nuclear extract was incubated
with 3 ug of anti-NFAT c1 (lanes 3 and 6) or anti-IRF8 (lanes 4 and 7) antibody for 30 min on ice prior to addition

of the ¥P labeled probe and 30 min incubation on ice followed by electrophoresis. The above result is representative

of three independent experiments.

induction of IL-10. IL-10 levels were evaluated in cell free supernatants of BMDMs

treated with the indicated concentrations of TAT-VIVIT (Fig. 14 A). Inhibition of NFAT does

not induce IL-10 in LPS or LPS plus IFN-y treated BMDMSs. IFN-y inhibited LPS induced IL-10,
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as previously described (183). Furthermore, TAT-VIVIT inhibits IL-12 p40 in BMDMs derived
from IL-10 deficient mice in a dose dependent manner (Fig. 14 B), substantiating that VIVIT

inhibits IL-12 p40 expression through IL-10 independent pathways.
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Figure 14. Inhibition of IL-12 p40 by TAT-VIVIT is independent of IL-10.
(A.) Murine BMDMs were either untreated or pretreated with the indicated concentrations of TAT-VIVIT

(black bars) or TAT-VEET (grey bars) for 1 h followed by LPS (1 pug/ml) and/or IFN-y (10 ng/ml) for 24 h. IL-10
protein secretion was assayed from supernatants by ELISA. (B.) BMDMs from IL-10 -/- mice were either untreated
or pretreated with the indicated concentrations of TAT-VIVIT for 1 h followed by LPS (1 ug/ml) and/or IFN-y (10
ng/ml) for 24 h. 1L-12 p40 protein secretion was assayed from supernatants by ELISA. Each result represents mean

+ sd of duplicate assays and is representative of three independent experiments.
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2.3.3 NFAT is involved in inducible nitric oxide synthase (iNOS) expression

We have previously demonstrated the presence of NFAT/IRF8 composite element in the murine
INOS promoter (Chen Zhu, Scott Plevy, unpublished data) and also established that IRF8 and
IRF1 are essential for induction of the iNOS gene (184). To examine the role of NFAT in iNOS
expression, we assayed nitric oxide production by BMDMs treated with the indicated
concentrations of TAT-VIVIT. Inhibition of NFAT attenuated nitric oxide production (Fig. 15
B), and real-time RT-PCR analysis revealed that INOS mRNA was inhibited in a dose dependent
manner (Fig. 15 B). Thus, these results suggest that NFAT mediates the expression of iNOS and

nitric oxide production in BMDMs.
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Figure 15. TAT-VIVIT inhibits nitric oxide secretion and iNOS mRNA expression.

(A.) BMDMs from WT mice were either untreated or pretreated with the indicated concentrations of TAT-
VIVIT for 1 h followed by LPS (1 ug/ml) and IFN-y (10 ng/ml) for 24 h. Nitric oxide secetion was assayed from

supernatants by Greiss reaction. (B.) BMDMs were either untreated or pretreated with the indicated concentrations
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of TAT-VIVIT for 1 h followed by 1 h treatment with IFN-y (10 ng/ml) prior to LPS (1 ug/ml) treatment for 4h.
Cells were harvested and total RNA was assayed for iNOS mRNA levels by real-time RT PCR. Each result

represents the mean + sd for duplicate assays and is representative of three independent experiments.

2.3.4 NFAT is important for induction of IL-12 p70, IL-23 and TNF

Since IL-12 p40 heterodimerizes with IL-12 p35 and pl19 to form IL-12 p70 and IL-23
respectively, levels of bioactive cytokines were determined in BMDMs treated with TAT-VIVIT
and stimulated with LPS or LPS plus IFN-y. It was observed that VIVIT inhibited both IL-12
p70 (Fig. 16 A) and 1L-23 (Fig. 16 B) in a dose-dependent manner, while the control peptide had
no effect (data not shown). NFAT has been shown to play a role in TNF expression in T cells
(185). We examined the effect of NFAT inhibition on TNF secretion in VIVIT-treated BMDMs.
VIVIT peptide suppressed the induction of TNF by LPS or LPS plus IFN-y (Fig. 16 C), while
the control peptide did not (data not shown). These results show that NFAT is important for

expression of several key inflammatory mediators in murine BMDMs.

24  DISCUSSION

In summary, data presented in this study provide evidence for a role of NFAT in regulating the
expression of proinflammatory genes in macrophages. NFAT positively regulates the expression
of the IL-12 p40 gene, thereby controlling the levels of bioactive heterodimers of IL-12 p40 - IL-

12 p70 and IL-23.
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Figure 16. TAT-VIVIT inhibits proinflammatory cytokine expression in murine macrophages.

(A.) BMDMs from WT mice were either untreated or pretreated with the indicated concentrations of TAT-
VIVIT for 1 h followed by LPS (1 png/ml) and/or IFN-y (10 ng/ml) for 24 h. IL-12 p70 (A.), IL-23 (B.) and TNF (C.)
protein secretion was assayed from supernatants by ELISA. Each result represents mean + sd of duplicate assays and

is representative of three independent experiments.
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This inhibition was found to be independent of IL-10. In addition to regulating IL-12 family of
cytokines, NFAT also controls the expression of TNF in murine bone-marrow macrophages.
Furthermore, NFAT also regulated the expression of the iNOS gene and nitric oxide production.
Thus, NFAT, likely functioning as a complex with IRF8 as described in our previous study; or
with other interacting partners has a general role in programming macrophage gene expression.
The NFAT family is a complex family of transcription factors with five proteins and each
member has different alternatively spliced isoforms. Although, NFAT was first identified in T-
cells, it is now known to be important for the development and functioning of several organs
including the nervous system, heart, blood vessels, kidney, bone and muscle (175). Recent
studies have also shown the importance of NFAT in regulating gene expression in other immune
cells such as B cells (186), mast cells (187), eosinophils (188), basophils (189) and NK cells
(190). Although NFAT proteins have been shown to be involved in the differentiation of
monocyte/macrophage lineage cells into osteoclasts (191), our knowledge of NFAT functions in
macrophages per se is very limited. Ca®*/calcineurin signaling has been implicated in
macrophage biology. In a report by Conboy et. al, Ca*/calcineurin signaling inhibited
macrophage cytokine production (157). In another report, Ca** flux induced by Fcy receptors
resulted in inhibition of IL-12 production in response to LPS (192). However, several reports
have shown the opposite effect. Calcium homeostasis and flux has been shown to be important
for antigen processing by macrophages (193) and calcineurin signaling has been reported to
mediate iINOS expression and NO secretion by murine macrophages (194). Ca** was also
reported to be involved in TNF induction by LPS (195). Moreover, the African swine fever virus
protein, A238L has been shown to inhibit inflammatory gene expression in infected

macrophages by binding to calcineurin and inhibiting NFAT-dependent gene expression (196).
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Furthermore, in a recent study by Jeffrey et. al. (197), macrophages deficient for the dual
specificity phosphatase- PAC-1, displayed decreased activation of NFAT and diminished
expression of proinflammatory mediators. Macrophages express NFAT family members (154,
191) and in our previous study we have demonstrated the requirement of NFATc1 and c2 in IL-
12 p40 gene expression in a macrophage cell line (154). Here, we extend our observations and
show that NFAT is important for general proinflammatory gene expression by primary murine
macrophages using the selective inhibitory peptide-VIVIT.

NFAT proteins are involved in the induction and regulation of Thl and Th2 responses.
NFATcl and c2 deficient mice display impaired Thl and Th2 responses (198, 199). In fact,
NFATc2 deficient mice are more susceptible to infection by the gram-positive intracellular
pathogen, Leishmania major (200). Furthermore, sustained NFATc1 signaling has been shown to
promote a Thl-like pattern of gene expression in murine CD4" T cells (201), suggesting that the
extent of NFAT signaling can affect the balance of Thl versus Th2 responses. Appropriate
regulation of this balance is a prerequisite to avoid chronic inflammatory diseases. Dysregulation
of the innate immune system is thought to be a major factor in the pathogenesis of these diseases
(170). Despite the critical role for NFAT in controlling the outcome of immune responses, very
little is known about its involvement in chronic inflammatory and autoimmune diseases. A recent
study demonstrated increased nuclear localization of NFATc2 in keratinocytes of human
psoriatic lesions compared to normal skin (202). Our study provides a basis for further
understanding NFAT function in immune mediated inflammatory disorders.

