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Abstract

IL-12, an immunoregulatory cytokine, plays a key role in the development of cell-
mediated immune responses. However, very little is known about the regulation and
induction of the other members of this family, particularly IL-23 and IL-27. The regulation
of these cytokines was studied in the human primary monocytes and monocyte-derived
macrophages (MDMs) as they play a key role in innate and adaptive immune responses.
THP-1 promonocytic cells were employed as a model system to confirm the results obtained
with monocytes and MDMs. Two stimuli IFN-y and LPS were used as both are strong
inducers of IL-12 family cytokines.

My results show that IFN-y induced the production of IL-12/23p40 and IL-23p19
MRNA as well as 1L-12p40 and IL-23 proteins in primary human monocytes isolated by
positive selection. IFN-y-induced IL-23 and 1L-12/23p40 expression was positively regulated
by the p38 mitogen-activated protein kinases (MAPK), independent of the Janus kinase
(Jak)/signal transducers and activators of transcription (STAT) signaling. In contrast, IL-12
and 1L-23 were negatively regulated by the Jak/STAT, phosphoinositide-3 kinase (PI3K) and
the c-Jun-N-terminal kinase (JNK) MAPKs in IFN-y-stimulated monocytes.

LPS significantly stimulated IL-23p19 and IL-12/23p40 mRNA expression as well as
IL-12/23p40 and 1L-23 protein production in THP-1 cells, while IFN-y stimulation alone did
not affect IL-23 mRNA or protein levels. THP-1 cells were pre-treated with ERK, JNK or
p38 MAPK inhibitors and then stimulated with LPS. LPS-induced IL-12p40 and IL-23
proteins were positively regulated by the p38 and INK MAPKs and PI3K, whereas LPS-
induced IL-23p19 mRNA expression was negatively regulated by these kinases. These

results were confirmed using siRNA in LPS-stimulated THP-1 cells. My results also show
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that IFN-y/LPS-induced IL-23 expression is not regulated through MAPK or PI3K signaling
pathways in human MDMs.

My results also show for the first time that IFN-y alone without any second stimulus
induced IL-27p28 gene expression and 1L-27 protein production in human monocytic cells. |
investigated the signalling pathways governing the regulation of IL-27 protein and its subunit
IL-27p28 following stimulation with IFN-y in primary human monocytic cells. IFN-y-
mediated IL-27 protein, but not IL-27p28 gene expression was positively regulated by
JNK MAPK and PI3K, independent of JAK/STAT signaling in primary human monocytes.

| also investigated the signalling pathways governing the regulation of IL-27 and its a
subunit, 1L-27p28 following stimulation with IFN-y alone or IFN-y-primed LPS-stimulated
macrophages (IFN-y/LPS) and THP-1 cells. A differential regulation of 1L-27p28 and IL-27
in response to stimulation by either IFN-y or IFN-y/LPS was observed. IFN-y- and IFN-
v/LPS induced IL-27 expression was positively regulated by the JNK, p38 MAPK and PI3K,
independent of Jak/STAT signaling in human MDMs and THP-1 cells. Taken together, my
results show that IL-23 induction is differentially regulated by different pathways in response
to different stimuli, whereas 1L-27 expression is regulated by JNK, p38 MAPK and PI3K
regardless in the stimulus in human myeloid cells. These results may provide additional

strategies aimed at targeting disease, autoimmune disorders and cancer.
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Chapter 1 Introduction

Cytokines are cell-signaling protein molecules that act as immunoregulators,
immunomodulators and inter-cellular communicators (1). Cytokines are usually synthesized
in the cytoplasm, translocated across the endoplasmic reticulum (ER) through the Golgi
apparatus to the plasma membrane directly or through secretory granules (2). There is also a
non-canonical cytokine secretion pathway, independent of the ER-Golgi complex, where
proteins are released from the cytosol via microvesicles (3).  Cytokines can also be
packaged in the Golgi body for storage in secretory vesicles to be secreted during receptor-
mediated activation (2).

IL-12, an immunoregulatory cytokine, plays a crucial role in cell-mediated immune
responses (4). Two heterodimeric cytokines, 1L-23 and IL-27 have been recently described
(Figure 1). These two cytokines are structurally related to IL-12 and exhibit biological
functions similar to IL-12 (5-7). Similarly to IL-12, they are produced by
monocytes/macrophages and dendritic cells (DCs) (5, 6, 8). Monocytes/macrophages and
DCs are professional antigen presenting cells (APC) and important sources of T-helper cell 1
(Thl) cytokines.

IL-12 production has been shown to be regulated via LPS-induced c-Jun N-terminal
kinase (JNK) mitogen-activated protein kinase (MAPK)-dependent AP-1 and NK-xB
activation (9, 10). While the signalling pathways responsible for 1L-12 expression in murine
and human DCs have been examined (4, 11-14), the mechanisms responsible for IL-23 and
IL-27 expression in monocytes/macrophages remain unknown. Some reports investigated
their mMRNA level (15-18), however, little is known about the regulation of 1L-23 and IL-27

protein production.
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Figure 1 The IL-12 cytokine family and its receptors. IL-12 is a heterodimer cytokine
composed of a light chain (IL-12p35) and a heavy chain (IL-12p40). Its receptor comprises
IL-12B1 and IL-12fB2, which share homology with gp130. [L-12p40 can dimerise with the
light chain IL-23p19 in order to form IL-23. The IL-23 receptor is formed by the association
of IL-12B1 with IL-23R. 1L-27 is composed of the light chain IL-27p28 and a heavy chain,
EBI3. IL-27 binds to its receptor comprised of gp130 and WSX-1 (19).
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In light of these issues, my thesis will ask the following questions: a) what governs the
regulation of 1L-23 and IL-27 in human monocytic cells and macrophages; b) what are the

possible signalling pathways involved in this regulation.

Monocytes and Macrophages

Monocytes are leukocytes produced by the bone marrow from hematopoietic stem
cell precursors. They circulate in the bloodstream for about one to three days and then
typically move into tissues throughout the body, in response to inflammatory signals. Once
they migrate into tissues, monocytes mature into macrophages or dendritic cells, according to
the stimuli they receive in the microenvironment. Microbial products can directly activate
monocytes and this leads to production of pro-inflammatory and with some delay of anti-
inflammatory cytokines. Typical cytokines produced by monocytes are TNF, IL-1, and IL-
12.

Macrophages are tissue-resident cells, derived from the maturation of extravasated
peripheral blood monocytes. They are part of the innate immune system and play the key
role of professional antigen-presenting cells that offer surveillance of tissues and
phagocytose and digest invading pathogens and apoptotic cells (20). They display antigen
peptides along with major histocompatibility complex (MHC) on their cell surfaces. Upon
ingestion of pathogens, macrophages are carried via the lymphatic system to draining lymph
nodes, where they present the digested pathogen into smaller pieces containing epitopes,
which are then presented to T cells using MHC. Upon activation, macrophages produce a
variety of proinflammatory cytokines, followed in a temporal sequence by secretion of anti-
inflammatory mediators in order to limit exposure of surrounding tissues to inflammation

(21). Macrophages contribute to innate and adaptive immune responses against viruses by
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secreting interferon (IFN)-a, -p, IL-12 and IL-18 and inducing IFN-y production in natural

killer (NK) cells and cytotoxic T cells (22).

IL-12 cytokine

The main producers of IL-12 are phagocytes (monocytes and macrophages),
neutrophils and dendritic cells (DC) in response to various pathogens, such as bacteria, fungi
and viruses (3, 23). IL-12, a heterodimeric cytokine, is made up of a 35-kDa light chain,
p35, and a 40-kDa heavy chain, known as p40 and their dimerization occurs in the
endoplasmic reticulum (ER) (24). This ER interaction pathway may also be used by the other
heterodimeric cytokine members of the IL-12 family, namely IL-23, IL-27 and IL-35 (3, 25,
26). Both of these genes are expressed in order to produce biologically active IL-12,
although it has been suggested that the expression of p35 may be the rate limiting for the
secretion of IL-12 heterodimer (24). IL-12 is critical for differentiation and proliferation of
naive CD4" T cells into Thi cells, being a potent inducer of IFN-y production by CD8" T
cells, natural killer cells and natural killer T cells. Therefore, APCs act as a bridge between

the innate and adaptive immune responses through IL-12 production (27).

IL-12 family of cytokines

IL-12 cytokine was first reported in 1989 and its role in promoting differentiation of
naive CD4" T cells into mature Th1l effector cells was rapidly established. Furthermore, 1L-
12 plays a dominant role in driving naive T cells to generate into Thl cells leading to
secretion of IFN-y, thereby stimulating immune responses in order to eradicate intracellular
and extracellular pathogens (28). Generally, natural killer (NK) and T cells are the cellular

targets of all IL-12 cytokine family. Overexpression of IL-12 causes pro-inflammatory
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responses, leading to auto-immune pathogenesis. The IL-10 cytokine is a potent inhibitor of
IL-12 production (14, 29), exerting its inhibitory effects by downregulating the activation of
the transcription factors NF-kB and AP-1 (30, 31).

Several subunits of the IL-12 family, namely IL-12p35, IL-23p19, IL-27p28 and
EBI3 are expressed in a variety of cells types. However, IL-12p40 transcription appears to
be restricted to APCs (32). 1L-12p35 requires 1L-12p40 for secretion, and secretion of IL-
23p19 and 1L-28p28 also depends on their ability to partner with the small family of secreted
type | cytokine receptors, such as IL-12p40 and IL-27 EBI3, respectively (28, 33).
Expression of IL-12 family is induced by pathogen-associated molecular patterns (PAMPS),
which are ligands for toll-like receptors (TLRs) on APCs. IL-12 expression is generated by
TLRs that were engaged by the PAMPs present on bacterial, fungal or viral microorganisms
(23). When APCs interact with microbial products, they communicate with T cells by
producing a variety of soluble factors and peptide-MHC/TCR cell to cell interaction. Thusly,
they will produce a variety of soluble factors responsible for expanding and differentiating
naive T cells in order to generate mature T cell phenotypes, such as Thl and Th2 helper cells
(28). It has been shown that IL-4, IFN-y and IL-13 are necessary for optimal IL-12
production (23, 32). However, the precise role of IFN-y-induced IL-23 and IL-27 expression
in monocytes/macrophages is not known.

Even though APCs express functional receptors for all members of the IL-12
cytokine family, (34-36), it is believed that IL-12, IL-23 and IL-27 may have overlapping,
but also distinct roles in regulating immune responses, eliminating redundancy in their
effects on the intracellular milieu (8, 23, 32). It has been shown that different components of
the receptors for these cytokines are expressed on different target cells. Also, 1L-12, IL-23

and IL-27 act at different developmental stages of the target cells, such as naive versus
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memory T helper cells (32). Naive Th cells express receptors for IL-27 and I1L-12, but not
for 1L-23 (37), while memory Th cells express receptors for IL-23, having low cell-surface

expression of receptors for the 1L-27 or IL-12 cytokines (32, 33).

IL-23 and its biological properties

In 2000, Oppmann et al. demonstrated that the IL-23p19 subunit, a four-a helix
cytokine sharing sequence identity of approximately 40% with IL-12p35, has no biological
activity by itself, but binds to 1L-12p40 to form a new cytokine, IL-23, with similar as well
as distinct biological roles as 1L-12 (33). IL-23 is produced primarily by monocytic and
dendritic cells (DCs) (19, 33). It is a heterodimeric cytokine composed of the p40 subunit,
which is shared with IL-12, and a p19 subunit unique to IL-23. Expression of the two
subunits is tightly regulated and 1L-23p19 is poorly secreted in the absence of IL-12/23p40
(33). Similar to 1L-12, IL-23 induces differentiation and proliferation of Th1 cells and the
development of cell-mediated immunity (19, 38). Specifically, IL-23 induces proliferation
and IFN-y production of CD4" memory T cells whereas naive T cells do not respond to this
cytokine (19).

IL-23 plays a crucial role in host defences against invading pathogens by
coordinating the innate and adaptive immune responses (19, 33). Initially, IL-12-dependent
Th1 cells were thought to be the cause for the induction of autoimmunity in several diseases,
based on the effects observed by neutralizing IL-12p40 antibodies. Nevertheless, IL-23 has
been demonstrated to be the key player in the development of several autoimmune disease
such as multiple sclerosis (MS) and experimental autoimmune encephalitis (EAE). Recently
it has been discovered that 1L-23 plays an essential role in the maintenance of IL-17-

producing Th17 cells. The main distinguishing feature of IL-23 is its ability to induce
23



generation of Th17 cells and IL-17 production (39, 40). The IL-23-Th17 pathway plays a key
role in the induction of inflammatory cytokines and pathogenesis of autoimmune disorders
such as experimental autoimmune encephalomyelitis, multiple sclerosis, psoriasis, colitis,
Crohn’s disease, rheumatoid arthritis (40-47) and resistance to various pathogens such as
Cryptococcus neoformans, and Kilebsiella pneumonia (48, 49). Moreover, anti-1L-23
antibodies have been used effectively in animal models of inflammatory and autoimmune
diseases (42, 43). Daily injections with IL-23 in wild-type mice led to a psoriasis-like
phenotype with visually apparent erythema and induration. This was correlated with
prominent dermal papillary blood vessel formation and possibly vasodilation as soon as 2
days after starting treatment (50). Histological examination of the skin, displayed epidermal
hyperplasia and a mixed dermal infiltrate consisting of neutrophils, macrophages, CD11c"
DCs and CD4" T cells as early as 1 day after IL-23 treatment. Importantly, these activities
were unique to IL-23, as IL-12 does not induce changes in epidermal thickness when injected
into skin. Recently, the impact of IL-23 on autoimmunity and chronic inflammation became
well established. High levels of IL-23p19 expression have been observed in microglial cells
from multiple sclerosis lesions (51). However, the role of IL-23 in protecting against
infectious disease is still poorly understood.

The 1L-23 receptor is made up of two subunits, the IL-12RB1 chain shared by IL-12
and an IL-23-specific chain IL-23R (23, 50, 52). Therefore, any similarity in biological
functions shared by IL-12 and IL-23 may be explained by the sharing of IL-12 and IL-23
receptor subunits. IL-23R has been found to be expressed on a variety of cell types, including
T cells, NK cells, monocytes, DCs in humans and macrophages in mice (53). The IL-23R
subunit of the 1L-23 receptor is not expressed on naive CD4 T cells (53). Various cytokines,

such as TGFp, IL-6 and I1L-21 have been shown to induce IL-23R expression (54, 55).
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The critical role that IL-23 plays in the development of the Th17 cell phenotype has
been shown in IL-23p19-deficient mice that cannot produce Th17 cells in vivo (41). The IL-
23/17 axis is now established as an important mediator of inflammation, playing an
important role in autoimmune disease pathogenesis. Over-expression of 1L-23 leads to a
systemic inflammatory response in transgenic mouse models (56). 1L-23 has been shown in
vitro to induce IFN-y production by DCs (7, 34) and long-lasting CD4" and CD8" T cell
immunity (6, 23). Studies have also shown that DCs and macrophages produce IL-23
rapidly after exposure to LPS and other pathogens (40). This interaction will activate I1L-17
responses from tissue-resident T cells including af, y6 and NK T cells. The same study
showed that IL-17 can promote IL-1, IL-6, IL-8 and TNF-a expression in stromal, epithelial,

endothelial cells and monocytes (40).

IL-27 and its biological properties

IL-27 was discovered in 2002 as yet another heterodimeric cytokine, sharing subunit
homology with IL-12. [L-27 is made up of the Epstein-Barr virus-induced gene 3 (EBI3)
and p28 (26). 1L-27p28, the o subunit, is related to the IL-12p35 polypeptide, while 1L-27
EBI3 (B subunit) is related to the IL-12p40 subunit of IL-12 (57). While IL-12 and 1L-23
cognate subunits are linked together by disulphide bonds, the IL-27 subunits are linked only
by covalent bonds. Absence of disulphide bonds may allow for production of the two
subunits by different cell type, followed by extracellular association (58).

IL-27 signals through the IL-27 receptor complex, which is expressed widely within
the immune system. Its action is mediated through IL-27 receptor consisting of the orphan
cytokines receptor WSX-1/TCCR and gp130. Gp130 is also shared with the IL-6 receptor

family and is being part of other cytokine receptors, such as IL-6R and IL-11R (59). WSX-1
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was first identified through a homology search of human gp130 cDNA sequence query. Full
cDNA sequence analysis for murine and human WSX-1 were isolated and characterized. It
was also discovered that WSX-1 shares homology and is structurally similar to gp130 (60).
Furthermore, studies have shown that the IL-27 receptor is expressed on a variety of cell
types, such as monocytes/macrophages, Langerhans’ cells, activated DCs and endothelial
cells (32, 61, 62). The IL-27/WSX-1 signaling complex activates STAT-1, which in turn on
the Th1 transcription factor T-bet expression in order to initiate Thl differentiation of naive
CD4* T cells (26, 63).

As previously mentioned, one of the crucial roles that IL-27 plays it to activated the
Th1 master transcriptional regulator, T-bet, in order to differentiate naive T cells into Thl
phenotype and regulation of immunoglobulin class switching in B cells. Recent studies have
shown that IL-27 enhances cytotoxic T cells (CTL) activity, making IL-27 the focus of
potential antitumor therapies. IL-27 over expression showed to have potent antiangiogenic
properties in murine colon carcinoma C26 cells, TBJ neoblastoma cells, or B16F10
melanoma cells (64-68). The anti-tumor and anti-metastatic properties of IL-27 were further
confirmed when it was shown that IL-27 can suppress neovascularization of tumours in chick
embryonic tumours (69). On the other hand, IL-27EBI3 has been demonstrated in EBV-
transformed B cell lines and human T-cell leukemia virus type 1 (HTLV-1)-infected cell
lines. However, IL-27p28 or IL-27 expression levels were not detected in these cells. This
puzzling activity of EBI3 may suggest that it can act independently from its association with
IL-27p28, in regulating anti-viral or anti-tumoral immune responses (70). This can further be
explained by the fact that EBI3 associates with the I1L-12p35 subunit, forming the recently

described heterodimeric cytokine, IL-35.
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There is some debate on whether IL-27 can be considered a proinflammatory or anti-
inflammatory cytokine. IL-27 can synergize with IL-12 to enhance Thl polarization, and
IFN-y production (26). Furthermore, IL-27 also synergizes with IL-2 or IL-12 to enhance
IFN-y secretion from NK cells (26). IL-27 has been described as an anti-inflammatory
cytokine since it can suppress the secretion of proinflammatory cytokines, such as IL-23-
induced IL-17 from activated T cells (71). Furthermore, IL-27 is a potent suppressor of
autoimmune activity in disease models that are primarily driven by IL-17-producing Th17
cells (72)(73). Inflammatory tissue damage in IL-27"" mice infected with T. gondii was
associated with increased expression of IL-2 (74), while neutralization of IL-2 in the same
mice extended their survival (75). Another cytokine antagonized by IL-27 production is IL-6,
a potent pro-inflammatory cytokine with roles in a variety of inflammatory diseases.
Addition of IL-27 to a T cell proliferation assay completely ablated the proliferation-
inducing effect of IL-6, suggesting that 1L-27 neutralizes the effects of IL-6 through direct
effects on effector T cells (Batten M, Li J, Yi S et al, 2006). IL-27 expression was also found
to have pro-inflammatory effects. 1L-27p28 and IL-27EBI3 mRNA were found to be up-
regulated in Crohn’s disease. The stimulatory effects of IL-27 on naive T cells synergized
IL-12 in order to trigger IFN-& production, contributing to a feedback loop in the
perpetuation of inflammatory processes in Crohn’s disease (76).

As previously mentioned, heterodimeric complexes can form additional members in
the IL-12 family cytokine. IL-27EBI3 and 1L-12p35 can complex in order to form IL-35 (28,
77). Studies have shown that regulatory T cells, defined by a CD4" CD25" FoxP3"
phenotype, can produce both IL-27EBI3 and 1L-12p35. This newly discovered cytokine is

biologically active and can inhibit T regulatory cell function (25, 78).
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IL-27 can induce up to 28 IFN-inducible genes (IFIG) in human MDMs and 5 IFIG
in CD4 T cells (79). Therefore, IL-27 may be studied as an anti-HIV cytokine, similar to
IFN-0.  Studies have shown IL-27 to inhibit HIV (80) and HBV (81) replication.
Futhermore, Guzzo et al. observed a trend for decreased IL-27 production in the serum of

HIV-infected individuals (82).

Inducers of IL-12 family

IL-12 family cytokine expression are produced by activated monocytes/macrophages and
DCs. A wide variety of pathogens have been described as to induce production of IL-12, IL-
23 and IL-27 in a variety of myeloid cells. These pathogens are Francisella tularensis (83),
Salmonella enteritidis (84), Bordetella pertussis (85), Mycobacterium tuberculosis (86),
Theiler’s murine encephalomyelitis virus (TMEV) (87), Sendai virus (88) and Hepatitis B
(89). Futhermore, a variety of PAMPs acting as TLR agonists can increase production of IL-
12, -23, -27 cytokines in monocyte/macrophages and DCs (23, 28, 90). IL-23p19 mRNA
expression was induced in murine bone marrow-derived myeloid DCs and plasmacytoid DCs
upon stimulation with TLR 3, 4, 7 and 9 ligands. However, in the case of plamacytoid DCs,
IL-23p19 mRNA was not translated into protein (91), underlining a differential regulation of

each 1L-12 family subunit.

IFN-y and the JAK/STAT signaling pathway

IFN-y, a dimerized cytokine and the sole member of the type Il interferon group was
discovered in 1970 (92). It is primarily produced by T and NK cells, but also B cells, NKT
cells and professional APCs in response to viral and intracellular bacterial infections (93).

Furthermore, it plays a critical in mounting effective immune responses against tumours.
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Conventionally, the biological effects of IFN-y are elicited through activation of the Janus
kinas (JAK)/STAT pathway, starting with the binding of IFN-y to its cell surface receptors,
IFN-yR1 and IFN-yR2 (Figure 2). This results in the oligomerization of the receptor
subunits. JAK1 and JAK2 are members of the JAK family of kinases and are associated with
IFN-yR1 and IFN-yR2, respectively, prior to activation. The oligomerization of the IFN-y
receptor subunits brings these kinases into close proximity, allowing them to trans-
phosphorylate each other. The phosphorylation of IFN-yR1 will not provide a docking site
for the SH2 domain of the transcription factor STAT1 (94). Phosphorylated STAT1 will
form a homodimer that is translocated into the nucleus and initiates a variety of transcription
of genes (95). Recently, it has been shown that some biological effects of IFN-y can occur in
the absence of JAK/STAT signaling. It has been proposed that in the absence of STATL,
IFN-y signaling can be maintained through compensation of other STAT members (96). The
IFN receptors have been shown to interact directly with the p85 subunit of PI3K,
independently of JAK-mediated phosphorylation of the receptor (97, 98). IFNGR1 has also
been shown to interact directly with MyD88 (99), which may trigger activation of the
MKK®6/p38 MAPK pathway (99), possibly through Pyk-2 activation (100). Furthermore,
IFN-y has also been shown to activate JNK MAPK in macrophages (101), although the
precise sequence of events leading to JINK MAPK activation is not known. Interestingly,
IFN-y has also been shown to negatively regulate LPS-induced IL-23 production in murine
macrophages (102). Whether IFN-y alone can induce the production of IL-23, IL-12p40
orlL-23p19, in human monocytes remains unknown. The complete elucidation of STAT-1-

independent IFN-y signaling is crucial to understand multiple immune responses.

29



Figure 2 The signaling pathway of Interferon-(IFN-)y and its receptor. The IFN-y
receptor has two subunits: IFN-yR1, the ligand-binding () chain, and IFN-y2, the signal-
transducing () chain. Upon IFNGRI1 interaction with IFN-y, the a chains dimerise and
associate with two B chains. This receptor assembly activates Janus kinases JAK1 and JAK?2,
recruiting signal transducer and activator of transcription-1 (STAT-1). STAT-1 will form
homodimers and translocates to the nucleus to activate a wide range of IFN-y-responsive
genes (Cambridge University Press).
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IFN-y-mediated expression of the 1L-12 cytokine family

IFN-y mediates its biological effects primarily via the activation of Janus kinase (Jak)/signal
transducers and activators of transcription (STAT) pathway (103) as seen in Figure 4. IFN-y
has also been shown to activate MAPKSs (104), PI3K (105) and Src kinases (106) in a STAT-
1-independent manner (103). The signalling pathways regulating 1L-12p40 expression in
LPS-stimulated monocytic cells have been identified (11, 12, 46, 107, 108). However, very
little is known about the regulation of IL-23 (109-112). LPS-induced IL-23p19 was
negatively regulated by Racl through the NF-kBp65 transactivation-dependent and IxB
independent pathway in PMA-treated THP-1 macrophages and human DCs without affecting
IL-12/23p40 induction (112). IL-23p19 expression was also regulated by c-rel in murine DCs
stimulated with TLR-2, -3, -4, -6 and -9 agonists (109). IFN-y primes the IL-12p40 promoter
so that transcription can occur in the presence of a second stimulus, such as LPS (113-115).
IFN-y can promote IL-12p40 transcription via induction of interferon regulatory factors
(IRFs). Studies have shown that a number of IRFs, in particular IRF-1, 2, 5, 7 and 8 are
involved in the regulation of 1L-12p35 and IL-12p40 transcription (116). In IRF 1 and 2
knock-out murine models, it was shown that IL-12p35 and IL-12p40 expression is defective,
while in the IRF8 knock-out model 1L-12p40 was not expressed (108, 117, 118). IFN-y can
also enhance 1L-23 production during Francisella tularensis infection in human monocytes

(83).

IFN-y primes cells for heightened responses to LPS
It has been previously described that IFN-y increases sensitivity and cytokine
production in cells in response to endotoxins (160), in particular it primes macrophages for a

more rapid and heightened response to LPS (161)(162). Priming with IFN-y induces a
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variety of genes in response to LPS stimulation, such as iNOS (163), although IFN-y does
not prime all of LPS-induced genes (164). Murine models with IFN-y receptor knock-out
were highly resistant to LPS-induced toxicity (165). Therefore, IFN-y can be produced
during endotoxins responses and serves to amplify cellular responses to the various invading
pathogens.

Studies in murine bone marrow macrophages show that optimal IFN-y priming for
TLR agonists responses was at 16 hours (166). IFN-y was shown to upregulate transcription
of TLR4 and LPS-binding abilities in macrophages (167-169) and expression of the MD-2
accessory molecule, the MyD88 adaptor and IRAK, all crucial molecules in the LPS
signaling pathway (167, 170). Furthermore, in human monocytes, priming with IFN-y
induces activation of NF-kB upon stimulation with LPS (171). Interestingly, IFN-y priming
can also enhance TNF-a responses, a macrophage-derived cytokine secreted in response to
LPS in myeloid cells (172, 173).

Specific interactions between the pathways activated upon IFN-y and LPS exposure
must occur before transcriptional activation may occur (93). For example, LPS stimulation,
following IFN-y treatment can increase STAT-1 phosphorylation, augmenting IFN-y-
dependent STAT-1-mediated gene expression (174, 175). However, IFN-y and LPS may
employ different signaling pathways for STAT-1 activation, since LPS-induced STAT-1
phosphorylation was ablated by p38 MAPK inhibition, while IFN-y-induced phosphorylation
was not (176). This synergy between LPS and IFN-y-induces transcription of genes, such as
IRF-1, IP-10, ICAM-1 (177, 178) may be explained by a need to tightly coordinate the

activation of immune responses after encountering various pathogens.
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Toll-like receptor (TLR) signaling

The Toll-like receptor (TLR) family is a group of receptors present on a variety of
cell types that mediate innate and adaptive immune responses. In humans, the TLR family
comprises 10 TLRs (TLR1 to TLR10) subtypes and the IL-1 receptor (IL-1R) (119). TLRs
are transmembrane glycoproteins (119), sharing homology in their cytoplasmic tails.
However, they have distinct extracellular or endosomal domains recognizing specific,
conserved, microbial ligands (120). TLR-induced signal transduction has been linked to
either myeloid differentiation primary response protein 88 (MyD88) and/or TIR-domain-
containing adapter-inducing interferon-p (TRIF)-dependent signaling pathways.  The
activation of either MyD88 or TRIF pathways leads to the activation of adaptor proteins
including IL-1R associated kinase (IRAK) and TNF-associated (TRAF) signaling molecules

which leads to the activation of TGF- activated kinase 1 (TAK-1) (121-124).

LPS signaling pathways

Lipopolysaccharide (LPS) is found in the outer membrane of Gram negative bacteria,
contributing to its structural integrity. It is a large molecule consisting of a lipid and a
polysaccharide, joined together by a covalent bond (Figure 3). LPS binds to LPS-binding
protein (LBP) in plasma and is delivered to the cell surface receptor CD14, present on
myeloid cells (121) (Figure 4). CD14 is a glycoprotein that has been detected in its soluble
form in plasma and breast milk (sCD14). CD14 is anchored in the cell membrane without a
transmembrane segment that allows for signal transduction (122, 123). Previously, it has
been shown that soluble CD14 is able to activate monocytic cells in the absence of bacterial
components or serum (124). TLR4 display a leucine-rich motif to the extracellular domain

for interaction with LPS, mediating its signaling. Furthermore, MD2 associates with LPS
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signalling in monocytes. Through the activation of the CD14-TLR4-MD2 complex, which in
turn activates the PI3K pathway (121), permitting docking of PI3K to the plasma membrane.
Upon TLR4 activation, MyD88 is recruited to the TLR4 receptor and interacts with IL-1R-
associated kinase (IRAK)-4 (125). IRAK4 will in turn activate other members of the IRAK
family, resulting in the recruitment of TRAF6. This will activate a complex containing TGF-
B-activated kinase (TAK1) and TAK1-binding proteins (TAB) (126). The TAK1/TAB
complex triggers the MAPK and NF-kxB signaling pathways, including JNK and p38 MAPK
(126). Studies have shown that LPS-TLR4 signaling in human monocytes also activates Akt.

Akt may directly or indirectly activate MAPKs (121).

Mitogen-Activated Protein Kinase (MAPK) cascade

The responses of the immune system are regulated through an extensive array of
interconnected and tightly controlled intracellular signaling pathways (127). Diverse
extracellular stimuli such as growth factors, cytokines, stress and osmotic shock may activate
a signal transduction pathway from the cell surface to the nucleus. The mitogen-activated
protein kinase (MAPKSs) family of serine/threonine protein kinases is highly conserved
across eukaryotic species. These cytoplasmic protein kinases play a key role in many
cellular processes such as apoptosis, proliferation and immune defence (128). In mammalian
cells the MAPK pathways are: the N-teminal c-jun kinases (JNK), p38 and the extracellular
signal-regulated kinases (ERK1 and ERK2) (129). These pathways are activated upon the
engagement of particular stimuli to their respective cell-surface membrane-bound receptors.
MAPKSs are activated through a cascade of sequential phosphorylation events, starting with

the phosphorylation of MAPK kinases at two serine residues by MAPK kinase kinases (128).
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Figure 3 Structure of LPS. Lipopolysaccharide is a component of the outer membrane of
Gram-negative bacteria cell wall. LPS is comprised of three parts: O-antigen (the outermost
domain of the LPS molecule), Core and Lipid A. The hydrophobic fatty acids of Lipid A
anchor the LPS molecule into the bacterial membrane, while the rest of LPS projects outward

(121).
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Figure 4 LPS stimulation activates a variety of signaling pathways and transcription
factors. LPS forms complexes with a plasma protein called LPS-binding protein (LBP) and
it is transferred to the CD14 at the cell surface. LPS then interacts with Toll-like receptor 4
(TLR4) and the accessory protein MD-2. This interaction activates the JNK, p38 and ERK
MAPK pathways, which will directly or indirectly phosphorylate various transcription
factors. LPS may also activate the IKK pathways via MyD88, which will permit the nuclear
translocation of NF-kB. The PI3K/Akt pathway is also activated by LPS stimulation via
kinases (121).
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Afterwards, phosphorylated MAPKKSs proceed to activate MAPKS at adjacent threonine and
tyrosine residues at the conserved Thr-X-Tyr motif, where the X amino acid corresponds to
glutamic acid in ERK, proline in JNK and glycine in p38, causing a conformational change.
These activated MAPKs can further phosphorylate transcription factors that govern the
expression of MAPK-regulated genes (130). It has been demonstrated that MAPK signals
can converge and cooperate with other ligand-induced signaling pathways, leading to
complex cross-talking mechanisms (131). These integrated signals can modulate the MAPK
pathways, offering great diversity in determining cellular responses to environmental stimuli.

JNKs are usually characterized as stress-activated protein kinases that can
phosphorylate the DNA-binding protein c-Jun and increase its transcriptional activity. JNK
was initially described as a 54 kDa stress-ativated protein kinase (SAPK), responding to
stimuli that also activate p38, such as LPS, UV radiation and stress. JNK protein kinases are
encoded by three genes: JNK1, JNK2 and JNK3, however only JNK1/2 are ubiquitously
expressed, while JNK3 is expressed only in the brain, heart and testis (127). SP600125 is an
anthrapyrazole identified during a high-throughput biochemical screen. It is a reversible
ATP-competitive inhibitor that dose dependently inhibits the phosphorylation of c-Jun, the
expression of inflammatory genes and activation of human CD4" cell cultures. SP600125
may also partially inhibit p38 MAPK (132).

There are four p38 kinase isoforms: a (SAPK2), B, B2, v (SAPK3) and 9§, with
expression of these isoforms varying among tissues. p38a being the best characterized one
and expressed in most cell types, including leukocytes and bone marrow (127). p38 MAPK
is involved in regulating the expression of many cytokines, having a crucial role in the

activation of the immune system. Also, p38 MAPK activation is essential for expression of
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inflammatory cytokines such as IL-6, TNF and IL-1 (127). SB203580, 4-(4-fluorophenyl)-2-
(4-methylsulfinylphenyl)-5-(4-pyridyl)1 H-imidazole) is a specific inhibitor of p38a and
p38P, but not other p38 MAPKSs (133). It suppresses the activation of MAP kinase-activated
protein kinase 2.