The immunosuppressive agents CsA and FK506 inhibit the phosphatase activity of
calcineurin, thus preventing nuclear localization of NFAT (203). They have been extensively

used to treat autoimmune diseases, but are fraught with significant side effects including nephro-
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and neuro-toxicity (204, 205). These agents also inhibit other pathways downstream of
calcineurin which could lead to undesired clinical side effects (204, 205). The peptide inhibitor
VIVIT has therapeutic potential due to its high affinity and selectivity. VIVIT peptide, including
the cell permeable version, has been employed in vivo in mouse models of transplantation (206)
and cardiac hypertrophy (207). Given the data from our study that NFAT plays an important role
in inflammatory gene expression in macrophages, the TAT-VIVIT peptide could prove
invaluable for developing novel therapeutic approaches for chronic chronic inflammatory

diseases where both innate and adaptive immune response play a role in pathogenesis.
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3.0 CHARATERIZATION OF INNATE IMMUNE DEFECTS AND IBD IN PI3K
p1106 MUTANT MICE

Innate immune responses mediated by Toll-like receptors (TLRs) and nucleotide-
oligomerization-binding-domain (NOD) proteins, while being crucial for host defense against
pathogens; need to be tightly regulated to prevent chronic inflammatory diseases like
inflammatory bowel disease (IBD). Phosphoinositide-3 kinase (PI3K) is an important negative
regulator of TLR signaling. Initial characterization of mice with a targeted mutation in the p1105
subunit of PI3K revealed defects in B- and T-cell signaling as well as chronic, focal colitis. Here
we have further characterized the histopathological features of IBD in these mice and
investigated innate immune defects. Spontaneous colitis is demonstrated at 8 wks of age with
disease severity increasing with age. Histologic analysis revealed a marked increase in the
number of intraepithelial lymphocytes in the colonic crypts, in addition to leukocytic infiltration
of the lamina propria and crypt abscesses. A proinflammatory mucosal and systemic cytokine
profile was observed characterized by overexpression of IL-12, TNF, IFN-y and IL-17.
Dysregulated immune responses were observed in macrophages, including hyperresponsiveness
to TLR ligands and defects in IL-10 and C5a mediated inhibition of IL-12 p40. Furthermore,
PI3K mutant macrophages demonstrated impaired responses to the NOD2 ligand, muramyl
dipeptide (MDP). In conclusion, this study further confirms the critical role of PI3K in
dampening inflammation and presents a novel mouse model which could provide valuable

insight into disease pathogenesis in human IBD.
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3.1 INTRODUCTION

The gastrointestinal tract coexists with more than 10™ resident commensal bacteria in a delicate
state of homeostasis maintained through a complex network of interactions between the bacteria,
epithelial cells and the innate immune cells of the mucosal immune system. Both commensal and
pathogenic bacteria are recognized through conserved molecular microbial patterns by pattern-
recognition receptors (PRRs), of which Toll-like receptors (TLRs) and nucleotide-
oligomerization-binding-domain (NOD) proteins form an integral component (78, 79, 208, 209).
TLRs are membrane bound receptors whereas NOD proteins are cytosolic. Signaling through
both these receptors leads to the activation of NF-kB, culminating in the induction of
proinflammatory cytokines including IL-12, IL-23, IFN-y and TNF resulting in the elimination
of pathogens (78, 79). Although the mechanism by which the host distinguishes commensal from
pathogenic bacteria is unknown, it has been shown that under normal conditions TLR signaling
initiated by commensal microflora is protective (210). However, dysregulation of this response
can lead to a chronic state of intestinal inflammation manifesting into diseases like Crohn’s
disease (CD) and Ulcerative colitis (UC) which comprise human inflammatory bowel diseases
(IBD) (133). Both CD and UC are exemplified by inappropriate innate immune responses to
normal intestinal microflora (211-213). The critical role for innate immunity in IBD has been
substantiated by the recent description of Nod2 (CARD15) as a susceptibility gene in CD (80,
81). Therefore, it is imperative that TLR and NOD signaling is strictly regulated in order to
prevent unwanted stimulation to enteric flora, while effectively responding to potential microbial
pathogens. It is also crucial that inflammation thus initiated is resolved in a timely manner to

prevent perpetuation of the immune response leading to chronic inflammation. Several molecules
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which dampen inflammation have been described, of which phosphoinositide-3 kinases (PI3KSs)
have emerged as an important negative regulator of TLR signaling (214-216).

Class I PI3Ks are a family of heterodimeric enzymes consisting of a regulatory subunit
(p85, p55 or p50) and a catalytic subunit (p110c, p110p or p1103) (217, 218). While p110a and
p110p are expressed ubiquitously, p1106 isoform is preferentially expressed in leukocytes (219).
Dendritic cells from mice lacking the p85a regulatory subunit of Class 1a PI3K produce
enhanced amounts of the proinflammatory cytokine I1L-12 leading to a skewed Th1 response. As
a result, these mice are resistant to Leishmania major infection, suggesting that PI3K is directly
involved in regulating Th1 versus Th2 balance in vivo (220). However, the immunomodulatory
effects of PI3K on innate immune responses in mucosal inflammation and macrophages are
unclear.

The clearest role of PI3K in Thl mediated chronic inflammation was described in a
mouse harboring a point mutation in the p1105 catalytic subunit of PI3K (169). These mice
demonstrated several B and T cell defects including improper maturation, impaired antigen
receptor signaling and severely impaired humoral immune responses. Notably, these mice
developed chronic segmental intestinal inflammation.

In light of the fact that the human p1105 gene maps to the IBD7 susceptibility locus on
chromosome 1p36 (221, 222), in this study we further characterize the development of chronic
IBD in PI3K p1106 mutant mice and investigate the role of PI3K in the regulation of TLR
signaling in macrophages. Histologic analysis of colitis revealed several novel features, one of
which was the presence of intraepithelial lymphocytes. A skewed mucosal Thl response was
observed with overexpression of several signature Thl cytokines including IL-12, TNF, IFN-y

and IL-17. A defect was observed in the IL-10 and C5a mediated inhibition of 1L-12 p40.
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Finally, impaired responses to the NOD2 ligand MDP were observed in the mutant macrophages.
Thus, the PI3K p1106 mutant mice demonstrate innate immune defects that may elucidate

pathogenesis of human IBD.

3.2 MATERIALS AND METHODS

3.2.1 Mice

PI3K p1106 mutant mice which were on the C57BL/6 background were generated by B.
Vanhaesebroeck (Ludwig Institute for Cancer Research, London, UK). C57BL/6 wild type mice
were obtained from The Jackson Laboratory. All animals were housed in specific pathogen free
conditions (spf) in accordance with guidelines from the American Association for Laboratory
Animal Care and Research Protocols and were approved by the Institutional Animal Care and
Use Committee of the University of Pittsburgh. At the end of the study period, animals were
killed using excess CO; inhalation. Immediately, afterward spleen, colon, small bowel and
femurs were collected. Splenocytes and bone marrow derived macrophages were cultured as

described previously (109).

3.2.2 Reagents

Lipopolysaccharide (LPS) from Salmonella enteritidis was purchased from Sigma and repurified
by modified phenol extraction as described in (223). CpG DNA was obtained from Integrated

DNA Technologies. Synthetic bacterial lipoprotein (sBLP) was purchased from EMC
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Microcollections. Peptidoglycan (PGN), muramyldipeptide (MDP), wortmannin and
recombinant human C5a were purchased from Sigma. IL-10, GM-CSF and IFN-y were obtained

from R & D Systems.

3.2.3 Generation of elicited peritoneal macrophages

C57BL/6 mice were injected i.p. with 3ml sterile thioglycollate (0.3%). After 5 days, animals
were harvested and elicited macrophages were obtained by peritoneal gavage using RPMI with
1% Penicillin/Streptomycin. Cells were washed once with the same medium, resuspended in
complete medium (RPMI with 10% heat-inactivated fetal bovine serum and 1%
penicillin/streptomycin) and incubated at 37° C for 2h to allow for cells to adhere. Adherent

peritoneal macrophages were then collected and stimulated.

3.2.4 Cytokine ELISAs

Murine 1L-12 p40, IL-12 p70, IL-10, IFN-y and TNF immunoassay kits (R & D Systems) and
IL-23 (eBioscience) were used according to manufacturers’ instructions. IL-17, MIP1la,

RANTES, KC and G-CSF levels were determined by multiplex ELISA.

3.2.5 Western blot analysis

Western blot analyses were performed on nuclear or whole cell extracts as noted in Results (Fig.
4 and 5) and described previously (109). Antibodies to p-JNK, p-p38, p-ERK, JNK2, p38, ERK,

p-STAT3, STAT3, IRF8, STAT1 were obtained from Santa Cruz Biotechnology.
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3.2.6 Nitrite Determination

Nitrite concentration in culture, a measure of NO synthesis, was assayed by a standard Greiss
Reaction adapted to a microplate system as described previously (224). NaNO; is used as a

standard, and the data are presented as a concentration of nitrite.

3.2.7 RNA extraction and RT PCR or real-time RT PCR analysis

Total RNA was extracted using TRIZOL reagent (Invitrogen). cDNA was derived from 1.5 ug
total RNA by reverse transcription (RT) using Superscript Il (Invitrogen) and Random hexamers
(Invitrogen). PCR was performed on RT products as described (124) to detect IL-12 p40 NOD?2
and B-actin. The following primer sequences were used for NOD2 - Upstream primer:
5’GCTCCATGGCCAAGCTCCTT3’ and downstream: 5’CTGCACCCCGGTAGGTGATG 3.
Real-time PCR was performed as described previously (155) on the cDNA obtained to detect IL-
12 p40 and IRF8 mRNA which were expressed as relative fold increase in transcript level with
respect to unstimulated cells. IRF8 primers were: LUX:
5’GACGAGAGAGCACAGCGTAACCTCG5C 3 and its unlabeled counterpart:

S'TGGATGCTTCCATCTTCAAGG 3'.

3.2.8 Intestinal tissue explant cultures and histology

Colonic explant cultures were performed as described previously (155). 24h culture supernatants
were assayed for cytokine ELISA. Slides were prepared for hematoxylin and Eosin staining as
described (155) and histologic analysis was performed by a pathologist blinded to the study

groups (A. Sepulveda).
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3.2.9 p-AKT ELISA

A cell-based ELISA (CASE kit, Superarray Bioscience Corporation) was utilized to determine
the phosphorylation levels of the downstream target of PI3K: AKT. The ELISA was performed

according to the manufacturer’s instructions.