ERK was the first identified member of the MAPK signaling family. It has two
widely expressed isoforms, ERK1 and ERK2, and it primarily involved in proliferation and
differentiation of cells. Ligands for heterotrimeric guanine nucleotide-binding protein (G
protein)-coupled receptors activate the ERK1 and ERK2 pathways (134). PD098059, 2-(2’-
amino-3’-methoxyphenyl)-oxanaphthalen-4-one, selectively inhibits the MAPK-activating
enzyme MAPK/ERK kinase, MEK. It was identified by screening a compound library
against a cascade assay measuring the phosphorylation of myelin basic protein, a protein
dependent on MEK activation (135). Therefore, it blocks ERK activation by preventing the
phosphorylation of its immediate activator, MEK.

One of the most widely used strategies to analyze the function of cell-signaling
molecules is the use of specific inhibitors. These chemical inhibitors are extremely useful for
identifying the physiological roles of the cell signalling pathways that they inhibit. Ideally, a
signaling inhibitor has a high degree of specificity and fails to affect the activity of a number

of other protein kinases, such as closely related MAPK family members.

Phosphatidylinositol-3-kinase (P13K) signaling pathway

The PI3K signaling pathway plays a crucial role in cell growth and survival, being
activated by many growth factors and cytokines. It is made up of a large family of lipid and

serine/threonine kinases, including a number of phosphatidylinositol kinases (136). PI3-
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kinase is implicated in signal transduction by associating with receptor and non-receptor
tyrosine kinases. Class IA PI3K are composed of heterodimers subunits p85 and p100 that
play an inhibitory adaptor/regulatory and a catalytic role, respectively. The p85 subunit
integrates signals from various tyrosine kinase-linked receptors and intracellular proteins,
while binding p110 and activating it. There are three isoforms of PI3K Class IA p110 (a,
and ) that contain amino-terminal p85-p55 interacting region. P85 and p55 have 7 isoforms
that are generated through alternate splicing of three genes, all capable of binding p110
(136). The activation of the PI3K pathway, results in the sequential stimulation of AKT.
AKT, also known as Protein Kinase B (PKB), is a serine/threonine-specific protein
kinase that plays a key role in multiple cellular processes such as glucose
metabolism, apoptosis, cell proliferation, transcription and cell migration. It is involved in

the PIBK/AKT/mTOR pathway and other signaling pathways.

LY294002, 2-(4-morpholinyl)-8-phenylchromone, is a morpholine derivative
of quercetin and a potent reversible inhibitor of PI3Ks. It has no inhibitory effects against
several ATP-requiring enzymes, including MAP kinase, PtdIns 4-kinase, protein kinase A
and protein kinase C (137). Studies have shown that PI3K 110p positively regulates 1L-12
synthesis induced by LPS in human monocyte-derived macrophages and dendritic cells (27).
Furthermore, in the same study it was found that the same PI3K subunit, when activated by

LPS, it also positively controls JINK1 activity.

Signaling pathways involved in IL-23 regulation
In response to bacterial and viral infection, myeloid cells are able to initiate a wide

variety of innate immune responses, such as production of cytokines and nitrogen oxide
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(138). Pathogens are able to induce all of the IL-12 family subunits I1L-12p35, IL-12p40, IL-
23p19, IL-27p28 and IL-27EBI3 expression at the mMRNA and protein level (28, 85-90, 139,
140). However, the mechanisms responsible for LPS and IFN-y-induced 1L-23 and IL-27
expression in human myeloid cells and macrophages are still unknown.

IL-23 subunit expression is controlled by the transcription factors NF-xB and c-Rel.
They bind to the promoter site of 1L-23p19 and induce its expression in murine models (109,
141). Furthermore, when c-Rel was deleted, IL-23p19 was not expressed in both DCs and
macrophages. MAPK signalling pathways, JNK, p38 and ERK were shown to be involved in
LPS-induced 1L-23p19 gene expression in murine DCs and macrophages (142). TLR2,
TLR4 and TLR7/8 ligands were able to induce IL-23p19 expression and IL-23 production in
DCs (111). Moreover, IFN-y and LPS synergize to induce IL-12 and IL-23 expression in
murine and human myeloid-derived DCs and monocytes/macrophages (111, 117, 143). The
signalling pathways regulating I1L-12p40 expression in LPS-stimulated monocytic cells have
been identified (10-12, 107, 108, 144). However, very little is known about the regulation of
IL-23 (109-112). LPS-induced IL-23p19 was negatively regulated by Racl through the NF-
kBp65 transactivation-dependent and IkB independent pathway in PMA-treated THP-1
macrophages and human DCs without affecting 1L-12/23p40 induction (112). IL-23p19
expression was also regulated by c-rel in murine DCs stimulated with TLR-2, -3, -4, -6 and -
9 agonists (109). Furthermore, deletion analysis of the IL-12p40 promoter showed that LPS-
induced IL-12p40 production in THP-1 cells is regulated through the transcription factors
AP-1 and NF-xB via the activation of JNK MAPK (10). Studies that used the p38 MAPK
inhibitor, SB203580, have shown that the activation of the p38 MAPK signaling pathway
positively regulates 1L-23p19 mRNA in LPS-induced microglia cells (51). IL-23p19 and IL-

12p40 mRNA expression was regulated by the PI3K/Akt pathway activation, leading to NF-
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kB activation in Francisella tularensis-induced human monocytes (140). IL-23 production in
human MDMs is negatively regulated by ribosomal S6 kinase 1 (S6K1) activation in
response to M. tuberculosis. Mammalian rapamycin (mTOR)/S6K1, are downstream
mediators of PI3K. The inhibition of this signaling pathway upregulated 1L-12/23p40 and IL-
23p19 mRNA, as well as IL-23 protein expression (86, 145). Moreover, PI3K pathway was
shown to negatively regulate 1L-12p40 protein production in a murine splenic DC (146).
Taken together, these results show that TLR ligands can induce IL-23 expression and
this is regulated through the MAPK and PI3K signaling pathways through MyD88, IRF and
NF-xB activation. However, little information is available regarding the mechanisms

involved in IL-23 regulation of human myeloid cells stimulated with IFN-y/LPS.

Signaling pathways involved in IL-27 regulation

The IL-27 cytokine is induced in response to a variety of stimuli, such as TLR-3, -4, -
7/8, -9, CD40, IL-1p and IFNR agonists (27, 147-149). Upon binding to its receptor, 1L-27
activates the Jak/STAT pathways, in particular JAK-1, JAK-2, TYK-2, STAT-1, -2, -3,-4 -5
(66, 149-151). IL-27 induces activation of Thl transcription factor, T-bet and is responsible
for the upregulation of IL-12 receptor 2. This signaling cascade is suppressed in STAT-1-
deficient murine models (151).

Monocytes/macrophages and DCs stimulated with LPS can produce significant levels
of IL-27 subunits (26, 84). Rat splenocytes that were treated with heat-killed M. tuberculosis
showed an upregulation of 1L-27p28 and IL-27EBI3 mRNA expression (152). In LPS and E.
coli-stimulated bone marrow-derived DCs 1L-27p28 gene expression was upregulated (153).
TLR3 and 7 ligands were shown to activate JINK MAPK signaling pathway and induce IL-

27p28 mRNA expression in TMEV-stimulated RAW?264.7 cells, a murine macrophage cell
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line (148). Bone marrow-derived macrophages were stimulated with S. enteritidis or LPS
and IL-27 expression was induced through a TLR4/MyD88-mediated signaling pathway
(128)(147). 1L-27EBI3 mRNA expression was upregulated via TLR-2,-4,-9, MyD88 and
NF-kB activation in murine splenic DCs (154). Various TLR ligands such as LPS, R848 and
CpG were able to induce 1L-27p28 through the activation of IRF3 (155). In human MDMs,
TLR3,-4 and -7/8 agonists expression of I1L-27p28 and IL-27EBI3 gene expression was
regulated through IRF1 and was inhibited using neutralizing antibodies against IFN-a (156).
IFN-vy is produced by T and NK cells and plays a critical role in mounting effective immune
responses against tumours and intracellular pathogens (157). Although IFN-y-induced
enhancement of IL-12 production is well established (113, 115, 158), its role in IL-27
production is poorly understood. Recently, IFN-y was shown to induce IL-27 production in
murine DCs. Murugaiyan et al. identified a new pathway by which IFN-y may limit IL-17-
mediated inflammation through differential regulation of osteopontin and IL-27 in dendritic
cells (159). Monocytes/macrophages and dendritic cells can also be activated by IFN-y to
produce I1L-12 family of cytokines, including IL-27 (26, 115, 159).

Taken together, these results show that TLR ligands can induce IL-27 expression and
this is regulated through the MAPK and PI3K signaling pathways through MyD88, IRF1 and
3. However, little information is available regarding the mechanisms involved in IL-27

regulation of human myeloid cells stimulated with IFN-y/LPS.

Interactions between the MAPK and PI3K signaling pathways
The PI3K and MAPK pathways are intensely studied due their critical involvement in
regulating specific immune responses. Studies have implicated the PI3BK/AKT pathway in

the negative regulation of NF-kB activation in LPS-stimulated THP-1 cells (179)(180).
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However, others have shown that PI3K positively regulates NF-xB in Hep2G cells, 3T3
fibroblasts, and human monocytes (181)(182). Knockdown models of PI3K/Akt have shown
that lack of PI3K/Akt inhibits LPS-induced JNK activation without affecting ERK or p38
MAPK activation in murine MDMs and DCs (27). However, constitutive activation of Akt
positively regulates NF-kB downstream of p38 MAPK activation (183). p38 MAPK
pathway can also negatively regulate ERK MAPK/ NF-kB-dependent increases in pro-
asthmatic symptoms, downstream of TLR-4 signaling (184). Heinrichsdorff et al, have
shown that p38 MAPK in conjunction with the NF-kB pathway can protect hepatocytes from
TNF-induced death by inhibiting JINK MAPK activation in murine models (185).

In summary, MAPK signalling pathways, JNK, p38 and ERK were shown to be
involved in LPS-induced IL-23p19 gene expression in murine DCs and macrophages (142).
IFN-y and LPS can synergize in order to induce IL-12 and IL-23 expression in murine and
human myeloid-derived DCs and monocytes/macrophages (111, 117, 143). 1L-23p19 was
negatively regulated by Racl through the NF-kBp65 transactivation-dependent and IxB
independent pathway in PMA-treated THP-1 macrophages and human DCs in response to
LPS stimulation (112). The p38 MAPK inhibitor, SB203580, have shown that the activation
of the p38 MAPK signaling pathway positively regulates IL-23p19 mRNA in microglia cells
prior to LPS stimulation (51). In LPS-stimulated bone marrow-derived DCs IL-27p28 gene
expression was upregulated (153). Various TLR ligands such as LPS, R848 and CpG were
able to induce IL-27p28 through the activation of IRF3 (155). Furthermore, IFN-y was
shown to induce IL-27 production in murine DCs. IFN-y may limit IL-17-mediated
inflammation through differential regulation of osteopontin and IL-27 in dendritic cells
(159). Monocytes/macrophages and dendritic cells can also be activated by IFN-y to produce

IL-12 family of cytokines, including IL-27 (26, 115, 159). Taken together, these studies
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show that there is a significant amount of cross-talk between the PI3K, MAPK and NF-xB
pathways. The activation of these pathways can regulate various genes, contributing to the
tight regulation of immune responses. Furthermore, these signaling pathways have been
implicated in the signaling of IL-23 and IL-27, giving another layer of complexity to

elucidating the exact pathways that regulate their expression.
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Rationale

The IL-12 family of cytokines plays a critical role in coordinating immune responses
by bridging the innate and adaptive branches of the immune system (19, 33) and regulating
host defenses against invading pathogens, such as Francisella tularensis (83), Salmonella
enteritidis (84), Bordetella pertussis (85), Mycobacterium tuberculosis (86), Theiler’s
murine encephalomyelitis virus (TMEV) (87), Sendai virus (88), Hepatitis B (89) and cancer
(Engel and Neurath, 2010). The importance of this family of cytokines is further
underscored by its role in pathogenesis in a number of autoimmune disorders including
experimental autoimmune encephalomyelitis, multiple sclerosis, psoriasis, colitis, Crohn’s
disease, rheumatoid arthritis (40-47). For these reasons, it is important to fully understand the
mechanism regulating production of IL-12, IL-23 and IL-27, particularly in myeloid cells.
IL-12, the canonical member of this family, has been extensively studied (4) (3, 23).
However, very little is known about the regulation and induction of the other members of
this family, particularly 1L-23 and 1L-27.

Monocytes/macrophages are professional APCs and important sources of IL-12
family of cytokines (3, 23). Previous studies have uncovered a complex mechanism involved
in the induction of the subunits of these heterodimeric cytokines in response to different
ligands in myeloid cells (3, 25, 26). These studies have also indicated engagement of
multiple signaling pathways regulating the expression of IL-12 family of cytokines subunits,
IL-12p40, IL-12p35, I1L-23p19, IL-27p28 and EBI3. Moreover, certain studies have also
indicated that different ligands may induce distinct members the IL-12 family of cytokines

by engaging different signaling pathways in myeloid cell lineages (24), suggesting that IL-
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12 may be produced in different myeloid cells by employing a variety of cell signaling
pathways.

All members of the IL-12 family of cytokines are heterodimers with subunits that
may be shared, but are differentially regulated (5, 6, 8). The production of these subunits
may be induced by different stimuli and these stimuli may engage different signaling
pathways which may result in different levels of IL-12 family production levels. This
complexity presents great challenges in fully understanding the regulation of this important
group of cytokines. This complexity may be further compounded by different outcomes in
different myeloid cells. For this reason it is necessary to study the regulation of the IL-12
cytokine family members in different myeloid cell types. | have chosen human primary
monocytes and monocyte-derived macrophages to study the regulation of IL-23 production
as these cells are important sources of these cytokines and play a key role in innate and
adaptive immune responses. | also employed THP-1 promonocytic cell line as a model
system to confirm the results obtained with primary human monocytes and monocyte-
derived macrophages. | also employed two stimuli IFN-y and LPS, since both are strong
inducers of IL-12 family cytokines. Previous studies have demonstrated that priming
myeloid cells with IFN-y prior to LPS stimulation resulted in increased levels of cytokine
production (93). However, it is not known what mechanisms govern his priming
phenomenon. One can envisage that different signaling pathways are engaged in this
regulation, highlighting another layer of complexity to studying the regulation of the IL-12

family of cytokines.
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Hypothesis: IL-12, IL-23 and IL-27 production is differentially regulated by IFN-y and LPS
activation by distinct signaling pathways in human primary monocytes, MDMs and THP-1

promonocytic cell line.

Objectives:

Specific Aim 1 Regulation of IFN-y and LPS-induced IL-23 in monocytic cells
1.1 IFN-y-induced IL-23 production and it regulation in primary human monocytes
1.2 LPS-induced IL-23 production and its regulation in THP-1 promonocytic cells
1.3 IFN-y/LPS-induced IL-23 production and it regulation in human monocyte-

derived macrophages

Specific Aim 2 Regulation of IFN-y and LPS-induced IL-27 in monocytic cells

2.1 IFN-y-induced IL-27 and IL-27p28 expression are differentially regulated
through JINK MAPK and PI3K pathways, independent of JAK/STAT in human  monocytic
cells

2.2 IFN-y-induced IL-27 and IL-27p28 expression are differentially regulated
through JNK, p38 MAPK and PI3K pathways in THP-1 cells and MDMs

2.3 mRNA-protein inconsistency in response to IFN-y/LPS in human MDMs

50



Chapter 2 Materials and Methods

Isolation of monocytes, cell culture and reagents

PBMCs were isolated from the whole blood of healthy donors by density gradient
centrifugation using Ficoll Hypaque (Amersham Biosciences, Piscataway, NJ). Cells from at
least three different donors was used for each experiment. In addition the cells, from the
same donor were not used for subsequent experiments. The monocytes were then isolated by
positive selection using CD14 Micro Beads human (Miltenyi Biotec, Bergisch Gladbach,
Germany) by using the AutoMACS separator as per the manufacturer’s directions.
Monocytes were also negatively selected using the Monocyte Isolation Kit Il (Miltenyi
Biotec) (186). Untouched monocytes from PBMCs were isolated indirectly using
magnetically-labeled biotin-conjugated antibodies against CD3, CD7, CD16, CD56, CD123
and Glycophorin A and anti-biotin MicroBeads. Negatively selected monocytes were then
cultured with magnetically-labeled biotin-conjugated antibodies against CD14 (Miltenyi
Biotec). The mononuclear cells obtained contained <5% CD3" T cells and CD19" B cells as
determined by flow-cytometric analysis. The purified monocytes were rested by keeping
them on ice for 30 min. Cells were cultured in IMDM (Sigma-Aldrich, St. Louis, Missouri)
supplemented with 10% FBS (Invitrogen, Grand Island, New York), 100 units/ml penicillin,
100 pg/ml gentamicin, 10 mm HEPES, and 2 mm glutamine. Monocytes (1x10%/ml) were
stimulated with IFN-y (10 ng/ml) for 16 h. To determine the role of signaling pathways,
monocytes (1x10%ml) were incubated with increasing concentrations of various
pharmacological inhibitors for 2 h prior to stimulation with IFN-y. The pharmacological

inhibitors specific for Jak/STAT (Jak inhibitor I, 10-100 nM), extracellular signal-regulated
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kinase (ERK), (PD98059, 5-50 uM), p38 MAPK (SB203580, 5-50 uM), PI3K (LY294002,
5-50 uM) were purchased from Calbiochem (Calbiochem-Merck, Darmstadt, Germany)
whereas inhibitors specific for INK (SP600125, 5-50 uM) were purchased from BIOMOL
(Plymouth Meeting, PA) and Sigma-Aldrich respectively. Monocytes exposed to the
signalling pathway inhibitors for 24 h were >95% viable by flow cytometry.

Monocyte-derived macrophages (MDMs) were produced by adhering 5x10° PBMCs
per well for 3 h, on a 12-well multidish (Thermo Scientific, Rochester, NY) in serum-free
media. After 3 h, cells were washed three times with serum-free media, after which they
were cultured for 6 days in complete media with M-CSF (10ng/ul). Fresh complete media
containing M-CSF was added every two days. Characterization of macrophages was
determined by flow cytometry, where the MDMs were stained with phycoerythrin (PE)-
conjugated anti-CD11a, -CD11b, -CD11lc, -CD80, -CD83, -CD16 and HLA-DR (BD
Biosciences, Franklin Lakes, NJ). Histograms were created using WinMDI version 2.8
software (J. Trotter, Scriptts Institute, San Diego, CA).

THP-1, a promonocytic cell line derived from a human acute lymphocytic leukemia
patient, was obtained from the American Type Culture Collection (Manassas, VA).
Lipopolysaccharide (LPS) derived from E. coli 0111:B4 (Sigma-Aldrich Canada Ltd.,
Oakville, ON, Canada). All other chemicals used for Western blotting were obtained from

Bio-Rad (Hercules, California).
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Cell stimulation and collection of supernatants

Cells were stimulated with IFN-y (10 ng/ml, 4 or 16 h) or with IFN-y for 16 h
followed by LPS (1 ng/ml, 4 h) for quantification of mMRNA by relative quantitative real-time
PCR. Cells were also stimulated with IFN-y (10 ng/ml, 16 h) or with IFN-y and LPS (1
ug/ml, 16 and 24 h, respectively), for quantification of protein secretion in the culture
supernatants by ELISA.

In order to determine the role of signaling pathways, cells (1 x 10%ml) were
incubated with increasing concentrations of various pharmacological inhibitors for 2 h, prior
to stimulation with either IFN-y alone or stimulation of IFN-y-primed cells with LPS. The
pharmacological inhibitors specific for JAK/STAT (Jak inhibitor I, 10-100 nM), extracellular
signal-regulated kinase-ERK (PD98059, 5-50 uM), p38 MAPK (SB203580, 5-50 uM), PI3K
(LY294002, 5-50 uM) were purchased from Calbiochem (Calbiochem-Merck, Darmstadt,
Germany), whereas the inhibitor specific for INK (SP600125, 5-50 uM) was purchased from
BIOMOL (Plymouth Meeting, PA). Calcium signaling inhibitor, ethylene glycol tetraacetic
acid (EGTA, 2-10 mM) was purchased from Sigma-Aldrich. Cells exposed to the signaling
pathway inhibitors for 24 h were >95% viable by flow cytometry. These inhibitors were

dissolved in DMSO (0.1%) to make a stock concentration of 20mM.
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Inhibitor Concentrations | Target Generic Name Formula
Used

PD98059 5-50uM ERK MAPK 2’-amino-3’- C16H13NO3
methoxyflavone

SP600125 5-50uM JNK MAPK Anthra[1,9-cd]pyrazol- C14HsN,0
6(2H)-one

SB203580 5-50puM p38 MAPK 4-(-4-Fluorophenyl)-2- CaoH14FN3O
(4-hydroxyphenyl)-5-(4-
pyridyl)1H-imidazole

LY294002 | 5-50uM PI3K 2-(4-morpholinyl)-8- Ci19H17NO3
phenyl-4H-1-
benzopyran-4-one

EGTA 2-10mM Calcium Ethyleneglycol-bis(p- C14H24N2019
chelator aminoethyl)-N,N,N’,N’-
tertaacetic acid

JAK 10-100nM JAK kinases 2-(1,1-dimethylethyl)-9- | C1gH16FN3O
Inhibitor-I fluro-3,6-dihydro-7H-
benz[h]-imidaz[4,5-
flisoquinolin-7-one

Table 1 List of signaling inhibitors used

In order to determine whether IL-27 expression in human MDMs is regulated through
the lysosomal degradation pathway, cells were treated for 2h with chloroquine diphosphate
salt at a 25uM concentration (Sigma-Aldrich). Furthermore, in order to determine whether
IL-27 expression in human MDMs is regulated through the proteosomal degradation
pathway, cells were treated for 2h with clasto-lactacystin B-lactone at a 5M concentration

(Calbiochem) in DMSO.

Reverse-transcription-polymerase chain reaction (RT-PCR)

MRNA expression were analyzed by quantitative reverse transcription-polymerase
chain reaction (QRT-PCR) using random primers (Applied Biosystems, Foster City, CA) and
the one-step quantitative RT-PCR system (Applied Biosystems). Total RNA was extracted
from cells using the RNeasy kit (QIAGEN Inc., Mississauga, Canada). Samples were lysed

in the lysis buffer provided in the kit and then homogenized. Ethanol was added to the lysate
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to provide ideal binding conditions. Pure, concentrated total mMRNA was eluted in 50ul of
distilled water. The cDNA was generated from 1 g total RNA by using the Qiagen kit
according to the manufacturer’s instructions (Applied Biosystems). Reverse-transcription
PCR was performed in 0.2ml PCR tubes under the following conditions: 10 min at 25°C, 2

hr at 37 °C and 5 min at 85 °C, hold at 4°C.

Measurement of mMRNA by relative quantitative real-time PCR

The expression level of each mRNA was quantitatively analyzed by a 7500 Real-
Time PCR System (Applied Biosystems) with the cDNA prepared as described above and
TagMan Universal Master Mix (Applied Biosystems). The specific primers for human IL-
23p19, 1L-12/23p40, 1L-12p35, IL-27p28, EBI3, TTP and B-actin were purchased from
Applied Biosystems. Real-time PCR was performed in 96-well microtiter plates under the
following conditions: 2 min at 50 °C, 10 min at 95 °C and 40 cycles of 15 s at 95 °C and 1
min at 60 °C. The primers for 1L-23p19 (Hs00373324_m1), 1L-12p40 (Hs00233688 m1),
IL-27p28 (Hs00377366_m1), IL-27EBI3 (Hs00194957 m1), TTP (Hs00185658 m1) and B-
actin (Hs99999903 _m1) were purchased from Applied Biosystems. The expression levels of
mRNA quantified by TagMan Gene Expression Assay were shown as the ratio of that of -
actin, which was determined with human B-actin control reagent (Applied Biosystems), by
calculation of cycle threshold (Ct) values in amplification plots. Beta-actin was used as
endogenous control. To control for cross-contamination, a sample consisting of distilled
water was also tested. All the primers were labeled at their 3 terminus with a reporter
fluorophore 6-carboxyfluorescein (FAM).The expression levels of the IL-12 family mRNA

quantified by TagMan Gene Expression Assay were shown as the ratio of that of f-actin,
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which was determined with human p-actin control reagent (Applied Biosystems), by

calculation of cycle threshold (Ct) values in amplification plots.

Target gene Sequence 5° — 3’

IL-23p19 GTGGGACACATGGATCTAAGAGAAG

IL-27p28 GCCGCCTCTCTGACCCGGCGCGTCT

EBI3 GCGCGCTTCCACCGGGTGGGGCCCA

IL-12p40 CAAAAGCAGCAGAGGCTCTTCTGAC

TTP GCGGAATTCTCTCTGCCATCTACGAGAGCCTC
B-actin GCCTCGCCTTTGCCGATCCGCCGCC

Table 2 List of target gene primers used and their sequences (Applied Biosystems)

Quantification of 1L-23, IL-27 and IL-12/23p40 proteins by ELISA

IL-12/23p40 protein in the culture supernatants was quantified by ELISA using two
different monoclonal antibodies that recognize distinct epitopes as described previously (10).
ELISA plates (Thermo Fisher Scientific, Nunc, Waltham, MA) were coated overnight at 4°C
with anti-human 1L-12p40 capture monoclonal antibody (Invitrogen, Camarillo, California; 1
pg/ml). 1L-12/23p40 was detected using biotinylated anti-1L-12/23p40 monoclonal antibody
(Invitrogen, Camarillo, California, 350ng/ml).  Streptavidin-peroxidase (Jackson
ImmunoResearch, West Grove, PA) was used at a final dilution of 1/1000. The color reaction
was developed by o-phenylenediamine (Sigma-Aldrich) and hydrogen peroxide.
Recombinant IL-12/23p40 (R&D Systems) was used as a standard. The IL-12p40 capture
antibody measures all p40, regardless of whether it is dimerized with p19 or p35.

IL-23 production was quantified using a commercial ELISA kit (eBiosciences, San
Diego, California). ELISA plates (Thermo Fisher Scientific) were coated overnight at 4°C
with anti-human 1L-23 capture antibody (eBiosciences) as per the manufacturer’s
instructions. IL-23 was detected using biotin-conjugated anti-human IL-23 (eBiosciences)

antibodies. The color reaction was developed using TMB Super Sensitive One Component
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HRP Microwell Substrate (SurModics In Vitro Diagnostic Products, Eden Prairie,
Minnesota) by using horseradish peroxidase-conjugated avidin provided in the Kkit.
IL-27protein in the culture supernatants was quantified by ELISA using two different
monoclonal antibodies that recognize distinct epitopes (R&D Systems, Inc., Minneapolis,
MN USA). ELISA plates (Thermo Fisher Scientific, Nunc, Waltham, MA) were coated
overnight at room temperature with anti-human IL-27 capture monoclonal antibody (R&D
Systems, Inc., 0.4 pg/ml). IL-27 was detected using biotinylated anti-IL-27 monoclonal
antibody (R&D Systems, Inc., 200 ng/ml). Streptavidin-peroxidase (R&D Systems, Inc.) was
used at a final dilution of 1/200. The color reaction was developed using TMB Super
Sensitive One Component HRP Microwell Substrate (SurModics In Vitro Diagnostic
Products, Eden Prairie, Minnesota) by using horseradish peroxidase-conjugated avidin
provided in the kit. Recombinant IL-27 (R&D Systems) was used as a standard. Negatively
selected monocytes and negatively selected monocytes cultured with anti-CD14 beads were

also stimulated under the same conditions (IFN-y 10ng/ml for 16 hr, 1 x 10° cells).

Western blot analysis

Cells (1x10%ml) were treated with increasing concentrations of each signalling
pathway inhibitor for 2 h, followed by IFN-y (10 ng/ml) stimulation for 15 min or LPS (1
ug/ml) for 30 min, respectively. Cell lysates were collected and Jak, Akt, ERK, JNK and
p38MAPK phosphorylation was determined by Western blot analysis as previously
described (10). Cell-associated IL-27p28 and EBI3 levels were determined after 24 h of LPS
(1 pg/ml) stimulation. Cell lysates were prepared by treating the cell pellets at 4°C for 30-45

min with lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-
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100, 1.5 mM MgCl,, 100 mM NaF, 100 mM sodium orthovanadate, and 1 mM EGTA pH
7.7), followed by centrifugation for 30 min at 14000 x g at 4°C. Total cell proteins were
subjected to 10% polyacrylamide SDS-PAGE and the proteins were subsequently transferred
onto polyvinylidene difluoride (PVDF) membranes (BioRad). The membranes were probed
with either rabbit anti-human-phospho-p38 (Thr180/Tyr182; New England Biolabs,
Mississauga, Ontario, Canada), mouse anti-human-phosho-ERK MAPKSs (Thr202/Tyr204)
(Santa Cruz Biotechnologies, Inc., Santa Cruz, CA), mouse anti-human phospho-JNK
(Thr183/Tyr185; Santa Cruz Biotechnologies, Inc.,), rabbit anti-human-phospho-Akt
(Ser473; Cell Signalling Technology) antibodies followed by detection with horseradish
peroxidase conjugated goat anti-rabbit or goat anti-mouse polyclonal antibodies (Bio-Rad).
The membranes were stripped (stripping buffer: 62.5 mM Tris-HCI, pH 6.7, 100 mM 2ME,
2% SDS and 710 ul DTT) for 30 min and re-probed with rabbit polyclonal antibodies
specific for the un-phosphorylated forms of either ERK, p38, INK MAPKSs (Santa Cruz) or
Akt and GAPDH (Cell Signalling Technology). Cell-associated 1L-27p28 and EBI3 levels
were visualized using polyclonal goat anti-human IL-27 (R&D Systems) reconstituted as per
manufacturer’s  instructions. All  immunoblots were visualized by enhanced
chemiluminescence (ECL, Amersham, Baie d’Urfe, PQ, Canada). Antibodies were diluted

1:1000 in 2% bovine serum albumin (MP Biomedicals, Solon, OH, United States).

Cell surface staining measured by flow cytometry
Anti-human mouse antibodies used for flow cytometry were phycoerythrin (PE)-
labeled monoclonal IFN-yR1 and monoclonal TLR4 (R&D Systems). Monocytes (1x10°

cells) were incubated with either anti-human TLR4-PE, or anti-human IFNGR1-PE at 4°C

58



for 30 min, then washed with PBS. The cell surface expression of IFN-yR1 and TLR4 was
analyzed by flow cytometry using BD FACSCanto software (BD Biosciences, San Jose, CA,
USA). Histograms were done using Windows Multiple Document Interafce for Flow
Cytometry (WinMDI 2.5 — developer Joe Trotter).

In order to characterize the phenotype of monocyte-derived macrophages, PBMCs (5
x 10° cells) were plated and monocytes were differentiated into macrophages with M-CSF
over 6 days. Cells were washed and stained with PE-conjugated antibodies for 15 minutes.
Surface expression of CD83, CD80, CD16, CD11a, CD11b, CD11lc and HLA-DR (R&D
Systems) was assessed by flow cytometry. MDMs were washed and stained with PE-
conjugated mouse monoclonal anti-human WSX-1 and Per-CP-conjugated mouse
monoclonal anti-human gp130 for 15 minutes, both antibodies obtained from R&D Systems.

Surface expression of WSX-1 and gp130 was assessed by flow cytometry.

Neutralization assay of IFN-y R1/CD119

Monocytes (1x10°) were incubated with goat anti-human IFN-yR1/CD119 (10 pg/ml;
IgG; R&D Systems) in the presence of IFN-y stimulation. As a control, monocytes were also
incubated with equal quantities of an isotype-matched anti-goat 1gG antibody (R&D
systems) in the presence of IFN-y. Cells were cultured for 16 hr following which

supernatants were analyzed for IL-23 production by ELISA as described above.

Transfection of small interfering RNA (siRNA)
Transfection of JNK, p38 siRNA, and p85 PI3K siRNA were performed in the
promonocytic cell line THP-1. Cells were seeded in 12 well plates at a concentration of 2.5 x

10° cells/ml in serum-free IMDM media and were transfected with either 1 pg of small
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interfering RNAs specific for JNK, p38, PI3Kp85 or scrambled control siRNA as described
by the manufacturer (Santa Cruz, Santa Cruz, CA). Cells were transfected with siRNA for
JNK 1 and 2, p38a, B and vy, or PI3K p85a and B and nonspecific control pool (siRNA
control) using Santa Cruz transfection reagents as per the manufacturer's instructions (Santa
Cruz Biotechnologies, Inc.). Briefly, cells were washed once in sterile PBS and then
resuspended in serum-free IMDM media. Following transfection, cells were stimulated with
LPS (1 pug/ml, 4 h) for Real-Time PCR and for 30 min for Western blotting for JNK, p38, or
p85 PI3K. The supernatants were collected after 24 hours of LPS stimulation (1 ug/ml) to be

analyzed for cytokine expression by ELISA.

Statistical analysis
Means were compared using the two-tailed Student's t test. Results are expressed as
mean + SEM. All experiments were repeated at least three times and sample sizes are

provided in the figure legends.

Ethics Statement

Informed consent was given in writing by all participants based on the study protocol
which was approved by the Research Ethics Boards of the Research Institute, Children’s
Hospital of Eastern Ontario and the Ottawa Hospital Research Institute, University of

Ottawa, Ottawa, Ontario, Canada.
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Results

Chapter 3 Requlation of IFN-y and LPS-induced IL-23 in myeloid cells

3.1 IFN-y-induced IL-23 production and its regulation in primary human monocytes

IL-23 induces differentiation and proliferation of Thl cells by promoting IFN-y
production by CD4" memory T cells (19, 38). The key feature of 1L-23 is its ability to induce
generation of Th17 cells and I1L-17 production (39, 40). The IL-23-Th17 axis plays a key role
in the induction of inflammatory cytokines and pathogenesis of autoimmune disorders (41-
44).

Stimulation of various TLRs such as TLR2, TLR4 and TLR7/8 induce IL-23p19
expression and IL-23 production in DCs (111). Moreover, IFN-y and LPS synergize to
induce IL-12 and IL-23 expression in murine and human myeloid-derived DCs and
monocytes/macrophages (108, 110, 141). Interestingly, IFN-y has also been shown to
negatively regulate LPS-induced IL-23 production in murine macrophages (187). Whether
IFN-vy alone can induce the production of 1L-23, IL-12p40 or I1L-23p19, in human monocytes
remains unknown.