3.3 RESULTS

3.3.1 PI3K pl1108 mutant mice spontaneously develop colitis

In order to characterize the histological features of colitis in PI3K p1105 mutant mice, colonic
sections were examined at the indicated ages and compared with those from wild type animals. A
histological scoring system was used to assess the severity of the induced inflammation. Briefly,
the criteria used to classify cases into grades 0 to 4 was as follows: Grade 0 included cases
characterized by (a) presence of 1 or less mitosis in the colonic crypts per 10 high power fields
(HPF), (b) no epithelial hyperplasia, and (c) no neutrophils in the lamina propria. Grade 1 was
established if less than two of the following criteria were found: (a) presence of epithelial
hyperplasia, (b) presence of more than 2 mitosis/10 HPF in the colonic crypts, (c) any apoptotic
body in the colonic crypts, (d) Infiltration by neutrophils in the lamina propria, () infiltration by
lymphocytes and/or plasma cells in the lamina propria, (d) infiltration by lymphocytes and/or
plasma cells and neutrophils in the lamina propria, (g) less than 30% of colonic crypts showing
intraepithelial lymphocytes (IELs). If there were two or more of the criteria for grade 1 a grade 2
was attributed. Grade 3 was given when: (a) any of the criteria for grade 2 was present and there

were more than 30% of IELs involving the colonic crypts per 10 HPF, (b) or there was

57



submucosal inflammation. Grade 4 was attributed when any of the criteria for grade 3 was
identified together with the presence of crypt abscesses and/or mucosal ulcers.

Histopathologic analysis of all wild type mice groups revealed minimal mucosal
inflammation with one or less mitosis per 10 HPF, and was scored as grade 0 to 1 (Figs. 17 and
18). Definite colitis was detected in all PI3K mutant mice. The severity of colitis was mainly
characterized by increased number of intraepithelial lymphocytes, occasional apoptotic bodies,
and marked increase in the number of mitosis in the colonic crypts. There was a patchy increase
in lamina propria lymphocytes and rare neutrophils in the lamina propria, accompanying the
increasing grade of colitis (Fig. 18). The colonic crypt architecture was overall well preserved
with only focal disruption of the tubular architecture in a rare case that developed focal crypt
abscesses (Fig. 17).

Macroscopically, colons from PI3K mutant mice were shorter in length and thicker than
those from WT mice (Fig. 19 A). A small percentage (about 10%) of mice also developed rectal
prolapse (Fig. 19 B).

Significant increases in the inflammatory scores correlated with increasing mice age (Fig.
19 C and D). Histologic colitis was detected starting at 8 weeks of age and peak grades were
reached by the oldest mice. The percentage of fields demonstrating no histological inflammation
(grade 0) significantly decreased and that depicting severe inflammation (grade 3 to 4)
significantly increased (Fig. 19 C) with age. The mean colitis score also increased with age (Fig.
19 D). A characteristic feature among these most severe cases was the presence of numerous
intraepithelial lymphocytes throughout the colonic mucosa (Fig. 18). The intraepithelial
lymphocytosis predominantly involved the deep portion of the colonic crypts.

Immunohistochemical analysis for CD3 protein revealed the presence of numerous CD3" IELs in
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the colonic crypts of mutant mice compared to WT mice (Fig. 17 G and H). Interestingly, a
significant increase in mucosal thickening was not observed, but a definitive reduction of crypt
goblet cells, and some areas of relatively attenuated mucosa was observed, at increasing levels as
the mice aged (Fig. 18). No significant increase in sub-epithelial collagen or lamina propria
fibrosis was observed. There were no granulomas in any sections examined.

In general, inflammation scores appeared to be higher in the proximal and transverse than
in the distal portion of the colon. The inflammatory infiltrate was in general restricted to the
mucosa. Only few cases presented with crypt abscess formation (grade 4) (Fig. 17). One of the
cases displaying crypt abscesses was a 10-week-old mutant mouse, whereas other cases with
grade grade 4 colitis were found among the oldest mice. No areas of dysplasia or carcinoma were
identified.

Three cases of small bowel samples were also examined. All three cases displayed an
increased number of intraepithelial lymphocytes but no significant disruption of the normal small
bowel architecture was appreciated. No definitive villous blunting was seen. One case presented
a crypt abscess, which accounted for a focal grade 4 area. Similar to the colon, no dysplasia or
cancer was identified in the small bowel.

In summary, the histopathological features observed in PI3K mutant mice are
histologically reminiscent of lymphocytic colitis (225) and perhaps inflammatory bowel disease.
In contrast to lymphocytic colitis in humans, most of the intraepithelial lymphocytes in the
mouse model occur deep in the colonic crypts, whereas, in humans intraepithelial lymphocytosis

characteristically involves the surface epithelium in addition to the length of the crypts.
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Figure 17. PI3K p1108 mutant mice spontaneously develop colitis with markedly increased number of
IELs in the colonic crypts.

(A-F) The colons of PI3K p1108 mutant mice were examined at the indicated ages and compared with
those from wild type animals. The paraffin embedded tissues were cut at 5 microns and hematoxylin and eosin
stained sections were coded and classified in various age groups for blinded microscopic analysis of the mucosal
lesions. (A and D.) Representative staining of colonic sections from 10 wk old WT mice reveal minimal mucosal
inflammation with 1 or less mitotic bodies (white circle, D.) in the crypts. (B and E) Colonic sections from 10 wk
old PI3K mutant mice demonstrating mild inflammation with leukocytic infiltration of the lamina propria (black
arrow, B.) and apoptotic bodies (white circle, E.) and intraepithelial lymphocytes (red circle, E.) in the crypts. (C
and F) Occasional cases of focal crypt abscesses were observed (black arrows). (G and H) Representative
immunohistochemical analysis of colonic sections from WT (G.) and PI3K mutant (H.) mice for CD3. Marked

increase in CD3 positive IELs (black arrows, H) is observed in PI3K mutant sections as opposed to WT (G).

Figure 18. Histopathologic severity of colitis in PI3K mutant mice increases with age.

Shown here are representative hematoxylin and eosin staining of colonic sections from older WT and PI3K
mutant mice. (A, B and E) Colons from 35 wk old WT mice display minimal inflammation. (C, D, F-1.) Low power
(C and D) and high power (F-I) fields of colonic sections from 40-45 wk PI3K mutant mice demonstrating marked
reduction of goblet cells, increased leukocytic infiltration of the lamina propria including neutrophils (white circle,

1), increase in mitotic bodies (white circle, H) and increase in the number of IELs in the crypts (white arrows, H) .
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Figure 19. Assessment of colitis in PI3K p1108 mutant mice.

(A.) Representative colons from 25 wk C57BI/6 WT and PI3K p110d mutant (p110dD910A/D910A) mice.
The mutant mice had shorter colons which were mostly inflamed in the proximal and the transverse regions. (B.)
Rectal prolapse was observed in about 10% of the PI3K mutant mice. (C. and D) Age wise comparison of
histological scores of colonic sections from PI3K mutant mice. Results are represented as percentage of microscopic
fields in each age group with score 0, 1 to 2 or 3 to 4 (C.) or mean colitis scores of each group (D.). The percent
fields with severe score (3 to 4) and the mean colitis score increased significantly with age. *, P<0.01
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3.3.2 PI3K p1108 mutant mice display mucosal and systemic Th1l cytokine profile

In order to characterize the mucosal cytokine profile of PI3K p1106 mutant mice, spontaneous
secretion of cytokines was measured in cultures of colonic mucosal tissue from intestinal
explants obtained from 15 week old PI3K mutant and age and strain matched wild type (WT)
mice. Intestinal explants of PI3K mutant mice secrete significantly elevated amounts of the Thl
inducing cytokines — IL-12 p40, IL-12 p70 and TNF (Fig. 20 A). They also secrete markedly
increased amounts of IL-17 (Fig. 20 A), suggesting the involvement of the recently discovered
Th17 cells (62, 63). Furthermore, while IFN-y levels were undetectable in supernatants from WT
intestinal explants, a profound increase in IFN-y level was observed in PI3K mutant colonic
explant cultures (Fig. 20 A). No differences were observed in intestinal IL-10 levels between WT
and mutant mice. PI3K mutant intestinal explants also secreted high amounts of growth factors
and chemokines — G-CSF, MIP1-a, RANTES and KC (Fig. 20 A). Collectively, these results
suggest that PI3K mutant mice display a proinflammatory Th1 mucosal cytokine profile.
Although the PI3K p11058 mutant mice have been shown to display a defect in T and B-
cell signaling, we were interested in studying defects in innate immune cells of these mice. We
therefore characterized the cytokine profile of splenocytes obtained from PI3K mutant and WT
mice. In agreement with the intestinal cytokine profile, splenocytes obtained from PI3K mutant
macrophages secreted markedly elevated levels of 1L-12 p40 (Fig. 20 B). We also observed
increase in TNF production. Similar to the intestinal cytokine profile, we observed strikingly

enhanced secretion of IFN-y by PI3K mutant splenocytes (Fig. 20 B).
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Figure 20. PI3K mutant mice display a proinflammatory mucosal and systemic cytokine profile.

(A.) Intestinal explants from WT (black bars) and PI3K mutant (grey bars) mice were cultured for 24h and
cell free supernatants were assayed for spontaneous secretion of the indicated cytokines (i and ii) and chemokines
(iii and iv) by ELISA. (B.) Splenocytes from both WT (black bars) and PI3K mutant (grey bars) mice were left
untreated (un) or stimulated with LPS (1 pg/ml) alone or LPS and IFN-y (10 ng/ml) for 24h. IL-12 p40 (i.), TNF (ii)
and IFN-y (iii.) levels in the cell-free supernatants were measured by ELISA. A proinflammatory cytokine profile
was observed in both gut explant and splenocyte cultures. Each result represents the mean + sd of duplicate assays

and is representative of three independent experiments.

3.3.3 1L-12 p40 expression is dysregulated in PI3K mutant macrophages

Having shown that PI3K pl1108 mutant mice demonstrate mucosal and systemic chronic
inflammation, we sought to investigate macrophage specific defects in these mice. The IL-12
family of cytokines (IL-12 p70 and IL-23) serves crucial roles in bridging innate and adaptive
immune responses (3) and PI3K has been shown to negatively regulate IL-12 (220). Since IL-
12 p40 is a common subunit for both I1L-12 p70 and IL-23; and is expressed specifically in
macrophages and dendritic cells (DCs) as opposed to the ubiquitously expressed p19 and p35
subunits, we sought to investigate the role of PI3-kinase p1105 in the regulation of 1L-12 p40
gene expression. Bone marrow derived macrophages (BMDMs) from PI3K mutant mice were
found to secrete significantly greater amounts of 1L-12 p40 protein upon LPS or LPS and IFN-y
stimulation compared to those from WT mice (Fig. 21 A-i). IL-23 levels were also elevated in
PI3K mutant macrophages. (Fig. 21 A-ii). To better understand the regulation of 1L-12 p40 in the
mutant macrophages, we performed a time-course analysis of p40 expression both at the protein
and the mRNA level. IL-12 p40 protein secretion was detectable as early as 3 to 6 h after

stimulation with LPS alone or with LPS and IFN-y (Fig. 21 B) and increased consistently with

time. IFN-y which has been shown to prime macrophages for IL-12 production (86) further
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induced IL-12 p40 secretion without affecting the kinetics. Although the kinetics of p40
induction between WT and PI3K mutant macrophages were not very different, the magnitude of
induction at each time point was significantly greater in the latter. Since I1L-12 p40 is highly
regulated at the transcriptional level, we assessed the kinetics of p40 mRNA induction in
response to LPS and LPS+IFN-y (Fig. 21 C). We observed that with either treatment, 1L-12 p40
MRNA peaked between 2 to 8 h and was significantly attenuated by 24h. As with IL-12 p40
protein, PI3K mutant macrophages did not reveal any differences in the kinetics of p40 mRNA
induction except for a difference in magnitude. IL-12 p35 and pl9 mRNAs were also
overexpressed in the mutant macrophages (data not shown). These results confirm that PI3K
p1103 plays an important role in the regulation of IL-12 family of proteins.

IL-12 p40 is transcriptionally regulated by numerous cis-acting elements and is
synergistically induced by IFN-y (124, 154). Our group has previously shown that the
NFAT/IRF8 site is an important IFN-y responsive site at the p40 promoter (154). We
hypothesized that the enhanced magnitude of IL-12 p40 mRNA expression in PI3K mutant
macrophages could be a result of aberrant regulation of a key transcription factor. In order to test
this, we focused on IRF8 which has been shown to be critical for IL-12 p40 expression (91).
Similar to IL-12 p40, we performed a kinetic analysis of IRF8 mRNA. It was observed that the
expression pattern of IRF8 and p40 mRNA was superimposable and PI3K mutant macrophages

overexpressed IRF8 mRNA (Fig. 21 D) in response to LPS or LPS and IFN-y stimulation. This

suggests that PI3K p1103 plays a negative regulatory role in IRF8 expression.
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3.3.4 PI3K mutant macrophages display a difference in the kinetics and magnitude of
MAPK phosphorylation.

IL-12 p40 is shown to be positively regulated by the MAP kinases p38 and JNK (125, 226, 227);
and negatively regulated by the ERK MAP kinase pathway (227, 228). We hypothesized that
enhanced activation of the MAP kinase pathway could account for the over expression of 1L-12
p40 by PI3K mutant macrophages. A kinetic analysis of MAP kinase activation was performed
using LPS activated WT and PI3K mutant macrophages. We observed that the mutant
macrophages displayed a difference in the kinetics of activation of JNK and p38 MAP kinases
(Fig. 21 E). Both these MAP kinases were activated early in the mutant macrophages. We also
observed enhanced phosphorylation of the p38 MAP kinase. There were no significant
differences in the phosphorylation of ERK. These results suggest that enhanced p38 and JNK

activation in PI3K p1108 mutant macrophages could be responsible for the increased IL-12 p40

expression in these cells.
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Figure 21. IL-12 p40 expression is dysregulated in PI3K mutant macrophages.

(A.) Bone-marrow derived macrophages (BMDMs) from WT (black bars) and PI3K mutant (grey bars)
mice were either unstimulated (Un.) or stimulated with LPS alone (1 pg/ml) or LPS and IFN-y (10 ng/ml) for 24 h.
Cell free supernatants were analyzed for IL-12 p40 (i) and IL-23 (ii) levels by ELISA. PI3K mutant BMDMs
produced enhanced levels of IL-12 p40 at each time point. Each result represents the mean + sd of duplicate assays
and is representative of three independent experiments.

(B.) Bone-marrow derived macrophages cells from WT (dotted line) and PI3K mutant mice (solid line)
mice were stimulated with LPS (1 pg/ml) alone (i) or LPS and IFN-y (10 ng/ml, ii) for the indicated periods of time.
IL-12 p40 levels in the cell-free supernatants were measured by ELISA. (C and D). Bone marrow derived
macrophages from WT (dotted line) and PI3K (solid line) mutant mice were treated with LPS (1 ug/ml) alone (i) for
the indicated periods of time or pre-treated with IFN-y (10 ng/ml) for 1h followed by LPS (ii). Cells were harvested
at each time point and p40 RNA (C.) or IRF8 mRNA (D.) levels were assessed by real-time RT-PCR. Enhanced
magnitude of p40 and IRF8 mRNA was observed for PI3K mutant BMDMSs. Each result represents the mean + sd of
duplicate assays and is representative of three independent experiments.

(E.) Bone-marrow derived macrophages from WT and PI3K mutant mice were grown in AIM-V medium
overnight and stimulated with LPS (1 pg/ml) for the indicated periods of time. Cells were harvested and whole cell
extracts were analyzed for phosphorylation of MAPK by western blotting. The kinetics and magnitude of p-38 and
JNK phosphorylation were enhanced in PI3K mutant BMDM extracts. Results are representative of three

independent experiments.

3.3.5 PI3K mutant macrophages are hyperresponsive to TLR signaling

The above results suggest that negative regulation of TLR4 (LPS) signaling is impaired in
macrophages from PI3K p1108 mutant mice. In order to test whether p1105 is important for
regulation of responses to other TLR ligands, BMDMs from WT and mutant mice were
stimulated with TLR 9 (CpG) and TLR 2 (synthetic bacterial lipoprotein-sBLP) ligands. We
assessed proinflammatory mediators and cytokine production, specifically 1L-12 p40, 1L-12 p70,
IL-23 and nitric oxide (NO). Consistent with the recent literature (215, 229, 230), we observed
that PI3-kinase mutant macrophages secrete enhanced amounts of proinflammatory cytokines

and nitric oxide in response to TLR ligands (Fig. 22). There was no significant difference in IL-
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12 p40 induction by CpG, but IL-12 p70 levels were augmented in CpG stimulated PI3K mutant
macrophages. Stimulation with the TLR2 ligand sBLP revealed marked difference in 1L-12 p40
and p70 induction between WT and mutant macrophages. This suggests that PI3K may play a
greater role in the negative regulation of TLR2 signaling. [L-23 levels were enhanced in the
mutant macrophages in response to CpG stimulation. While IL-23 was undetectable in WT
macrophages in response to sBLP, mutant macrophages displayed a pronounced upregulation of
IL-23. Thus, PI3K mutant macrophages display elevated levels of I1L-12 family of cytokines
upon stimulation with TLR ligands. In corroboration with reports that PI3K negatively regulates
NO production by macrophages (230, 231), we observed increased NO secretion by PI3K mutant
macrophages stimulated with all the TLR ligands tested. Collectively, the above results suggest
that PI3K mutant macrophages demonstrate a heightened sensitivity to stimulation by TLR
ligands underscoring the importance of this molecule in negative regulation of TLR signaling. In
addition, our results also suggest that aberrant regulation of innate immune responses could be

responsible for the development of colitis in PI3K mutant mice.