IFN-y mediates its biological effects primarily via the activation of the Jak/STAT
pathway (103). IFN-y has also been shown to activate MAPKs (101), PI3K (105) and Src
kinases (106) in a STAT-1-independent manner (103). The signalling pathways regulating
IL-12p40 expression in LPS-stimulated monocytic cells have been studied within the context
of IL-12 regulation (10-12, 107, 108, 144). However, very little is known about the
regulation of IL-23 in LPS and IFN-y-stimulated monocytic cells (108, 116, 118, 142). My

results show for the first time that IFN-y induced the production of IL-12p40 and IL-23 in
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primary human monocytes isolated by positive selection through the use of anti-CD14
antibodies conjugated with microbeads and not in negatively selected monocytes. My data
have also demonstrated a differential positive regulation of 1L-12p40 and IL-23 by p38
MAPK. These cytokines were negatively regulated by Jak/STAT, c-Jun N-terminal Kinases
(JNK) MAPK and PI3K pathways in CD14-activated primary human monocytes in response

to stimulation with IFN-y.

IFN-y induces the expression of IL-12p40 and IL-23 in positively selected but not in
negatively selected human monocytes

IFN-y is a natural stimulant which is known to prime murine monocytic cells to
produce IL-12 in response to LPS (117). Therefore, I first determined whether monocytes
isolated by negative or positive selection respond in a differential manner to IFN-y by
producing IL-23 and its subunits. IFN-y stimulation of positively selected monocytes induce
in a time-dependent manner, the expression of IL-23p19 and IL-12/23p40 mRNA (Fig
3.1.1A), with the highest production at 16h. IFN-y-stimulation of monocytic cells enhanced
the production of IL-23 and 1L-12/23p40 proteins (Fig 3.1.1B) compared to unstimulated
cells. These positively selected monocytes secreted high basal levels of 1L-12/23p40 and IL-
23 proteins. In contrast to monocytes selected through anti-CD14 beads, stimulation of
negatively selected monocytes with IFN-y failed to induce IL-12/23p40 and IL-23 proteins.
At the same time, negatively selected monocytes produced relatively low basal levels of IL-

12/23p40 and IL-23 proteins (Fig 3.1.2A and B).
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Fig 3.1.1 IFN-y induces IL-23 and IL-12p40 expression in positively selected human
monocytes. (A) Positively selected primary human monocytes (1x10%ml) were stimulated
with IFN-y (10 ng/ml, 4 h or 16 h; n=4). 1L-23p19 and 1L-12/23p40 mRNA expression were
quantified by relative gquantitative real-time PCR. (B). Positively selected human primary
monocytes (1x10%ml) were stimulated with IFN-y (10 ng/ml, 16 h, n=22). IL-23 and IL-
12/23p40 protein production was determined by ELISA. As a control, | have tested for
presence of 1L-12p70 cytokine using the IL-23 ELISA Kit, ensuring that is no cross-reactivity
in the ELISA kit between the two cytokines. The results are shown as mean £ SEM, * p <
0.05; ** p < 0.01; *** p < 0.001; Unstim- unstimulated.
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Fig. 3.1.2 IFN-y stimulation of CD14-activated monocytes tri%gers IL-12p40 and IL-23
production.  Untouched negatively selected monocytes (1x10°/ml) were stimulated with
IFN-y (10 ng/ml, 16 h, n=4). Negatively selected monocytes (1x10%ml) were treated with
anti-CD14 antibodies-conjugated beads at 4 C for 1 hr followed by stimulation with IFN-y
(10 ng/ml) for 16 h (n=4). IL-12/23p40 (A) and IL-23 (B) protein production was determined
by ELISA. The results are shown as mean £ SEM, * p < 0.05; Unstim- unstimulated.
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Since monocytes were isolated by positive selection through the usage of anti-CD14
antibodies coated beads, | hypothesized that IFN-y-induced production of 1L-12/23p40 and
IL-23 proteins was due to prior stimulation of monocytes through CD14 receptors.
Therefore, negatively selected monocytes were cultured with anti-CD14 antibody-coated
beads followed by stimulation with IFN-y. Interestingly, IFN-y was able to induce significant
production of IL-12/23p40 and IL-23 in these cells (Fig 3.1.2A and B). These results suggest
that IFN-y induces the expression of I1L-12/23p40 and IL-23 proteins in cells activated
through the CD14 receptors. To understand how CD14 engagement sensitizes monocytes to
IFN-y, I hypothesized that CD14 stimulation may induce the expression of IFN-y receptors
(IFNGR1/CD119). Therefore, 1 compared the expression of IFNGR1 on positively and
negatively selected monocytes, as well as the negatively selected monocytes cultured in vitro
with anti-CD14 beads. The results show that percentage of IFNGR1-expressing cells were
significantly higher in monocytes selected via CD14 engagement compared to negatively
selected cells (Fig 3.1.3A, column 1 versus column 2). The expression of IFNGR1 on
negatively selected cells cultured with anti-CD14 beads was enhanced compared to the
negatively selected cells (Fig 3.1.3A, column 2 versus column 3). A representative histogram
showing IFNGR1 expression in positively, negatively selected and negatively selected cells
cultured with anti-CD14 beads is shown (Fig 3.1.3A right panel). Thus, enhanced expression
of IFNGRL in response to CD14 activation may result in higher IL-23 production following
IFN-y stimulation.

To further demonstrate that upregulation of IFNGR1 leads to higher IFN-y-induced
IL-23 production, | blocked the IFNGR1 using anti-IFNGR1 antibodies. Treatment of

positively selected monocytes with neutralizing anti-IFNGR1 antibody significantly
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Fig 3.1.3 CD14 engagement sensitizes positively selected monocytes to IFN-y
stimulation by upregulating IFNGR1. (A) The unstimulated positively selected
monocytes, negatively selected monocytes and negatively selected monocytes cultured with
anti-CD14 beads from six different healthy individuals (1x10%/ml) were cultured in complete
media followed by the analysis of IFNGR1 cell-surface expression by flow cytometry and
represented as percentage of cells expression IFNGR1 in positively selected, negatively
selected monocytes and negatively selected monocytes cultured with anti-CD14 beads is
shown (right panels). (B) Positively selected monocytes (1x10°%/ml) from six healthy donors
were stimulated with IFN-y (10 ng/ml, 16 h) in the presence of either isotype matched
control antibodies or anti-IFNGR1 antibodies. I1L-23 protein production was determined by
ELISA. The results are shown as mean £ SEM (n=4), * p < 0.05; ** p < 0.01; Unstim-
unstimulated; +ve — positive, -ve — negative.
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decreased IFN-y-induced IL-23 production (Fig 3.1.3B) compared to the IFN-y stimulated
cells treated with an isotype-matched control antibody.

IFN-y priming of monocytes and APCs has been shown to enhance their ability to
produce IL-23 in response to a second stimulus such as LPS (143). Enhanced IFNGR1
expression on positively selected monocytes may also lead to enhanced IFN-y-mediated
expression of TLRs. Therefore, positively and negatively selected monocytes as well as
negatively selected monocytes cultured with anti-CD14 beads were stimulated with IFN-y
for 16 hr followed by analyzing the expression of TLR-4 receptors by flow cytometry. The
results show that IFN-y induced significantly higher percentage of TLR-4 receptors-
expressing cells on positively selected monocytes as well as negatively selected monocytes
cultured with anti-CD14 beads compared to the negatively selected monocytes (Fig 3.1.4A).
Next, | determined whether enhanced TLR-4 expression following IFN-y priming of
positively selected monocytes would result in enhanced IL-23 production following LPS
stimulation. Results show that IFN-y priming of positively selected monocytes significantly
enhanced LPS-induced IL-23 production (Fig 3.1.4B). Subsequently, | focussed on
understanding the mechanism underlying the regulation of IFN-y-induced IL-23 production

in positively selected monocytes.

The Jak/STAT pathway negatively regulates IL-12/23p40 protein and IL-23p19 mRNA
expression but not 1L-23 expression following IFN-y stimulation.

IFN-y mediates its effects primarily through the activation of Jak/STAT pathway
(103). Therefore, the role of this pathway in regulating IFN-y-induced IL-23 expression was

investigated using Jak inhibitor-1 which inhibits the Jak/STAT pathway. Monocytes pre-
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Fig 3.1.4 Upregulated IFNGR1 on positively selected monocytes exhibit enhanced TLR-
4 receptors following IFN-y stimulation leading subsequently to enhanced LPS-induced
IL-23 production. (A) The unstimulated positively selected monocytes, negatively selected
monocytes and negatively selected monocytes cultured with anti-CD14 beads from six
different healthy individuals (1x10%ml) were stimulated with IFN-y (10 ng/ml) for 16 hr
followed by the analysis of TLR-4 receptors expression by flow cytometry and represented
as a percentage of cells expression TLR-4 receptors (n=5). (B) Positively selected monocytes
(1x10%ml) were stimulated with IFN-y (10 ng/ml, 16 h) or with IFN-y (10 ng/ml, 16 h) and
LPS (1pg/ml, 24 hr). 1L-23 protein production was determined by ELISA (n=15). The
results are shown as mean + SEM, * p < 0.05; ** p < 0.01; *** p < 0.001; Unstim-
unstimulated.
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treated with Jak inhibitor-1 were stimulated with IFN-y and analyzed for STAT1
phosphorylation followed by measurement of 1L-12/23p40 and IL-23 expression by relative
quantitative real-time PCR (RQ-PCR) and ELISA. Cells pretreated with Jak inhibitor-I
showed inhibition of STAT-1 phosphorylation in a dose-dependent manner (Fig 3.1.5A). The
unphosphorylated form of the protein was used to demonstrate equal loading control in order
to attribute the increased levels of phosphorylation observed to IFN-y stimulation.
Interestingly, IFN-y stimulation of cells pretreated with Jak inhibitor-1 significantly increased
the expression of 1L-23p19 mRNA and IL-12/23p40 proteins production in a dose-dependent
manner (Fig 3.1.5B and 3.1.5C). The Jak inhibitor-1 did not significantly enhance IL-23
protein expression in positively selected monocytes following stimulation with IFN-y.
However, a trend towards increased IL-23 production was observed in a dose-dependent
manner (Fig 3.1.5D). It may be pointed out that similar concentrations of Jak inhibitor-I
inhibited IL-4-induced CD44 expression in THP-1 cells ((data not shown and (188)),
suggesting a specific effect of IFN-y-Jak/STAT pathway in negative regulation of 1L-23
production.
IL-23 expression in IFN-s-stimulated monocytes is negatively regulated by the PI3K pathway
IL-23 has also been shown to be positively regulated by the PI3K pathway following
infection of human monocytic cells with Francisella tularensis and Mycobacterium
tuberculosis (86, 140). Therefore, | examined the role of PI3K signalling in the regulation of
IL-23 expression in IFN-y-stimulated monocytic cells by using a pharmacological PI3K
inhibitor, LY294002. First, | demonstrated that pretreatment with LY294002 inhibited IFN-
y-induced Akt phosphorylation in monocytes (Fig 3.1.6A). Inhibition of PI3K in IFN-y-
stimulated monocytes significantly enhanced IL-23p19 mRNA expression (Fig. 3.1.6B), as
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Fig 3.1.5 IFN-y-induced 1L-12p40 and IL-23 expression is negatively regulated by the
JAK/STAT pathway (A). Positively selected monocytes (1x10%ml) were treated with
increasing concentrations of Jak inhibitor I (0-100 nM) for 2 h followed by IFN-y (10 ng/ml)
stimulation for 15 min. Cell pellets were harvested for determination of STAT-1
phosphorylation by Western blot analysis. The result shown is a representative of three
independent experiments. (B-D) Monocytes (1x10%ml) were treated with increasing
concentrations of Jak inhibitor 1 (0-100 nM) for 2 h followed by stimulation with IFN-y (10
ng/ml, 16 h) for quantification of IL-23p19 mRNA expression by RQ-PCR (n=3) (B)
whereas 1L-12/23p40 (n=6) (C) and IL-23 (n=5) (D) protein production was determined by
ELISA. The results are shown as mean + SEM of 3-5 independent experiments, * p < 0.05;
**p <0.01; *** p <0.001; Unstim- unstimulated.
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Fig. 3.1.6 IFN-y-induced IL-23 expression is negatively regulated by the PI3K pathway.
(A\). Positively selected monocytes (1x10°/ml) were treated with increasing concentrations of
the PI3K inhibitor LY294002 ( 0-50 uM) for 2 h followed by IFN-y (10 ng/ml) stimulation
for 15 min. Cell pellets were analyzed for Akt phosphorylation by Western immunoblotting.
The result shown is a representative of three independent experiments. (B-D): Monocytes
were stimulated with IFN-y (10 ng/ml, 16 h) for quantification of IL-23p19 mRNA
expression by RQ-PCR (n=4) (B) and for determination of 1L-23 (n=6) (C) and IL-12/23p40
(n=5) (D) protein production by ELISA. The results are shown as mean + SEM of 3 to 5
independent experiments, * p < 0.05; ** p < 0.01; Unstim- unstimulated.
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well as 1L-12/23p40 and IL-23 protein production (Fig 3.1.6C, 3.1.6D). These results suggest
that IL-12/23p40 and IL-23 expression is negatively regulated by the PI3K pathway in IFN-
y-stimulated primary monocytes isolated by positive selection.

IL-23 expression in IFN-jystimulated monocytes is positively regulated by p38 and
negatively regulated by the INK MAPK pathways

To understand the contribution of MAPKs to the regulation of IL-23p19, IL-
12/23p40 and IL-23 expression in IFN-y-stimulated monocytes, | employed inhibitors
specific for p38 (SB203580), ERK (PD98059) and JNK (SP600125) MAPKs (10, 110, 111).
JNK, p38 and ERK MAPK were phosphorylated in positively selected monocytes following
stimulation with IFN-y (Fig 3.1.7). MAPK were phosphorylated in positively selected
monocytes following stimulation with IFN-y. The specificity of different inhibitors was
tested prior to starting the experiments. Cells pretreated with SB203580, PD98059 or
SP600125 showed a significant dose-dependent decrease in phosphorylation of p38, ERK
and JNK MAPKS, respectively, following IFN-y stimulation (Fig 3.1.7A, B and C).

The inhibition of JNK resulted in a significant increase in IFN-y-induced expression
of IL-23p19 mRNA, and IL-12/23p40 and IL-23 protein levels (Fig 3.1.8A, B, C left panels).
These results suggest that the INK pathway negatively regulates IFN-y-induced IL-12/23p40
and IL-23 production. Interestingly, although inhibition of the p38 MAPK significantly
enhanced IFN-y-induced IL-23p19 mRNA expression (Fig 3.1.8A, middle panel), SB203580
significantly decreased the levels of both 1L-12/23p40 and IL-23 protein production (Fig
3.1.8B, 3.1.8C middle panels). In contrast, inhibition of ERK MAPK in monocytes
stimulated with IFN-y did not affect IL-23p19 mRNA or 1L-12p40 and IL-23 protein levels

(Fig 3.1.8A, B, C right panels). Since INK MAPK inhibitor, SP600125, enhanced IFN-y-
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Fig 3.1.7 IFN-y activates ERK, JNK and p38 MAPKs. Positively selected monocytes
(1x10%ml) were treated with increasing concentrations of inhibitors specific ERK
(PD98059), JNK (SP600125) and p38 (SB202190) MAPK for 2 h followed by IFN-y (10
ng/ml) stimulation for 15 min. Cell pellets were analyzed by Western immunoblotting for
phosphorylation of each MAPK. The results shown are representatives of three independent
experiments.
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Fig. 3.1.8 IFN-y-induced IL-12p40 and IL-23 expression is positively regulated by p38
MAPK and negatively regulated by the INK MAPK pathway. Positively selected
monocytes (1x10°/ml) were treated with increasing concentrations of ERK (PD98059, right
panel), INK (SP600125, left panel) or p38 (SB202190, middle panel) MAPK inhibitors for 2
h followed by stimulation with IFN-y (10 ng/ml, 16 h) for quantification of IL-23p19 mRNA
expression by RQ-PCR (n=3) (A) or IL-23 (n=5) (B) and 1L-12/23p40 (n=5) (C) protein
production by ELISA. The results are shown as mean + SEM of 3-5 independent
experiments, * p < 0.05; Unstim- unstimulated.
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induced IL-23 production, therefore | demonstrated that SP600125 alone did not induce IL-

23 production non-specifically beyond the basal levels (Fig 3.1.9).

Role of calcium signalling in IFN-j~induced IL-23 expression

LPS-induced IL-12/23p40 expression is regulated in human monocytes by calcium
signalling pathway (189). Therefore, the effect of calcium signalling on IFN-y-induced 1L-23
expression was determined in the presence of EGTA, an inhibitor of calcium signalling.
Monocytes were treated with EGTA followed by stimulation with IFN-y and 1L-12/23p40
and 1L-23 production were determined by ELISA. Monocytic cells pre-treated with EGTA
and stimulated with IFN-y did not show any significant changes in the levels of IL-23 or IL-
12/23p40 produced (Fig 3.1.10 A and B, respectively).