3.3.6 Defective inhibition of IL-12 p40 by IL-10 and C5a in PI3K p1103 mutant

macrophages

Our results so far have corroborated the existing literature that PI3K is an important signaling
molecule that limits inflammation in macrophages and regulates the expression of IL-12 p40
expression. We hypothesized that PI3K p1106 could be involved in the pathways that inhibit IL-
12 p40. We first tested this hypothesis in the IL-10 pathway of p40 inhibition. IL-10 is a potent
inhibitor of 1L-12 p40 transcription and the mechanisms of this inhibition are largely unknown
(97, 101). Some reports have shown that IL-10 activates PI3K (232-234) and that PI3K is not
important for the anti-inflammatory functions of IL-10 (232). We readdressed this question first
by using chemical inhibitors of PI3K — wortmannin and LY294002.
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Figure 22. PI3K mutant macrophages demonstrate heightened sensitivity to TLR stimulation.

Bone marrow derived macrophages from WT (black bars) and PI3K mutant (grey bars) mice were
stimulated with TLR9 (CpG) or TLR2 (sBLP) ligands at the indicated concentrations for 24h. Cell free supernatants
were analyzed for IL-12 p40, IL-12 p70 or I1L-23 secretion by ELISA and nitric oxide secretion by Greiss’ Reaction.

PI3K mutant BMDMs demonstrate an overall hypersensitivity to TLR stimulation, especially the TLR2 ligand

sBLP. Each result represents the mean + sd of duplicate assays and is representative of three independent

experiments.

Peritoneal macrophages obtained from C57BI/6 mice were treated as indicated (Fig. 23

A). IL-10 was found to profoundly inhibit LPS and IFN-y stimulated IL-12 p40 mRNA levels

and treatment of cells with wortmannin partially abrogated this inhibition. Similar results were
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obtained with LY?294002 (data not shown). To confirm the role of PI3K in IL-10 mediated
inhibition of IL-12 p40, bone marrow-derived macrophages from WT and PI3K mutant
macrophages were treated with IL-10 and IL-12 p40 mRNA levels were measured (Fig. 23 B).
Consistent with the results obtained using chemical inhibitors, the inhibition of IL-12 p40 mMRNA
by IL-10 was partially abrogated in PI3K mutant macrophages. In order to verify that the partial
abrogation of IL-10 inhibition was not due to impaired IL-10 signaling, we measured the
phosphorylation status of STAT3, an important downstream mediator of IL-10 (182).
Interestingly, we observed that phosphorylation of STAT3 was enhanced in the PI3K mutant
macrophages (Fig. 23 C). To confirm that IL-10 activates PI3K in our system, we employed a
cell-based ELISA system to detect phosphorylation of the downstream target of PI3K, Akt. We
observed that IL-10 phosphorylates Akt over time, with a peak at 30 min (Fig. 23 D).
Stimulation of cells with IL-10, LPS and IFN-y resulted in a synergistic induction of Akt
phosphorylation.

We have previously demonstrated that the anti-inflammatory molecule carbon monoxide
exerts its effects on IL-12 p40 by inhibiting IRF8 (155), suggesting that IRF8 could be a
downstream target of anti-inflammatory pathways. In addition, previous observations from our
group have shown that IL-10-/- macrophages overexpress IRF8 similar to PI3K mutant
macrophages (KR, SP, unpublished data). We therefore hypothesized that IRF8 is a target of IL-
10 and that PI3K could be mediating this effect. We tested this by measuring IRF8 levels in IL-
10, LPS and IFN-y treated WT and mutant macrophages and observed that while in WT
macrophages, IL-10 inhibits IRF8 protein, this inhibition is reduced in PI3K mutant
macrophages (Fig. 23 E). This effect was also observed at the level of IRF8 mRNA (Fig. 23 F).

This suggests that IL-10 inhibits IRF8 in a PI3K dependent manner. This inhibition of IRF8
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could possibly be one of the mechanisms by which IL-10 exerts its inhibitory effects on 1L-12
p40. Thus, the above experiments suggest that the anti-inflammatory effects of IL-10 on IL-12

p40 are ineffective in PI3K mutant macrophages.
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Figure 23. Impaired inhibition of IL-12 p40 by IL-10 in PI3K mutant macrophages.

(A.) Peritoneal macrophages from WT mice were either untreated (Un.) or stimulated with IFN-y (10
ng/ml) and LPS (1 pg/ml) or pretreated with the indicated concentrations of wortmannin and IL-10 where indicated.
IL-12 p40 mRNA levels were assessed by RT-PCR and results represented quantitatively. Inhibition of PI3K by
wortmannin resulted in partial restoration of 1L-12 p40 mRNA levels inhibited by IL-10. Results are representative
of three independent experiments. (B and F.) BMDMs from WT (black bars) and PI3K mutant (grey bars) mice
were stimulated with IFN-y (10 ng/ml, 1 h) and LPS (1 ug/ml, 4 h) and where indicated also pretreated with varying
amounts of IL-10 (1 h). IL-12 p40 mRNA (B.) and IRF8 mRNA (F.) levels were measured by real-time RT-PCR
and results represented as percent of LPS/IFN-y induced mRNA. PI3K mutant BMDMs display ineffective
inhibition of IL-12 p40 and IRF8 mRNA by IL-10. Each result is mean + sd of duplicate assays and is a
representative of three independent experiments. (C.) Nuclear extracts from BMDMs stimulated with LPS, IFN-y
and the indicated concentrations of IL-10 were analyzed for p-STAT3 by western blot. Enhanced phosphorylation of
STAT3 was observed in mutant cells in response to IL-10 stimulation. Shown here is a representative of three
independent experiments. (D.) Phosphorylation of Akt was measured by ELISA in WT BMDMs stimulated with IL-
10 alone (10 ng/ml), LPS alone (1 ug/ml) or IL-10, LPS and IFN-y (10 ng/ml) and results represented as a ratio of p-
Akt to total Akt. IL-10 phosphorylates Akt in a time dependent manner. Each result is mean + sd of duplicate
assays and is a representative of three independent experiments. (E.) IRF8 protein levels were assessed in nuclear
extracts of BMDMs treated with LPS (1 pg/ml) and IFN-y (10 ng/ml) with or without 1L-10 (10 ng/ml). Inhibition
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of IRF8 mRNA by IL-10 is impaired in PI3K mutant macrophages. Results are representative of three independent

experiments.

Recent reports have illustrated that the complement component C5a inhibits TLR
responses and IL-12 in particular, by activating PI3K (107, 235, 236). We first confirmed this in
peritoneal macrophages obtained from WT mice using wortmannin (50nM) to inhibit PI3K.
Consistent with the above reports, we found that treatment of macrophages with wortmannin
abrogated the inhibition of 1L-12 p40 (Fig. 24 A). We further studied this pathway of IL-12 p40
inhibition in PI3K mutant macrophages. It was found that while C5a inhibits IL-12 p40 protein
secretion (Fig. 24 C and D) and mRNA accumulation (Fig. 24 B) in WT macrophages, this
inhibition is almost absent in PI3K mutant macrophages. This corroborates the finding by others
and also indicates that yet another pathway of IL-12 p40 inhibition is ineffective in PI3K mutant
macrophages. PGE2 has also been shown to inhibit IL-12 p40 (127), but this inhibition was
found to be intact in PI3K mutant macrophages (data not shown). Taken together, our results
suggest that macrophages from PI3K mutant mice lack efficient downregulation of 1L-12 p40 by

inhibitory pathways.
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Figure 24. Impaired inhibition of IL-12 p40 by C5a in PI3K mutant macrophages.

(A.) Peritoneal macrophages from WT mice were either untreated (un.) or stimulated with IFN-y (10 ng/ml)
and LPS (1 pg/ml) in the presence or absence of wortmannin (50 nM) and C5a (200 nM) where indicated, for 24 h.
IL-12 p40 secretion was assayed in supernatants by ELISA. Inhibition of IL-12 p40 by C5a was abrogated by
wortmannin treatment. (B.) BMDMs from WT (black bars) and PI3K mutant (grey bars) mice were stimulated with
IFN-y (10 ng/ml, 1 h) and LPS (1 ug/ml, 4 h) and where indicated with varying amounts of C5a (1h). IL-12 p40
MRNA levels were measured by real-time RT-PCR and results represented as percent of LPS/IFN-y induced mRNA.
Inhibition of IL-12 p40 mRNA by C5a is abrogated in PI3K mutant mice (C and D.) BMDMs were stimulated with
LPS alone or LPS and IFN-y with the indicated amounts of C5a for 24 h. IL-12 p40 levels were measured by ELISA
and results represented as percent inhibition of LPS (C.) or LPS and IFN-y (D.) induced IL-12 p40. Inhibition of IL-
12 p40 protein secretion is abrogated in PI3K mutant macrophages. Each result represents the mean + sd of

duplicate assays and is representative of three independent experiments.
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3.3.7 PI3K mutant macrophages display impaired responses to MDP

NOD?2 functions as an intracellular pattern-recognition receptor which binds to a component of
the bacterial cell wall peptidoglycan — MDP (muramyl di-peptide) (79). Mutations in the NOD2
gene have been associated with Crohn’s disease (80, 81) and DCs obtained from Crohn’s disease
patients have been shown to produce reduced amounts of 1L-12 in response to the NOD?2 ligand
MDP (237). We were interested in studying if this important pathway of bacterial recognition is
affected in the PI3K mutant macrophages. WT and mutant bone marrow derived macrophages
were stimulated with MDP in the presence or absence of IFN-y. Interestingly we observed that
PI3K mutant macrophages produce significantly less IL-12 p40 protein (Fig. 25 A) and mMRNA
(Fig. 25 B) in response to MDP. In addition to IL-12 p40, TNF production in response to MDP
stimulation was also impaired in PI3K mutant macrophages (Fig. 25 C). In order to test if PI3K
is an intermediate in the NOD2 signaling pathway, we monitored Akt phosphorylation. We
observed that MDP phosphorylates akt in a time dependent manner in WT bone marrow derived
macrophages and treatment with IFN-y further induces this (Fig. 25 D-i). PI3K mutant
macrophages demonstrated severely reduced levels of Akt phosphorylation in response to MDP.
Phosphorylation of Akt by TLR4 and TLR2 ligand —LPS and sBLP respectively, was also
reduced; although the reduction was greater with sBLP (Fig. 25 D-ii and iii). The expression of
NOD2 mRNA was equivalent in WT and mutant macrophages (data not shown). These results
demonstrate that PI3-kinase mutant macrophages display a selective impairment of inflammatory
cytokine production in response to the NOD2 ligand MDP. This also uncovers a novel

intermediate in the NOD?2 signaling pathway — p1106 PI3K.
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Figure 25. PI3K mutant macrophages display an impaired response to the NOD2 ligand — MDP.

(A. and C.) BMDMs from WT (black bars) and PI3K mutant (grey bars) mice were either unstimulated
(un.) or stimulated with MDP alone (10 pg/ml) or MDP and IFN-y (10 ng/ml) for 24 h. Cell free supernatants were
analyzed for IL-12 p40 (A.) and TNF (C.) levels by ELISA. PI3K mutant macrophages produced markedly less IL-
12 p40 and TNF in response to MDP stimulation. (B.) IL-12 p40 mRNA levels in BMDMs in response to MDP
stimulation (10 ug/ml for 4 h) were assessed by real-time RT PCR. Diminished levels of 1L-12 p40 mRNA were
observed in PI3K mutant cells. (D.) BMDMs from WT or PI3K mutant mice were stimulated with either MDP (10
pg/ml) or MDP and IFN-y (10 ng/ml) (i.) ; LPS (100 ng/ml, ii.) or SBLP (100 ng/ml, iii.) for the indicated periods of
time and phosphorylation of Akt was assayed by ELISA. Results are presented as a ratio of p-Akt to total Akt.
Phosphorylation of Akt by MDP, LPS or sBLP was diminished in PI3K mutant BMDMs. Each result is mean + sd

of duplicate assays and is representative of three independent experiments.

3.4  DISCUSSION

In summary, the present study reinforces the role of PI3K in the regulation of TLR signaling and
innate immune function. We characterize chronic inflammation and IBD in PI3K p1108 mutant
mice and report a novel role for PI3K in NOD?2 signaling. Histologically, a marked increase in
the infiltration of IELs was observed in colonic crypts of mutant mice. A few areas of crypt
abscess were also observed. The lamina propria of mutant mice displayed infiltration of
lymphocytes and neutrophils, and an increase in apoptotic and mitotic bodies. Immunologically,
a proinflammatory cytokine profile tending towards a Thl response was observed both
mucosally and systemically. Excess proinflammatory cytokine secretion was also observed in
bone marrow derived macrophages form PI3K mutant mice stimulated with TLR ligands. We
observed defects in IL-10 and C5a mediated regulation of I1L-12 p40. Finally, we observed

impaired responses of PI3K mutant macrophages to stimulation by the NOD2 ligand- MDP.
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One of the key histological features of PI3K p1105 mutant colonic sections was the
pronounced increase in the infiltration of IELs. Intraepithelial lymphocytes play an important
role in maintaining homeostasis at the mucosal epithelium (238). They secrete various effector
cytokines including IFN-y and TNF (239). This suggests that the tremendous increase in IFN-y
secretion by PI3K mutant gut explant cultures could possibly be a result of enhanced IEL
migration into the colons of these mice. IFN-y produced by IELs can in turn alter epithelial cell
function (240). IFN-y has been shown to upregulate MHC-1, MHC-I1 and intracellular adhesion
molecule-1 (ICAM-1) expression on epithelial cells. IEL homing has also been shown to affect
epithelial permeability and upregulate chemokine production by epithelial cells; which could in
turn augment migration of other proinflammatory cells (240). This correlates with our
observation of increased RANTES, KC (IL-8 homolog) and MIPla secretion by PI3K gut
explant cultures. Furthermore, a proinflammatory environment has been shown to induce
chemokine secretion by epithelial cells (241), suggesting that the dysregulated innate immune
responses at the PI3K mutant mucosal epithelium could alter intestinal homeostasis in these
mice. It would be interesting to further characterize the role of IELs in the development of IBD
in these mice.

The proinflammatory cytokine IL-17 has been shown to play a role in autoimmune and
chronic inflammatory diseases such as rheumatoid arthritis, psoriasis and multiple sclerosis (60,
66, 71, 242-244). Recently, it was reported that a distinct lineage of T cells, Th17 cells, produce
IL-17 (62, 63) and that these cells are critical for the pathogenesis of chronic inflammatory
diseases, including IBD (72). Furthermore, IL-17 has been shown to be upregulated in IBD
patients (145, 146). In gut explant cultures, PI3K mutant mucosal tissue produced more IL-17

than that of WT mice. This implicates a possible role for IL-17 in the pathogenesis of IBD in
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PI3K mutant mice. Future studies warrant evaluation of Th17 cells in the development of IBD in
these mice. Although IL-23 is not required for the development of Th17 cells, it is reported to be
involved in the survival and expansion of these cells (64). We observed that bone marrow
derived macrophages from PI3K mutant mice produced elevated levels of IL-23 compared to
those from WT mice. This further implicates innate immune dysfunction and the IL-23/IL-17
axis (69) in disease pathogenesis in these mice.

Initial studies have shown PI3K to function as a “gate-keeping system” to limit innate
immune responses in vitro (monocytes) (245) and in vivo (endotoxic shock) (246) and
accumulating evidence over the past few years have established the role of PI3K in the
attenuation of TLR signaling (215, 216, 220, 229, 230, 247, 248). PI3K is activated upon
signaling through various stimuli including LPS (TLR4), peptidoglycan (TLR2), CpG (TLR9),
CD-40L and RANKL (receptor activator of NF-kB ligand), suggesting that both positive and
negative regulatory pathways are simultaneously activated in innate immune cells (215). Mice
with genetic deletion of the p85a. subunit of PI3K display altered balance of Th1-Th2 responses
(220). These mice demonstrate impaired immunity to the prototypical Th2-inducing pathogen,
the intestinal nematode Strongyloides venezuelensis and show resistance to the Thl-inducing
pathogen Leishmania major. Dendritic cells from these mice produce enhanced levels of IL-12 in
response to TLR2 (PGN), TLR4 (LPS) and TLR9 (CpG) ligands. However, these mice have not
been reported to develop chronic inflammation and IBD. This could be because mice deficient in
PI3K subunits demonstrate compensatory changes in expression and availability of regulatory
subunits which could affect the phenotype and functional analyses (169). In this regard, the

results from our study using PI3K p1108 mutant mice are more biologically relevant. The data

presented here corroborate the findings by Fukao et. al., (220) in that mutation of p1105
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enhances secretion of proinflammatory cytokines including IL-12 in macrophages leading to a
skewed Th1 response in vivo. The enhanced magnitude of IL-12 p40 expression supports the
current theory that PI3K serves to regulate the magnitude of induction in the early-phase of the
innate immune response. In essence, PI3K functions as the ‘volume-control knob’ of innate
immunity.

In addition to regulating TLR signaling, we propose that PI3K is involved in pathways
that inhibit IL-12 p40. IL-10 is a potent anti-inflammatory cytokine which inhibits macrophage
activation and proinflammatory response (182) and has been shown to activate PI3K (232-234).
IL-10 inhibits IL-12 p40 transcription, the mechanisms of which are elusive (97, 101). Here, we
demonstrate that PI3K at least partially mediates the anti-inflammatory effect of IL-10. In
addition, we are the first to show that IL-10 inhibits IRF8, which is a critical transcription factor
for IL-12 p40. We observed that this inhibition is partially abrogated in PI3K mutant mice. This
suggests that IL-10 by activating PI3K inhibits IRF8. This raises questions such as the
involvement of STAT3 in the inhibition of IRF8 and activation of PI3K, which are under
investigation. A recent report showed that STAT3 induces PI3K subunits (249).

Ligation of Gi-protein coupled receptors (GPCR) has been shown to inhibit IL-12 (104)
and mice with a deficiency of Gi-2a develop colitis (106). Receptors for complement
components are GPCRs which have been shown to inhibit IL-12 in a PI3K dependent manner
(107, 235, 236). However, these studies were performed using chemical inhibitors of PI3K. Here
for the first time we demonstrate using PI3K p1108 mutant mice that the complement component
C5a mediated inhibition of IL-12 is indeed abrogated in PI3K mutant mice.