In conclusion, my results show that IFN-y induced the production of IL-12/23p40 and
IL-23p19 mRNA, as well as IL-12/23p40 and IL-23 proteins in primary human monocytes
isolated by positive selection through anti-CD14 microbeads. In addition, | observed a
differential regulation of 1L-23p19mRNA and IL-23 protein following IFN-y stimulation.
IFN-y-induced IL-23 and 1L-12/23p40 expression was positively regulated by the p38
MAPK. In contrast, 1L-12/23p40 and IL-23 were negatively regulated by the Jak/STAT,

PI3K and JNK MAPK in IFN-y-stimulated monocytes.
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Fig. 3.1.9 SP600125, a JINK MAPK inhibitor, does not induce IL-23 production.
Positively selected monocytes (1x10%/ml) were treated with increasing concentrations of
SP600125. As a control, these cells were stimulated with IFN-y (10 ng/ml) for 16 h followed
by IL-23 quantification by ELISA, n=3. The results are shown as mean £ SEM of 6
independent experiments, * p < 0.05; Unstim- unstimulated.
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Fig. 3.1.10 IFN-y-induced IL-12p40 and IL-23 expression is not regulated by the
calcium signaling pathway Positively selected monocytes (1x10%ml) were treated with
increasing concentrations of EGTA for 2 h followed by stimulation with IFN-y (10 ng/ml, 16
h) for quantification of 1L-23 (n=5) (A) and IL-12/23p40 (n=4) (B) protein production by
ELISA. The results are shown as mean £ SEM, Unstim- unstimulated.
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3.1.2 LPS-induced IL-23 production and its requlation in THP-1 promonocytic cells

LPS has been shown to promote IL-12 production via induction of the MAPKSs, PI3K
and calcium signalling pathways (10, 121, 190). Recently, I1L-23 production has also been
reported to be induced following LPS stimulation in human monocytes and PBMCs (110,
191). However, studies examining the signalling pathways involved in LPS-induced IL-23
production have yielded conflicting results. For example, the MAPK and PI3K signalling
pathways have both been implicated in the expression of IL-23p19 and IL-12/23p40 mRNA
and IL-23 protein secretion in monocytic cells, DCs and the human pro-monocytic THP-1
cell line (10, 109, 111, 140, 192, 193). Studies have shown that LPS-induced IL-23
production is negatively regulated by JNK and p38 MAPKSs in monocytic cells (110, 112).
My results however, have demonstrated that p38 MAPK is a positive regulator of IL-23
production, while INK MAPK and PI3K are both negative regulators of IFN-y-induced IL-
23 production in CD14-primed human monocytes (Chapter 3.1, results section).

To further clarify the mechanisms involved in the production IL-23, | employed
THP-1 human promonocytic cells as a model system, since these cells are more amenable to
approaches, such as siRNA transfections (194). A number of reports suggest that IFN-y
priming may be required to stimulate IL-23 and IL-12 production in a number of different
cell types (108, 111, 117, 195, 196). Therefore, | investigated the regulation of IL-23
production in THP-1 cells following stimulation with either IFN-y or LPS alone, or
following LPS stimulation of IFN-y-primed cells. My results show that LPS induces IL-
23p19 mRNA expression as well as IL-12/23p40 and IL-23 protein production. Moreover,
LPS-induced IL-23 expression is regulated by the JINK and p38 MAPKSs as well as the PI3K

signalling pathways.
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IFN-y/LPS induces the expression of IL-12/23p40 and IL-23 production in THP-1 cells
THP-1 cells were stimulated with either LPS or IFN-y alone or primed with IFN-y for
16 hr, and afterwards, stimulated with LPS. Cells stimulated with LPS alone displayed
increased 1L-12/23p40 and IL-23p19 mRNA levels as wells as IL-23 and IL-12/23p40
protein production relative to unstimulated cells (Figure 3.2.1A-C). Stimulation with IFN-y
alone did not significantly affect IL-23p19 or IL-12/23p40 mRNA expression or IL-12p40 or
IL-23 protein production relative to the unstimulated cells (Figure 3.2.1A-C). Priming of
cells with IFN-y before LPS stimulation resulted in enhanced IL-12/23p40 mRNA
expression but had no effect on LPS-induced 1L-23p19 mRNA or 1L-12/23p40 protein levels
compared to LPS-stimulated cells alone (Figure 3.2.1 A-C). Since LPS stimulation alone
significantly induced IL-23 and IL-12p40 production, | focused on the signaling pathways
involved in IL-23 and 1L-12p40 production only in subsequent studies. Surprisingly, priming
of cells with IFN-y before LPS stimulation resulted in decreased IL-23 protein production
compared to the cells stimulated with LPS alone (Figure 3.2.1 A-C). However, it should be
noted that IFN-y priming of THP-1 cells had no effect on LPS-induced IL-12/23p40

production.

LPS-induced IL-23 production is regulated by p38 and JNK MAPKSs
The roles of MAPKs in the regulation of IL-23p19, IL-12/23p40 and IL-23
expression in LPS-stimulated THP-1 cells were determined by employing inhibitors specific

for ERK (PD98059), JNK (SP600125) and p38 (SB203580) MAPKs (10, 110, 111). THP-1
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cells were treated with various concentrations of PD98059, SP600125 or SB203580 for 2hr

prior to LPS stimulation for 30 min. ERK, JNK and p38 MAPK were phosphorylated in
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Fig. 3.2.1 LPS induces IL-23p19 mRNA expression, 1L-23 and 1L-12/23p40 protein
production. (A) THP-1 cells (1x10%ml) were treated with either IFN-y (10 ng/ml) for 16
hours, LPS (1ug/ml) for 4 hours or with both IFN-y and LPS for 16 hours and 4 hours,
respectively. 1L-23p19 and and IL-12/23p40 mRNA expression were quantified by relative
quantitative real-time PCR. (B) THP-1 cells (1x10°/ml) were treated with either IFN-y (10
ng/ml) for 16 hours, LPS (1ug/ml) for 24 hours or with both IFN-y and LPS for 16 hours and
24 hours, respectively. IL-23 protein production was then determined from the cell culture
supernatants by ELISA. (C) THP-1 cells (1x10%ml) were treated with either IFN-y (10
ng/ml) for 16 hours, LPS (1ug/ml) for 24 hours or with both IFN-y and LPS for 16 hours and
24 hours, respectively. 1L-12p40 protein production was then determined by ELISA. The
results are shown as mean + SEM of 3-5 independent experiments, Unstim- unstimulated.
Results were generated by Dr. Ali R. Rahimi
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THP-1 cells following stimulation with LPS (Fig 3.2.2). Cells pretreated with
SB203580, PD98059 or SP600125 showed a significant dose-dependent decrease in
phosphorylation of p38, ERK and JNK, respectively, following LPS stimulation (Fig 3.2.2).
These results show the ability of each inhibitor to block their specific signaling pathways.

Inhibition of ERK, JNK or p38 MAPK caused an increase in IL-23p19 mRNA levels
(Figure 3.2.3 A-C left panels). However, inhibition of JNK and p38 MAPK decreased IL-23
(Figure 3.2.3 B and C, middle panels) and 1L-12/23p40 protein production (Figure 3.2.3 B
and C right panels) with increasing concentrations of each inhibitor. In contrast, inhibition of
the ERK pathway by PD98059 did not significantly affect either IL-23 (Fig 3.2.3A, middle
panel) or IL-12p40 protein production (Fig 3.2.3A, right panel). These results suggest that
p38 and JNK pathways positively regulate LPS-induced IL-23 and IL-12p40 production but
negatively regulate 1L-23p19 mRNA expression.

The role of JNK and p38 MAPK in LPS-induced IL-23p19 mRNA and total IL-23
protein expression was further confirmed using siRNA transfection to inhibit these signalling
proteins. THP-1 cells were transfected with either p38 or JNK specific or control siRNAs for
24 hr, following which cells were stimulated with LPS for another 24 hr for 1L-12/23p40 and
IL-23 protein production. The ability of JNK and p38 MAPK siRNA to prevent
phosphorylation of their respective proteins in response to LPS stimulation was determined
by Western blot analysis. JNK siRNA significantly reduced pJNK and total JNK in
unstimulated as well as LPS-stimulated cells compared to the cells transfected with control
siRNAs (Fig 3.2.4 A). Similarly, JNK siRNA significantly reduced LPS-induced IL-

12/23p40 and IL-23 protein production relative to the cells transfected with control sSiRNAs
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Fig. 3.2.2 Inhibition of LPS-induced ERK, JNK and p38 phosphorylation in THP-1
cells. THP-1 cells (1x10%ml) were treated with increasing concentrations of (A) ERK
(PD98059), (B) JNK (SP600125) or (C) p38 (SB203580) MAPK inhibitors for 2 hours
followed by stimulation with LPS (1pug/ml) for 30 minutes. Cell culture supernatants were
collected and phosphorylation of each MAPK was determined by Western blot. Total
proteins (30 ug) were analyzed by Western blot analysis using anti-phospho-ERK (p-ERK),
anti-phospho-JNK (p-JNK), or anti-phospho-p38 (p-p38) antibodies. The membranes were
stripped and re-probed with anti-ERK, anti-JNK, or anti-p38 antibodies, respectively, to
control for protein loading. The results shown are representatives of three independent
experiments. Results were generated by Dr. Ali R. Rahimi.
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Fig. 3.2.3 LPS-induced IL-23 production is positively regulated through JNK and p38
MAPK signaling pathways. THP-1 cells (1x10%ml) were treated with increasing
concentrations of ERK (PD98059) (n=3), INK (SP600125) (n=4) or p38 (SB202190) (n=5)
MAPK inhibitors for 2 h followed by LPS (1ug/ml) for 4 h. IL-23p19 mRNA expression was
then quantified by relative quantitative real-time PCR. THP-1 cells (1x10%ml) were also
treated with increasing concentrations of ERK (PD98059), JNK (SP600125) or p38
(SB203580) MAPK inhibitors for 2 hours followed by LPS (1ug/ml) for 24 hours. IL-23 and
IL-12/23p40 protein production were quantified from the culture supernatants by ELISA.
The results are shown as mean £ SEM, * p < 0.05; ** p < 0.01; *** p <0.001, Unstim-
unstimulated. Results were generated in collaboration with Dr. Ali R. Rahimi.
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Fig. 3.2.4 INK MAPK siRNA down-regulates LPS-induced IL-23 expression. (A) THP-
1 cells (2.5x10°) were transfected with the either control SiRNA or INK MAPK siRNA for
24 hours followed by stimulation with LPS (1ug/ml) for 30 minutes for the determination of
phosphorylated INK MAPK by Western blot analysis. The result is a representative of 3
independent experiments. Cells were transfected with the either control sSiRNA or INK MAPK
SiRNA for 24 h followed by stimulation with LPS (1ug/ml) for 24 hours for assessment of
IL-12/23p40 (n=7) (B) and IL-23 (n=5) (C) protein production by ELISA. The results are
shown as mean + SEM of 3 to 5 independent experiments; ** p < 0.01; *** p < 0.001, ctrl -
control siRNA.
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(Fig 3.2.4 B and C). p38 MAPK siRNA significantly reduced phospho-p38 and total p38
MAPKSs in unstimulated as well as LPS-stimulated cells compared to the cells transfected
with control siRNAs (Fig 3.2.5A). Furthermore, p38 siRNA significantly reduced LPS-
induced I1L-12/23p40 and IL-23 protein production relative to the cells transfected with

control siRNAs (Fig 3.2.5 B and C) and to the expression of p42/44 ERK MAPK.

Role of the PI3K signalling in LPS-induced IL-23 expression.

IL-23 expression has previously been reported to be regulated by the PI3K signalling
pathway (86, 140). Therefore, the effect of PI3K on LPS-induced IL-23 expression was
evaluated. The ability of the PI3K inhibitor, LY294002, to prevent Akt phosphorylation in
LPS-treated THP-1 cells was first determined by Western blot analysis. THP-1 cells were
treated with various concentrations (0-50uM) of LY294002 for 2hr prior to LPS stimulation
for 15 min. As expected, Akt phosphorylation was decreased in these cells with increasing
concentrations of inhibitor relative to cells stimulated with LPS alone (Fig 3.2.6A),
indicating that the inhibitor was functioning under these experimental conditions. The effect
of PI3K inhibition on IL-23 expression was then determined. THP-1 cells pre-treated with
increasing concentrations of PI3K inhibitor for 2 h were stimulated with LPS for either 4 h
for mMRNA expression or for 24h for IL-12/23 and 1L-23 protein expression as determined by
real-time PCR and ELISA, respectively. The results show that inhibition of PI3K pathway in
LPS-stimulated cells did not affect 1L-23p19 mRNA levels compared to the LPS-stimulated
cells (Figure 3.2.6B left panel). However, inhibition of PI3K pathway significantly decreased
both LPS-induced 1L-12/23p40 and IL-23 protein production compared to the untreated

control cells (Figures 3.2.6 C).
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Fig. 3.2.5 p38 MAPK siRNA down-regulates LPS-induced IL-23 expression. (A) THP-1
cells (2.5x10°) were transfected with the either control siRNA or p38 MAPK siRNA for 24
hours followed by stimulation with LPS (1ug/ml) for 30 minutes for the determination of
phosphorylated p38 MAPK by Western blot analysis. The result is a representative of 3
independent experiments. THP-1 cells were transfected with the either control siRNA or p38
MAPK siRNA for 24 h followed by stimulation with LPS (1ug/ml) for 24 hours for
assessment of 1L-12/23p40 (n=10) (B) or 1L-23 protein production (n=5) (C) by ELISA. The
results are shown as mean + SEM of 3 to 5 independent experiments; ** p < 0.01; *** p < 0.001,
ctrl — control siRNA.
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Fig. 3.2.6 LPS-induced IL-23 production is positively regulated through PI3K signaling
pathways in THP-1 cells. (A) THP-1 cells (1x10%ml) were treated with increasing
concentrations of the PI3K inhibitor LY294002 (0 to 50 uM) for 2 hours followed by LPS
(1pg/ml) for 30 minutes. Cell culture supernatants were collected and PI3K phosphorylation
was determined by Western blot analysis. Total proteins (30 ug) were analyzed by Western
blot analysis using anti-phospho-Akt (p-Akt) antibodies. Membranes were stripped and re-
probed with anti-Akt antibodies to control for protein loading. The results shown are
representatives of three independent experiments. (B) THP-1 cells (1x10%ml) were treated
with increasing concentrations of the PI3K inhibitor LY294002 (0 to 50 uM) for 2 hours
followed by LPS (1ug/ml) for 4 hours, n=3. IL-23p19 mRNA expression was then quantified
by relative quantitative real-time PCR. THP-1 cells (1x10%ml) were also treated with
increasing concentrations of the PI3K inhibitor LY294002 (0 to 50 uM) for 2 hours followed
by LPS (1ug/ml) for 24 hours. (C) IL-23 (n=5) and IL-12/23p40 (n=3) protein production
were quantified from the culture supernatants by ELISA, n=3. The results are shown as mean
+ SEM, * p < 0.05; ** p < 0.01; *** p < 0.001, Unstim- unstimulated.
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To confirm the above results obtained with PI3K pharmacological inhibitor,
transfection of THP-1 cells with specific sSIRNA was employed. PI3K is a heterodimeric
protein composed of a regulatory p85 subunit that integrates signals from various tyrosine
kinase-linked receptors and intracellular proteins. Upon signaling, the catalytic p110 subunit
binds to p85, forming an active enzyme. THP-1 cells were transfected with siRNA specific
for PI3Kp85a or nonspecific control pool. Following transfection, cells were cultured for an
additional 16 hr and then stimulated with LPS for 24 h for protein analysis by ELISA. Cells
treated with p85 siRNA decreased the level of p85 phosphorylation in unstimulated as well
as LPS stimulated cells compared to the cells transfected with control sSiRNA (Fig 3.2.7A).
Cells treated with PI3K SiRNA showed a decrease in LPS-induced 1L-12p40 and IL-23
protein production relative to cells treated with control siRNA (Fig 3.2.7B and C).

Taken together, these results show that LPS significantly stimulated 1L-23p19 and
IL-12/23p40 mRNA expression as well as 1L-12/23p40 and IL-23 protein production in
promonocytic THP-1 cells. LPS-induced IL-23 production in THP-1 cells is positively
regulated through the JNK, p38 MAPKSs and PI3K pathways. In contrast, IFN-y stimulation

alone did not affect either IL-23 mRNA or protein levels.
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Fig. 3.2.7 PI3K siRNA down-regulates LPS-induced IL-23 expression. (A) THP-1 cells
(2.5x10°) were transfected with the either control siRNA or p85 PI3K siRNA for 24 hours
followed by stimulation with LPS (1ug/ml) for 30 minutes for the determination of
phosphorylated p85 PI3K by Western blot analysis. The result is a representative of 3
independent experiments. THP-1 cells were transfected with the either control siRNA or p85
PI3K siRNA for 24 h followed by stimulation with LPS (1ug/ml) for 24 hours for
assessment of 1L-12/23p40 (n=4) (B) or 1L-23 (n=6) (C) protein production by ELISA. The
results are shown as mean + SEM, ctrl — control.
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3.3 INF-y/LPS-induced IL-23 production and its requlation in human monocyte-

derived macrophages

Previous studies demonstrated that the regulation of IL-23 production and expression
of its subunits is differentially regulated in myeloid cell subtypes, such as monocytes and
DCs (51)(86, 145)(109, 141), my work from chapters 3.1 and 3.2). It was therefore of
interest to investigate the production of IL-23 in response to LPS and/or IFN-y in monocyte-

derived macrophages.