NOD1 and NOD2 are cytosolic proteins offering a second line of defense in innate

immune cells beyond the membrane-bound TLRs (79). These proteins belong to a family of
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proteins with leucine-rich repeats (LRR) in the ligand recognizing C-terminal domain, a
nucleotide binding domain and N-terminal caspase activating and recruitment domains (CARD).
Mutations in NOD2 (CARD15) are linked to CD (80, 81) and polymorphisms in NOD1 (CARDA4)
are linked to IBD (250) and asthma (251), which underscore the importance of these proteins in
innate immunity. Despite a lot of advances in understanding the biology of NOD proteins, our
knowledge of NOD1/2 signaling pathways is still limited. Stimulation of both NOD1 and 2 leads
to NF-«xB activation mediated by homophilic CARD-CARD interactions between NODs and the
molecule RIP2 (also called RICK or CARDIAK) (252). CD associated mutations in NOD2
generate proteins that are defective in PGN and MDP-induced NF-kB activation (253, 254). In
addition, it has been shown that DCs from CD patients with the 3020insC frameshift mutation in
NOD?2 are defective in their response to MDP induced TNF and IL-12 (237). This corroborates
our finding that bone marrow derived macrophages from PI3K mutant mice secrete markedly
reduced levels of TNF and IL-12 in response to MDP. NOD2 deficient mice and mice expressing
a truncated form of NOD2 do not develop spontaneous intestinal pathology (255-257). Here, we
report a mouse model with defects in NOD2 signaling which spontaneously develop IBD. Thus,
our study uncovers PI3K as a novel intermediate in the NOD2 signaling pathway and provides us
a model for further understanding the role of NOD2 in chronic inflammatory diseases.

Our data support the recent study which demonstrated that NOD2 negatively regulates
TLR2 responses mediated by PGN (255). In our study, mutation of p1103 PI3K seemed to have
a greater effect on TLR2 responses. This result combined with the observation of diminished
responses to NOD2 stimulation lead us to propose that PI3K is involved in the negative

regulation of TLR2 signaling by NOD2. Similar to RICK, PI3K could be a common
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intermediate of both TLR2 and NOD2 signaling (258). Whether PI3K is upstream or
downstream of RICK needs to be determined.

The present data suggest that rendering p1105 inactive causes defects at several levels in
innate immune cells. Firstly, the negative regulation of TLR signaling by PI3K being lifted,
macrophages now become hyperresponsive to stimulation by TLR ligands and secrete
proinflammatory cytokines in excess. Secondly, we propose that PI3K is an important
downstream modulator in anti-inflammatory/inhibitory pathways and functions as a ‘molecular
brake’ to limit inflammation. Such dysregulation of innate immune function could alter the
balance of Th1l versus Th2 and lead to chronic inflammatory diseases such as IBD. Thus, PI3K

p1105 mutant mice provide a unique mouse model to better understand disease pathogenesis.
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4.0 CONCLUSIONS

Inflammation is the first response of our body to injury or infection. The discovery of
inflammation dates back to around 30 BC to 38 AD when the Roman writer Cornelius Celsus
first documented the four cardinal signs of inflammation as “rubor et tumor cum calore et
dolore” which means “redness and swelling with heat and pain” (259). A scientific explanation
for these features was attempted only in the 19™ century by Rudolph Virchow and his pupil
Julius Cohnheim, who performed microscopic observations and described that the redness is a
result of increased blood flow and the swelling occurs due to accumulation of cells and fluid
leading to pain (259). An important milestone in the history of inflammation was the discovery
of macrophages by Eli Metchnikoff, who described these cells as ‘big eaters” which phagocytose
dying cells. Metchnikoff defined inflammation as *...a local reaction often beneficial, of living
tissue against an irritant substance. This reaction is mainly produced by phagocytic activity of
the mesodermic cells. In this reaction, however, may participate not only changes of the vascular
system, but also the chemical action of the blood plasma and the tissue fluids...” (259).

Our understanding of inflammation has come a long way since its discovery more than
2000 years ago and a recurrent theme that has emerged is that inflammation is a double edged
sword. We now know that inflammation is a well coordinated sequence of events initiating with
the extravasation of leukocytes from the blood stream into the site of injury, followed by an

effector phase involving clearance of the pathogen and finally the resolution phase where cell
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debris is cleared and the inflammatory cells themselves are removed and tissue repair is initiated.
We also know that every stage of inflammation is tightly regulated and that dysregulation at any
step, especially the resolution phase, could be potentially detrimental to the host. Inappropriate
dampening of inflammation could lead to persistent stimulation of the immune system and a state
of chronic inflammation. Our knowledge about the regulation of initiation and the effector
phases of inflammation is far greater than that of the resolution phase. However, over the last
few years, resolution of inflammation has gained tremendous interest (260, 261). This could be
fuelled by the fact that inflammation has recently been associated with several diseases like
atherosclerosis, asthma, alzheimer’s, diabetes and cancer. In fact, the Time magazine recently
coined inflammation as “the secret killer” and ran a cover page article on the links between
inflammation and various diseases (262).

Until recently, it was thought that resolution of inflammation is a passive process.
However, recent findings indicate that it is an actively orchestrated sequence of events involving
prevention of leukocyte migration into inflamed tissue and elimination of inflammatory cells.
Resolution also occurs at an intracellular level; the signaling pathways leading to the expression
of proinflammatory mediators are dampened at multiple points. Understanding the molecular
details of dampening inflammation could reveal novel molecular targets for therapeutic
intervention. This dissertation attempts to explore such intracellular mechanisms of resolving
inflammation; both naturally occurring inhibitory pathways and a novel way of inhibiting
proinflammatory gene expression, in the context of inflammatory bowel disease (IBD).

Crohn’s disease (CD) and ulcerative colitis (UC), the two forms of IBD, together affect
as many as 1.4 million people in the United States and 2.2 million people in Europe and their

incidence is rising in areas such as Southern Europe and Asia, which were earlier thought to be
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of low-incidence (263). For a long time, pharmacological agents such as 5-aminosalicylic (ASA)
compounds, steroids, azathioprine/6-mercaptopurine were the only available treatment options
for IBD. Infliximab (Remicade; Centocor), a chimeric monoclonal antibody against TNF-o, was
the first biologic agent to be approved for CD treatment in 1998. Since then, tremendous
advancement of our understanding of inflammatory responses and mucosal immunology has
fuelled the development of new biological therapeutic approaches for the treatment of both forms
of IBD (264). A majority of these new agents target either the function or the synthesis of
proinflammatory cytokines, underscoring the critical role of cytokines in IBD (264, 265). Several
cytokines have been implicated in the pathogenesis of both CD and UC. The proinflammatory
cytokines 1L-12, IFN-y and TNF-a have been shown to be elevated in the intestinal mucosa of
CD patients; and UC has been associated with an increased secretion of IL-5 and TNF-a. In
addition, IL-6, IL-8 and IL-1 levels were also increased in the inflamed mucosa of CD and UC
patients (265). Hence, better ways of targeting cytokines has been a constant quest.

In order to efficiently inhibit cytokines, it is important to understand their precise role in
IBD, the molecular mechanisms of their synthesis and the molecules and pathways involved in
their regulation. Research using animal models of IBD has provided a wealth of information
about IBD pathogenesis and has helped develop novel therapeutics, which are currently under
clinical trail. The monoclonal antibody directed against IL-12 p40 is a classic example of ‘bench
to bedside’ research. The antibody, designated ABT-874 (Abbott Laboratories) has shown
promising results in initial clinical trials in CD patients, in that treatment with ABT-874
donwregulated the proinflammatory cytokines IL-12, I1L-23 and IL-6. Secretion of TNF-a and
IFN-y were also decreased (147, 148). IL-12 p40 was first established as a target in animal

models of IBD. Neutralizing 1L-12 p40 proved therapeutic in mouse models and IL-12 p40 -/-
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mice were shown to be resistant to disease (149-151, 266). A crucial prerequisite for such pre-
clinical studies in animals and subsequent clinical trials in humans is extensive background basic
research about the molecule being targeted. In this case, decades of research have established the
role of IL-12 in immune responses (3). The discovery of IL-23 as a novel heterodimer of IL-12
p40 and as a cytokine driving chronic inflammation has rendered IL-12 p40 more attractive as a
therapeutic target (23). Furthermore, thorough analysis of IL-12 p40 gene expression and the
proximal signaling molecules that impinge on p40 transcription have helped develop specific
therapeutic agents. For example, inhibitors for p38/JNK MAP kinases, which play an important
role in IL-12 p40 transcription; semapimod (Cytokine PharmaSciences) and RDP 58 have been
promising in initial clinical trials for CD and UC respectively (264).

Our group has been instrumental in studying IL-12 p40 gene expression and applying the
findings originating thereof in pre-clinical studies in mouse models of IBD. We have identified
several cis-acting elements in the IL-12 p40 promoter, the latest of which is the composite
NFAT/IRF8 element (154). The initial part of this dissertation study helped complete the
characterization of this site, as part of a collaborative study. In a subsequent collaboration, IRF8
was identified as a target for the anti-inflammatory pathway of CO and HO-1. This suggests that
inhibition of IRF8 could be a potential therapeutic approach in IBD. However, IRF8 has been
shown to be crucial for 1L-12; and IRF8 deficient mice demonstrate severe immunodeficiency
and also develop a chronic myelogenous leukemia-like syndrome (91, 267). Hence, future
studies are required towards generating approaches to inhibit IRF8 functions, while preserving
the balance between therapy and disease.

Herein, we target NFAT in macrophages using a novel cell permeable peptide — TAT-

VIVIT. In our study VIVIT was found to inhibit expression of both IL-12 p40 protein and
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MRNA. In addition, we describe a general role for NFAT in macrophage specific
proinflammatory gene expression. TNF-a, IL-12 p70, IL-23 and NO secretion were inhibited by
VIVIT. In order to study the global role of NFAT in macrophage gene expression, high-
throughput analyses such as microarray or chromatin immunoprecipitation (ChIP)-chip analysis
would be required. The latter is a technique for identifying novel targets for a specific
transcription factor.

Although macrophages express all the family members of NFAT, our study did not
address the differential functions of individual NFAT members in macrophages. In addition,
each NFAT member has several isoforms, each probably having unique regulatory functions.
Since VIVIT peptide inhibits the interaction of calcineurin with NFAT, nuclear translocation of
NFAT 1-4 would be inhibited (176). Understanding the biology of NFAT family of transcription
factors could facilitate the generation of member/isoform specific inhibitors. This study provides
the groundwork for testing NFAT inhibition in disease models. However, the diverse functions
and the complex nature of the NFAT family make it challenging for interventional approaches in
animal models. A recent study using NFATc2 -/- and recombinase activating gene-2 (RAG-2) -/-
double knock out mice reported the development of spontaneous UC-like syndrome in these
mice (268). In addition, in a mouse model for arthritis, NFATc2 -/- mice developed severe,
inflammatory arthritis (269). This suggests that NFATc2 has a negative regulatory role in innate
immune functions and IBD. Thus, dissecting the functions of each NFAT member would be
critical for further studies.

Although VIVIT peptide is more specific than its pharmacological counterparts — FK506
and CsA - it might still have non-specific effects. VIVIT could inhibit the interaction of

calcineurin with other substrates which use similar binding motifs as NFAT (270). Recently, a
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new generation of small molecule and organic NFAT inhibitors has been generated (271-273).
These inhibitors claim to be highly specific inhibitors of NFAT-calcineurin interaction. In
addition, use of these inhibitors could also circumvent delivery and stability problems associated
with the use of peptide inhibitors.

Taken together, NFAT-IRF8 interactions could serve critical functions in
proinflammatory gene expression. Further characterization of specific interaction domains and
residues by x-ray crystallographic analysis could facilitate specific inhibition of this interaction
and might provide new therapeutic approaches for IBD.

We next investigated intracellular mechanisms that negatively regulate IL-12 p40
expression. Several proteins have been described that negatively regulate TLR signaling and IL-
12 expression. Although mice deficient in these proteins are hypotolerant to LPS induced
endotoxic shock, they have not been reported to develop spontaneous IBD (214). PI3K is one
such intracellular signaling pathway which inhibits TLR signaling and IL-12 expression (215).
We were extremely intrigued by the report that PI3K p1108 mutant mice spontaneously develop
IBD (169) and we sought to explore macrophage defects in these mice.

Our study revealed interesting facets of immune regulation and IBD in these mice.
Histological features of colitis, which comprised of leukocytic infiltration, apoptotic and mitotic
bodies and a marked increase in intraepithelial lymphocytes, were observed as early as 8 wks of
age. A proinflammatory mucosal cytokine profile was observed with excessive production of IL-
12, IL-23, TNF-a, IL-17 and IFN-y. Macrophages from these mice were hyperresponsive to TLR
signaling, especially TLR2 and TLR4. In addition to its role in negative regulation of TLR
signaling, PI3K was found to be involved in the inhibition of 1L-12 p40 by Cb5a (as reported

earlier (235)) and IL-10. Interestingly, similar to DCs from CD patients, macrophages from PI3K
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mutant mice responded poorly to the NOD2 ligand MDP. Thus, PI3K p1108 mutant mice
represent a unique mouse model for IBD.

Furthermore, our study reinforces a negative regulatory role for PI3K in TLR signaling. It
was earlier thought that Class 1A PI3K alone inhibits TLR signaling. A recent study analyzed the
role of individual classes of PI3K in TLR signaling and reports a distinct role for Class 111 PI3K
in TLRY signaling (247). Thus, PI3K is emerging as a class of enzymes involved in keeping the
innate immune functions under control. The mechanisms by which PI3K inhibits TLR signaling
is unknown. In a study by Kagan and Medzhitov, phosphatidylinositol 4,5-bisphosphate (PIP2)
was necessary for recruitment of the TLR adaptor protein TIRAP in order to initiate signaling
(274). 1t is possible that PI3K, by means of phosphorylating PIP2 to its tri-phosphate form —
PIP3 (phosphatidylinositol 3,4,5-triphosphate) inhibits the recruitment of TIRAP to TLR. In this
study, only TLR2 and 4 required PIP2 for signaling; which also explains our observation that
TLR2 and 4 signaling were most affected by inactivation of PI3K p1103.

Glycogen synthase kinase (GSK) 3, a downstream target for PI3K has been suggested to
mediate the inhibitory effect of PI3K (275). GSK3 is constitutively active in resting cells and is
known to regulate transcription factors NF-kB, AP-1, NFAT and CREB (CAMP response
element-binding protein) (275, 276). GSK3 is inhibited through phosphorylation by kinases such
as Akt (also protein kinase B), which is induced by PI3K. Inhibition of GSK3 led to reduced
nuclear amounts of NF-kB and the co-activator CBP (CREB binding protein) and attenuated
proinflammatory cytokine production. Thus, it is possible that PI3K directly affects recruitment
of TLR adaptor proteins and also inhibits the downstream kinase GSK3, in order to inhibit TLR

signaling. It would be interesting to study the activation status of GSK3 in PI3K mutant cells.
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The gene encoding NOD?2 has been extensively as a susceptibility gene for human IBD
(80, 81). DCs from CD patients demonstrate impaired responses to the NOD2 ligand MDP (237).
However, NOD2 knock out and mutant mice do not develop IBD spontaneously and whether
NOD2 mutation is a gain-of-function or a loss-of-function mutation is controversial (255-257,
277). The findings from our analysis of PI3K mutant mice support the notion that NOD2 is a
negative regulator of TLR2 signaling and resemble the phenotype of CD patients with NOD2
mutations. Our study also suggests that PI3K is a downstream component of NOD2 signaling
and may mediate its negative regulatory effect. Furthermore, the human gene for p1106
(PIK3CD) maps to the IBD7 susceptibility region on chromosome 1p36 (169). Further
investigations of PIK3CD as an IBD susceptibility gene are required to better understand the
complex interplay between PI3K, TLR and NOD?2 signaling..

It has been proposed that macrophages, similar to Thl and Th2 subsets, differentiate into
polarized subsets (called M1 and M2) depending on the stimuli and influence T-helper responses
(278, 279). M1 macrophages produce high amounts of 1L-12, IL-23 and other proinflammatory
cytokines and participate in Th1l responses. M2 macrophages produce high levels of IL-10 and
promote Th2 responses. In a recent study, it was reported that macrophages from mice deficient
for SHIP (src homology 2-containing inositol-5’-phosphatase) demonstrate a pronounced
skewing towards the M2 phenotype (280). SHIP is a potent negative regulator of PI3K and
SHIP-/- mice would have enhanced PI3K activity. The M2 skewing of macrophages in SHIP-/-
mice suggests that PI3K has a role in M2 macrophage differentiation. Furthermore, M2
macrophages are thought to be involved in the resolution of inflammation due to their debris
scavenging, tissue remodeling and wound healing properties (278). This is consistent with a role

for PI3K in dampening inflammation. Hence, it would be interesting to study macrophage
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differentiation in PI3K mutant mice; the hypothesis being — PI3K mutant mice show a skewed
M1 macrophage phenotype.

Although we studied macrophage specific defects in our study, it is possible that a defect
in other immune cell compartments is also contributing to IBD in the PI3K p1105 mutant mice.
In order to identify the cell type responsible for IBD, adoptive transfer experiments into
immunodeficient animals need to be performed.

Another interesting feature of these mice was the profound increase in the number of
IELs in the colonic mucosa which is reminiscent of human lymphocytic colitis and celiac disease
(225). Characterizing the role of IELs in the induction and propagation of colitis in the PI3K
mutant mice would provide valuable insight into the pathogenesis of the above forms of colitis in
humans, which are much less studied compared to UC and CD.

Thus, the PI3K p11056 mutant mice present several interesting phenotypic features which
could further our understanding of both human IBD and basic mechanisms of regulating
inflammation and immunity. Manipulation of the PI3K pathway could be a potential therapeutic
approach for treating IBD.

This dissertation has explored mechanisms for inhibition of inflammation in IBD, both by
external manipulation of proinflammatory gene expression or by naturally occurring negative

regulatory pathways; which are summarized in figure. 26.
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Figure 26. IL-12 p40 regulation in macrophages : A central event in intestinal inflammation.

The IL-12 p40 promoter is activated in macrophages are activated through ligation of TLRs and
synergistically induced by IFN-y. The NFAT/IRF8 element is important for this induction. I1L-12 p40 thus produced
heterodimerises with either p35 to form IL-12 or p19 to form IL-23. Both these cytokines are critical for Thl
responses. However, inappropriate regulation of these cytokines can lead to a chronic inflammatory disorders such
as IBD. Inhibitory pathways in macrophages such as those mediated by I1L-10, CO and complement components are
crucial for negative regulation of IL-12 p40 and help maintain intestinal homeostasis. Data from this dissertation
suggests that PI3K serves as an important ‘molecular brake’ to limit inflammation. Targeting of transcription factors
such as NFAT also inhibits IL-12 p40, providing us new approaches for treating IBD.
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