Generation and characterization of MDMs

Human monocytic cells were differentiated using M-CSF into MDMs, as described in
the Materials and Methods section. Following 6 days in culture, MDMs were assessed for
surface expression of CD11a, CD11b, CD11c, CD80, CD83, CD86, CD16 and HLA-DR by
flow cytometry (Figure 3.3.1). CD1la, CD11b, CD11c are leukocyte adhesion surface
receptors and were highly expressed on MDMs. Furthermore, the co-stimulatory molecule
CD80 were also highly expressed on MDMs, in contrast with CD83, a dendritic cell
maturation marker. HLA-DR, a MHC 11 class receptor is expressed on the cell surface of
MDMs, coinciding with the antigen-presenting cell phenotype. Six-day old MDMs highly
expressed macrophage markers including, CD11a, CD11b, CD11c, HLA-DR and CD16

(Figure 3.3.1).
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IFN-y/LPS and LPS alone induce IL-12p40 and IL-23 production in human MDMs

Next, | wanted to investigate whether IL-12p40 and IL-23 are produced by MDMs
following stimulation with either IFN-y or LPS alone or following LPS stimulation of IFN-y-
primed cells. For this, MDMs were stimulated with either IFN-y alone (10 ng/ml), LPS
alone (1 ug/ml) or with IFN-y (10 ng/ml) for 16 hr followed by LPS (1 ug/ml) for 4 hr for
quantification and the expression of mMRNA was assessed by relative quantitative real-time
PCR. Cells were also stimulated with IFN-y (10 ng/ml) alone for 16hr, LPS for 24 hr or with
IFN-y for 16 hr followed by LPS stimulation (1 pg/ml) for 24hr for quantification of protein
secretion in the culture supernatants by ELISA. IFN-y stimulation alone did not induce the
expression of either IL-23p19, or IL-12/23p40 mRNA, or the production of 1L-12/23p40 or
IL-23 proteins (Figure 3.3.2). In contrast, LPS stimulation of MDMs resulted in the
expression of 1L-23p19 and IL-12/23p40 mRNA as well as the production of IL-12/23p40
and IL-23 proteins (Figure 3.3.2). Interestingly, pre-treatment of MDMs with IFN-y prior to
their stimulation with LPS further enhanced by several fold 1L-12/23p40, IL-23p19 mRNA
expression and as well as 1L-12/23p40 and IL-23 protein secretion (Figure 3.3.2). This
synergistic effect of IFN-y and LPS-induced production of both 1L-12/23p40 and 1L-23 was

of interest, and prompted me to investigate the signalling pathways involved.

IL-12p40 and IL-23 expression in LPS- and IFN-y/LPS-stimulated macrophages is not
regulated by the MAPK pathway

My previous results, demonstrated that the regulation of IL-12/23p40 and IL-23
expression in LPS and IFN-y-stimulated THP-1 cells involved activation of JNK, p38
MAPKSs and PI3K. Therefore, it was of interest to examine if these pathways were also
involved in the expression of 1L-12/23p40 and IL-23 in MDMs by LPS alone as well as
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Fig 3.3.1 Monocyte-derived macrophage characterization. PBMCs (5 x 10° cells) were
plated and monocytes were differentiated into macrophages with M-CSF over 6 days. Cells
were washed and stained with PE-conjugated antibodies for 15 minutes. Surface expression
of CD83, CD80, CD16, CD1la, CD11lbh, CD11lc and HLA-DR was assessed by flow

cytometry. The result is a representative of 3 independent experiments. Results were generated by
Dr. Aurelia Busca.
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Fig. 3.3.2 LPS and IFN-y/LPS induce IL-23 expression in monocyte-derived
macrophages. MDMs were treated with IFN-y (10 ng/ml, 16 h) followed by LPS (1 ug/ml, 4 h). IL-
12p40 and 1L-23p19 mRNA expression were quantified by relative quantitative real-time PCR
(upper and middle panels). Cells (1x10%ml) were treated with IFN-y (10 ng/ml, 16 h) followed by
LPS (1 ug/ml, 24 h) and I1L-12p40 and IL-23 protein production was determined by ELISA. The
results are shown as mean + SEM (n=7), * p < 0.05; ** p < 0.01, Unstim- unstimulated.
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following IFN-y priming and LPS-stimulation. MDMs were treated for 2hr with increasing
concentrations of MAPK inhibitors namely PD98059, SP600125 or SB203580.
Subsequently, cells were first stimulated LPS alone for 24hr and 1L-12/23p40 and IL-23

production was examined by ELISA (Figures 3.3.4, 3.3.6 and 3.3.8). The results show that
although LPS was able to induce both IL-12/23p40 and 1L-23 production, none of the MAPK
inhibitors abrogated the expression of these two proteins in MDMs. Next, | have examined
whether these MAPK inhibitors regulated the production of I1L-12/23p40 and IL-23 in
MDMs stimulated with IFN-y and LPS. For this, the cells were treated for 2hr with MAPK
inhibitors, following by priming with IFN-y for 16hr and finally treating with LPS for 4hr for
MRNA analysis and 24hr for ELISA (Figures 3.3.4, 3.3.6 and 3.3.8). The results show that
although IFN-y/LPS stimulation was able to enhance IL-12/23p40 and IL-23 production,
MAPKSs were not involved in this regulation (Figures 3.3.3, 3.3.5 and 3.3.7). As a control,
LPS induced JNK, p38 and ERK MAPK phosphorylation in MDMs and this was prevented
using their respective signaling inhibitors for ERK (PD98059), JNK (SP600125) and p38

(SB203580) MAPKSs (data not shown).

IL-12p40 and IL-23 expression in LPS- and IFN-y/LPS-stimulated macrophages is not
regulated by the PI3K pathway

IL-23 has also been shown to be positively regulated by the PI3K pathway following
infection of human monocytic cells with Francisella tularensis and Mycobacterium
tuberculosis (86, 140), as well as in the THP-1 monocytic cell line (Figure 3.2.6). Therefore,
| determined the role of PI3K signalling in the regulation of IL-12/23p40 and IL-23

expression in LPS- and IFN-y/LPS-stimulated MDMs by using a pharmacological PI3K
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Fig. 3.3.3 IFN-y/LPS-induced IL-23 production is not regulated through the JNK
MAPK pathway in human MDMs. MDMs were treated with increasing concentrations of INK
MAPK inhibitor, SP600125 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h)
and LPS (1 ug/ml, 4 h) for quantification of IL-12p40 and IL-23-19 mRNA expression by RQ-PCR,
whereas 1L-12p40 and IL-23 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h)
and LPS (1 pug/ml, 24 h). The results are shown as mean + SEM (n=7), Unstim- unstimulated.
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Fig. 3.3.4 LPS-induced IL-23 production is not regulated through the JINK MAPK
pathway in human MDMs. MDMs were treated with increasing concentrations of INK MAPK
inhibitor, SP600125 (0-50 uM) for 2 h followed by stimulation with LPS (1 pg/ml, 24 h) for
quantification of IL-23 and IL-12p40 protein production, determined by ELISA. The results are

shown as mean + SEM (n=7), Unstim- unstimulated.
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inhibitor, LY294002. The ability of the PI3K inhibitor, LY294002, to prevent Akt
phosphorylation in LPS-treated MDMs was first determined by Western blot analysis.
MDMs were treated with various concentrations of LY294002 for 2hr prior to LPS
stimulation for 15 min. As expected, LPS induced Akt phosphorylation and this was
prevented using LY?294002 (data not shown), indicating the biological activity of the
inhibitor.

MDMs were treated with LY 294002 for 2hr, followed by stimulation with either LPS
alone or with IFN-y for 16 hr and by subsequent LPS-stimulation. Quantification of IFN-
y/LPS-induced IL-12p40 and IL-23 expression was performed using real-time PCR and
ELISA. Inhibition of PI3K pathway in IFN-y/LPS or LPS-stimulated macrophages did not
change IL-12/23p40 nor IL-23 protein production (Figure 3.3.9 and 3.3.10). These results
suggest that IL-12/23p40 and 1L-23 expression is not regulated by the PI3K pathway in LPS-

or IFN-y/LPS-stimulated MDMs (Figure 3.3.9 and 3.3.10, respectively).

IL-12p40 and IL-23 expression in IFN-»#/LPS-stimulated macrophages is not regulated by the
Jak/STAT pathway.

Keeping in view that MAPKs and PI3K do not regulate IL-12/23p40 and IL-23
production in IFN-y/LPS-stimulated MDMs, | next examined the role of the Jak/STAT
pathway in the regulation of these cytokines. IFN-y mediates its effects primarily through the
activation of Jak/STAT pathway (103). Therefore, the role of this pathway in regulating IFN-
y/LPS-induced IL-23 expression was investigated using Jak inhibitor-1 which inhibits the
Jak/STAT pathway. MDMs pre-treated with Jak inhibitor-1 were primed with IFN-y for 16 hr

followed by LPS stimulation for another 24 hr and measurement of IL-12p40 and IL-23
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expression by relative quantitative real-time PCR (RQ-PCR) and ELISA. Interestingly,
treatment with Jak inhibitor-I did not have an effect on either IL-12/23p40 or IL-23
expression (Figures 3.3.11). Taken together, my results suggest that IFN-y/LPS-induced IL-
12/23p40 and IL-23 expression in human MDMs is not regulated through either MAPK,
PI3K or Jak/STAT pathways. It may be pointed out that similar concentrations of Jak
inhibitor-1 inhibited IL-4-induced CD44 expression in THP-1 cells ((data not shown and

(188)).
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Fig. 3.3.5 IFN-y/LPS-induced IL-23 production is not regulated through the p38 MAPK
pathway in human MDMs. MDMs were treated with increasing concentrations of p38 MAPK
inhibitor, SB203580 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h) and LPS
(1 pg/ml, 4 h) for quantification of 1L-12p40 and IL-23p19 mRNA expression by RQ-PCR, whereas
IL-12p40 and IL-23 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h) and LPS
(1 ng/ml, 24 h). The results are shown as mean = SEM (n=7); * p < 0.05, Unstim- unstimulated.
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Fig. 3.3.6 LPS-induced IL-23 production is not regulated through the p38 MAPK
pathway in human MDMs. MDMs were treated with increasing concentrations of p38 MAPK

inhibitor, SB203580 (0-50 uM) for 2 h followed by stimulation with LPS (1 ug/ml, 24 h) for
quantification of 1L-12p40 and IL-23 protein production, determined by ELISA. The results are

shown as mean + SEM (n=7); * p < 0.05, Unstim- unstimulated.
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Fig. 3.3.7 IFN-y/LPS-induced IL-23 production is not regulated through the ERK
MAPK pathway in human MDMs. MDMs were treated with increasing concentrations of ERK
MAPK inhibitor, PD98059 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h)
and LPS (1 pg/ml, 4 h) for quantification of IL-12p40 and 1L-23p19 mRNA expression by RQ-PCR,
whereas 1L-12p40 and IL-23 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h)
and LPS (1 pg/ml, 24 h). The results are shown as mean + SEM (n=7), Unstim- unstimulated.
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Fig. 3.3.8 LPS-induced IL-23 production is not regulated through the ERK MAPK
pathway in human MDMs. MDMs were treated with increasing concentrations of ERK MAPK

inhibitor, PD98059 (0-50 uM) for 2 h followed by stimulation with LPS (1 ug/ml, 24 h) for
quantification of 1L-12p40 and IL-23 protein production, determined by ELISA. The results are

shown as mean + SEM (n=7), Unstim- unstimulated.
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Fig. 3.3.9 IFN-y/LPS-induced IL-23 production is not regulated through the PI3K
pathway in human MDMSs. MDMs were treated with increasing concentrations of PI3K inhibitor,
LY294002 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h) and LPS (1 pg/ml,
4 h) for quantification of IL-12p40 and IL-23p19 mRNA expression by RQ-PCR, whereas I1L-12p40
and IL-23 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h) and LPS (1 pg/ml,
24 h). The results are shown as mean = SEM (n=6), Unstim- unstimulated.
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Fig. 3.3.10 LPS-induced IL-23 production is not regulated through the PI3K pathway
in human MDMs. MDMs were treated with increasing concentrations of PI3K inhibitor,
LY294002 (0-50 uM) for 2 h followed by stimulation with LPS (1 pg/ml, 24 h) for quantification of
IL-12p40 and 1L-23 protein production, determined by ELISA. The results are shown as mean +
SEM (n=6), Unstim- unstimulated.
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Fig. 3.3.11 IFN-y/LPS-induced IL-23 production is not regulated through the
JAK/STAT pathway in human MDMs. MDMs were treated with increasing concentrations of
JAK/STAT inhibitor, JAK | inhibitor (0-100 uM) for 2 h followed by stimulation with IFN-y (10
ng/ml, 16 h) and LPS (1 ug/ml, 4 h) for quantification of IL-12p40 and IL-23p19 mRNA expression
by RQ-PCR, whereas IL-12p40 and IL-23 protein production was determined by ELISA, IFN-y (10
ng/ml, 16 h) and LPS (1 pg/ml, 24 h). The results are shown as mean + SEM (n=3), Unstim-
unstimulated.

133



IL-12p40 mRNA

(Fold Change)

IL-12p40 (pg/ml)

150001

100004

50004

4000+

3000+

2000+

10004

2000+

1500+

1000+

500+

IL-23p19 mRNA
(fold increase)

S o ) S : S L
S ¥ SRS & NS

N L
JAK inhibitor I (nM) S JAK inhibitor I (nM)

+ IFN-y/LPS + IFN-y/LPS

SIS SRS SR R R s
JAK inhibitor 1 (nM) N JAK inhibitor 1 (n"M)

+ IFN-y/LPS + IFN-y/LPS

Figure 3.3.11

134



Chapter 4 Requlation of IFN-y/LPS-induced IL-27 expression in myeloid cells

4.1 IEN-y-induced IL-27 and IL-27p28 expression are differentially reqgulated through

JNK MAPK and PI3K pathways independent of Jak/STAT in human monocytic cells

IL-27 is produced early during immune responses and acts as a bridge between the
innate and adaptive immune systems (28, 197). It synergizes with IL-12 to increase IFN-y
production by naive T cells and suppresses Th2-specific transcription factor GATA-3 (26,
63, 198). Given the importance of IL-27 in regulating host responses to invading pathogens,
surprisingly very little is known about the molecular mechanisms governing its expression,
particularly in humans. TLR-3, 4 and -7 ligands-activated JNK MAPK was shown to
regulate IL-27 production in human and murine DCs (155). TLR-3 and-4 agonists
upregulated 1L-27p28 and EBI3 expression through the induction of IFN-y and interferon
regulatory factor (IRF1) in human MDMs (155). Moreover, human macrophages stimulated
by TLR-3, -4 and -7/8 ligands exhibited enhanced IL-27p28 expression mediated through
IFN-a and IFN-a-activated IRF-1 (156).

Monocytes/macrophages and DCs can also be activated by IFN-y to produce 1L-12
family of cytokines, including I1L-27 (26, 115, 154). Recently, IFN-y was shown to induce
IL-27 production in murine DCs (154, 159). Murugaiyan et al. identified a new pathway by
which IFN-y may limit IL-17-mediated inflammation through differential regulation of
osteopontin and IL-27 production in DCs (115, 154). Although IFN-y-induced enhancement
of IL-12 production is well established (113, 115, 158), its role in IL-27 production and in
particular the molecular signalling pathways involved in IFN-y-induced IL-27 production in

human and murine systems remains unknown. Understanding the molecular mechanisms
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involved in the regulation of IL-27 production in humans is of critical significance to design
therapeutic interventions that can be used clinically in the control of inflammatory,
autoimmune and infectious diseases. Therefore, | investigated the molecular mechanisms
governing the regulation of IL-27p28 and EBI3 gene expression and IL-27 protein
production in human monocytes following stimulation with IFN-y. My results suggest that
IFN-y-induced IL-27 production and IL-27p28 expression are distinctly regulated. 1FN-vy-
induced IL-27 production but not IL-27p28 expression is regulated through INK MAPK and

PI3K activation independent of the Jak/Stat signaling pathway.

IFN-yinduces IL-27 production in primary human monocytes

To determine whether IFN-y can induce IL-27 expression in primary human
monocytes, positively selected monocytes were stimulated with IFN-y for 4-16 h and
expression of IL-27 mRNA transcripts and IL-27 proteins was measured. Stimulation of
positively selected monocytes with IFN-y significantly induced the expression of IL-27p28
gene transcripts and I1L-27 proteins, whereas IL-27 EBI-3 mRNA was not induced by IFN-y
stimulation (Fig 4.1.1A, B). Since | have observed that monocytes isolated by positive
selection using anti-CD14 antibodies coated beads modulated the production of IL-23, |
wanted to rule out the possibility that the same mechanism does not contribute to IFN-y-
induced IL-27 production. Therefore, to rule out the role of CD14 involvement in IFN-y-
induced IL-27 production, negatively selected monocytes were cultured with or without anti-
CD14 antibody-coated beads for 1hr, followed by stimulation with IFN-y. Interestingly, IFN-
y was able to induce production of IL-27 in both negatively selected monocytes cultured with

anti-CD14 beads (Fig 4.1.2A) as well as in cells cultured without anti-CD14 beads (Fig
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Fig. 4.1.1 IFN-y induces IL-27 expression in primary human monocytes isolated by
positive selection. Positively selected primary human monocytes (1x10%ml) from healthy
volunteers (n=6) were treated with IFN-y (10 ng/ml) for 4 or 16 h. 1L-27p28 and IL-27 EBI3
MRNA expression were quantified by relative quantitative real-time PCR (n=3). The
supernatants collected after 16 h stimulation were analyzed for IL-27 protein production by
ELISA (n=11). The results are shown as mean + SEM, * p < 0.05; ** p < 0.01; *** p <
0.001, Unstim- unstimulated.
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Fig. 4.1.2 IFN-y stimulation of negatively selected monocytes and CD14-activated
monocytes isolated by negative selection triggers IL-27 production. (A). Negatively
selected human primary monocytes (1x10%/ml; n=4) were treated with IFN-y (10 ng/ml, 16
h), or (B) cultured with microbeads conjugated with anti-CD14 antibodies and then
stimulated with IFN-y for 16 h. IL-27 protein production was determined by ELISA. The
results are shown as mean + SEM, * p < 0.05, Unstim- unstimulated.
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4.1.2B). The differences in the amount of secreted IL-27 in negatively selected monocytes
(Figure 4.1.2) versus positively selected monocytes (Figure 4.1.2) might be attributed to the
use of two different IL-27 ELISA reagents. Moreover, unstimulated primary monocytes
produced a high basal level of IL-27 protein. These results indicate that IFN-y can efficiently
induce the expression of IL-27 mRNA subunits and protein in monocytes, independent of the
mode of isolation. Hence, | focused my studies on the mechanism underlying the regulation

of IL-27 in positively selected monocytes in response to IFN-y stimulation.

IFN-»~induced IL-27 production is not regulated by the Jak/Stat signaling pathway

Since IFN-y primarily mediates its biological effects through the JAK-STAT pathway
(199), I determined the involvement of IFN-y-activated JAK/STAT pathway in the regulation
of 1L-27p28 mRNA and IL-27 protein production. The role of the JAK/STAT pathway was
investigated by employing JAK inhibitor-1. Purified monocytes from healthy donors were
treated with the JAK inhibitor-1 for 2 h, followed by stimulation with IFN-y for 16hr for IL-
27 mRNA and 24h for IL-27 protein production. The inhibition of JAK kinase did not affect
IFN-y-induced IL-27p28 mRNA transcripts or IL-27 production in human monocytes (Fig
4.1.3). The biological activity of JAK-inhibitor-1 was confirmed by studying its effect on

STAT-1 phosphorylation (Fig 4.1.3, upper panel).
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Fig. 4.1.3 IFN-y-induced IL-27 production is not regulated by JAK/STAT pathway in
human monocytes. Positively selected monocytes (1x10%/ml) were treated with increasing
concentrations of Jak inhibitor 1 (0-100 nM) for 2 h followed by IFN-y (10 ng/ml)
stimulation for 15 min. Cell pellets were harvested for determination of STAT-1
phosphorylation by Western blot analysis. The result is a representative of 3 independent
experiments (upper panel). Monocytes (1x10°ml) were treated with increasing
concentrations of Jak inhibitor 1 (0-100 nM) for 2 h followed by stimulation with IFN-y (10
ng/ml) for 16 h for quantification of IL-27p28 mRNA expression (middle panel) or for
proteins by ELISA (lower panel) (n=4). The results are shown as mean + SEM, * p < 0.05,
Unstim- unstimulated.
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IFN-»~induced IL-27 protein production is positively regulated by the JNK MAPK in
monocytic cells

Since the Jak/STAT pathway was not involved in the regulation of IFN-y-induced IL-
27p28 and IL-27 protein production, and because IFN-y is known to activate MAPKs and
PI3K pathways (103-106), we investigated the role of MAPKS in the regulation of IL-27p28
MRNA and IL-27 expression in IFN-y-stimulated monocytes by employing inhibitors
specific for MAPKs (10, 110). For this, | first demonstrated that IFN-y induced the
phosphorylation of INK, ERK or p38 MAPK and this phosphorylation was inhibited by their
respective specific inhibitors as analyzed by Western immunoblotting (Figures 4.1.4, 4.1.5,
4.1.6 upper panels).

Monocytes were treated with SP600125, a JNK- specific inhibitor or SB203580, a
p38 MAPK specific inhibitor, for 2 h followed by stimulation for 16 h with IFN-y.
Interestingly, SP600125 did not inhibit IFN-y-induced IL-27p28 mRNA expression (Fig
4.1.4 middle panel). However, it significantly inhibited IFN-y-induced IL-27 protein
production in a dose-dependent manner in primary human monocytes (Fig 4.1.4 lower
panel). SP600125 at concentrations of 25 uM inhibited IFN-y-induced IL-27 production to
almost basal levels produced by unstimulated and untreated cells (Fig 4.1.4, lower panel). In
contrast, SB203580 did not significantly inhibit IFN-y-induced IL-27p28 mRNA expression,
nor IL-27 protein production in human monocytes (Fig 4.1.5). In addition, inhibition of ERK
MAPK by PD98059 did not affect the expression of either IL-27p28 mRNA, nor IL-27
protein levels in IFN-y-stimulated monocytes (Fig 4.1.6). These results suggested that INK
positively regulates IFN-y-induced IL-27 protein production but not IL-27p28 mRNA

expression.
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IFN-s~induced IL-27 protein production is positively regulated through PI3K in human
monocytes

To further understand the regulation of IFN-y-induced IL-27 production, | have also
examined the role of PI3K signaling pathway. For this, | examined whether Akt, the
downstream mediator of PI3K signaling, is phosphorylated following IFN-y-stimulation and
whether this phosphorylation can be inhibited by the PI3K specific inhibitor, LY294002.
Cells were pretreated with LY294002 for 2hr followed by stimulation with IFN-y for 15 min.
IFN-y-induced the phosphorylation of Akt was inhibited by LY294002 in a dose-dependent
manner (Fig 4.1.7, upper panel). To determine the role of PI3K in IFN-y-induced IL-27
expression, monocytes were treated with LY294002 for 2 hr followed by IFN-y for 16 hr.
Inhibition of IFN-y-induced IL-27 protein expression occurred without affecting IL-27p28
MRNA gene expression (Fig 4.1.7, middle panel). LY294002 at concentrations of 25 uM
inhibited IFN-y-induced IL-27 production to basal levels produced by unstimulated and
untreated cells (Fig 4.1.7, lower panel). Since IL-27p28 mRNA expression did not change
following treatment with the inhibitors, | demonstrated the inhibitory effect of PI3K inhibitor
on IL-27p28 and EBI-3 mRNA expression as well as IL-27 protein production in LPS-
stimulated MDMs as a positive control (Fig 4.1.8). These results suggest that IFN-y-induced
IL-27 protein, but not IL-27p28 mRNA gene expression is positively regulated by the PI3K

signalling pathway in primary human monocytes.

145



Fig 4.1.4 IFN-y-induced IL-27 production is positively regulated through the INK
MAPK pathway in human monocytes. Positively selected monocytes (1x10%/ml) were
treated with increasing concentrations of JINK MAPK inhibitor, SP600125 (0-50 uM) for 2 h
followed by IFN-y (10 ng/ml) stimulation for 15 min (upper panel). Cell pellets were
harvested for determination of JINK phosphorylation by Western blot analysis. The result is a
representative of 3 independent experiments. Monocytes (1x10%/ml) were treated with
increasing concentrations of SP600125 (0-50 uM) for 2 h followed by stimulation with IFN-
v (10 ng/ml) for 16 h for quantification of 1L-27p28 mRNA expression (middle panel) by
RQ-PCR, whereas IL-27 protein production was determined by ELISA (lower panel). The
results are shown as mean = SEM (n=4), * p < 0.05, Unstim- unstimulated.
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Fig 4.1.5 IFN-y-induced IL-27 production is not regulated through the p38 MAPK
pathway in human monocytes. Positively selected monocytes (1x10%/ml) were treated with
increasing concentrations of INK MAPK inhibitor, SB203580 (0-50 uM) for 2 h followed by
IFN-y (10 ng/ml) stimulation for 15 min (upper panel). Cell pellets were harvested for
determination of p38 phosphorylation by Western blot analysis. The result is a representative
of 3 independent experiments. Monocytes (1x10%ml) were treated with increasing
concentrations of SB203580 (0-50 uM) for 2 h followed by stimulation with IFN-y (10
ng/ml) for 16 h for quantification of IL-27p28 mRNA expression by RQ-PCR (middle
panel), whereas IL-27 protein production was determined by ELISA (lower panel). The
results are shown as mean + SEM (n=4), Unstim- unstimulated.
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Fig 4.1.6 IFN-y-induced IL-27 expression is not regulated by the ERK MAPK signaling
pathway. Positively selected monocytes (1x10%/ml) were treated with increasing
concentrations of PD98059 for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h) for
quantification of IL-27p28 mRNA expression by RQ-PCR (middle panel), whereas 1L-27
protein production was determined by ELISA (lower panel). The results are shown as mean
+ SEM (n=3), Unstim- unstimulated.
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In summary, | investigated the molecular mechanism governing the regulation of IL-
27p28 and EBI3 gene expression and IL-27 protein production in human monocytes
following stimulation with IFN-y. Collectively, my results suggest that IFN-y-induced IL-27
production and 1L-27p28 mRNA expression are distinctly regulated. IFN-y-induced IL-27
production, but not IL-27p28 mRNA expression is positively regulated through INK MAPK

and PI3K activation independent of the Jak/Stat signaling pathway.

152



Fig 4.1.7 IFN-y-induced IL-27 production is positively regulated through the PI3K
pathway in human monocytes. Positively selected monocytes (1x10%/ml) were treated with
increasing concentrations of PI3K inhibitor, LY294002 (0-50 uM) for 2 h followed by IFN-y
(20 ng/ml) stimulation for 15 min (upper panel). Cell pellets were harvested for
determination of Akt phosphorylation by Western blot analysis. The result is a representative
of 3 independent experiments. Monocytes (1x10%/ml) were treated with increasing
concentrations of PI3K inhibitor, LY294002 (0-50 uM) for 2 h followed by stimulation with
IFN-y (10 ng/ml) for 16 h for quantification of 1L-27p28 mRNA expression by RQ-PCR
(middle panel), whereas 1L-27 protein production was determined by ELISA (lower panel).
The results are shown as mean + SEM (n=5), * p < 0.05, Unstim- unstimulated.

153



S o IFN-y +1Y294002 (uM)
Q =
S w 5 10 25
[— — | pAkt
| | GAPDH
800-
=%
r % 600-
EQ
ﬁ 8 400-
N S
N~ O
N O 2001
=|‘-_/
04
N L.Y294002 (1M)
_IFN-}*'
600-
:.
“*~§D 4004 .
&
[\..__‘ *
(‘\I] 200-
—
0-
\)&}\@ 0 ] N rﬁ:

LY294002 (LM)

+ I[FN-y

Figure 4.1.7

154



Fig 4.1.8 LPS-induced IL-27 production is positively regulated through the PI3K
pathway in THP-1 cells. THP-1 (1x10%/ml) were treated with increasing concentrations of PI3K
inhibitor, LY294002 (0-50 uM) for 2 h followed by stimulation with LPS (1 ug/ml, 4 h) for
quantification of 1L-27p28 and EBI3 mRNA expression by RQ-PCR, whereas IL-27 protein
production was determined by ELISA, LPS (1 png/ml, 24 h). The results are shown as mean = SEM
(n=3), Unstim- unstimulated.
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4.2 LPS-induced IL-27 and IL-27p28 expression are differentially regulated through
JNK, p38 MAPK and PI3K pathways in THP-1 cells and MDMs
IL-27 is produced by activated APCs in response to microbial infections or TLR

ligands (26, 70, 90, 154). Human studies have shown that macrophages and DCs co-
expressed production of IL-27p28 and EBI3, two components of heterodimeric 1L-27.
Furthermore, the highest levels of p28 and EBI3 mRNA expression were found in monocytes
and monocyte-derived DCs (26, 90). TLR-activated signaling pathways have been
implicated in the regulation of IL-27 production. For example, Theiler’s murine
encephalomyelitis virus-induced expression of IL-27p28 in RAW264.7, a mouse
macrophage cell line, was shown to be dependent on TLR3- and TLR7-induced activation of
JNK MAPK (148). In addition, murine bone marrow-derived macrophages stimulated by
Salmonella enteritidis or LPS, expressed IL-27 subunits via the activation of TLR4/MyD88
signalling pathway (84, 147, 156). Moreover, TLR-2, TLR-4 and TLR-9 ligands were shown
to upregulate IL-27EBI3 expression in mouse splenic DCs through MyD88, and NFxB
activation (154). TLR-3 and-4 agonists upregulated IL-27p28 and EBI3 expression through
the induction of IFN-y and interferon regulatory factor (IRF1) in human MDMs (155).
Human macrophages stimulated by TLR-3, -4 and -7/8 ligands exhibited enhanced IL-27p28
expression mediated through IFN-a and IFN-o-activated IRF-1 (156).

LPS is the best characterized monocytic mitogen and can activate cells of the
monocytic lineage to produce various immunoregulatory and proinflammatory cytokines.
The mechanism by which LPS induces the production of several cytokines has been
investigated. The interaction of LPS with its cognate receptor, CD14 expressed on
monocytes, activates a series of intracellular signaling molecules, such as myeloid

differentiation factor 88 (MyD88) (200), which in turn triggers a downstream signal that
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ultimately activates cytoplasmic kinases, such as MAPKs and PI3K (200). These events
result in the production of several proinflammatory cytokines, including IL-12 and IL-27. In
fact, 1 have already demonstrated that IL-12p40 and IL-23 production is regulated by three
distinct signaling pathways including INK MAPK, p38 MAPK and PI3K in LPS-stimulated
THP-1 cells.

IFN-y-induced enhancement of IL-12 production is well established (113, 115, 158).
In the section 4.1 of this thesis, | have shown that IFN-y can induce the expression of 1L-27
and its subunit IL-27p28 in primary human monocytes. However, IFN-y-induced IL-27
production and IL-27p28 mRNA expression were found to be distinctly regulated. IFN-y-
induced IL-27 production, but not IL-27p28 expression was regulated through JINK MAPK
and PI3K activation independent of the Jak/Stat signaling pathway. Given the importance of
the role that IL-27 has in regulating host responses to invading pathogens (26), and how little
it is known about its regulation, | undertook the present study to investigate the mechanisms
that control IL-27 production in human MDMs and THP-1 cells after their activation by LPS
and/or IFN-y. My results suggest that LPS can induce IL-27 expression in THP-1 cells and
MDMs. Priming with IFN-y was found to enhance IL-27 production in LPS-stimulated
MDMs. Experiments designed to understand the signaling pathways involved in the
regulation of IL-27 suggest that LPS- and LPS/IFN-y-induced IL-27 expression in MDMs
and LPS-induced IL-27 production in THP-1 cells was regulated through the activation of
JNK and p38 MAPKs and PI3K. IFN-y and LPS-induced IL-27 expression in human
monocytic cells was also regulated by the PI3K and JNK MAPKSs and independent of the

Jak/Stat signaling pathway.

158



LPS- and IFN#LPS induce IL-27 production in THP-1 cells and MDMs

First, | confirmed that LPS induces IL-27 expression in human MDMs and THP-1
cells. LPS upregulated IL-27p28 and IL-27EBI3 gene expression in THP-1 (Figure 4.2.1), as
well as in MDMs (Figure 4.2.2). Unlike in primary monocytes, IFN-y only modestly
upregulated 1L-27p28 and EBI-3 mRNA, but failed to induce IL-27 secretion in THP-1 cells
(Fig 4.2.1). Although, IFN-y upregulated IL-27p28 and EBI-3 mRNA, it failed to induce IL-
27 expression in MDMs (Fig 4.2.2). | and others have shown that optimal expression of IL-
23p19 and 1L-12/23p40 mRNA has been shown to require priming by IFN-y for 8-16 hr prior
to LPS stimulation (158). Therefore, | hypothesized that similar priming with IFN-y may also
induce IL-27 production in human MDMs and THP- 1cells. Human MDMs were stimulated
with IFN-y (10 ng/ml, 16 hr) followed by LPS stimulation for another 4 and 24 hr in order to
measure IL-27p28 mRNA transcripts and IL-27 proteins, respectively. Stimulation with IFN-
vy and LPS together significantly induced the expression of IL-27p28 mRNA transcripts in
THP-1 cells (Fig 4.2.1) and EBI3 mRNA in MDMs (Fig 4.2.2). Although IL-27 production
following IFN-y/LPS stimulation was higher than that induced by LPS alone in both THP-1
and MDMs, it was not found to be statistically significant. (Fig 4.2.1 and 4.2.2). These
results suggest that priming of THP-1 cells and MDMs with IFN-y prior to LPS stimulation
enhanced expression of 1L-27 and its subunits. In order to further understand how IFN-y-
priming induces IL-27 expression, | focused my studies on the regulation of IFN-y/LPS-

induced IL-27 production.
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Fig. 4.2.1 LPS and IFN-y/LPS induce IL-27 expression in the pro-monocytic cell line,
THP-1. THP-1 cells (1x10°/ml) were treated with IFN-y (10 ng/ml, 16 h) followed by LPS (1 pg/ml,
4 h). IL-27p28 and 1L-27 EBI3 mRNA expression were quantified by relative quantitative real-time
PCR (upper and middle panels). Cells (1x10%/ml) were treated with IFN-y (10 ng/ml, 16 h)
followed LPS (1 png/ml, 24 h) and IL-27 protein production was determined by ELISA. The results
are shown as mean + SEM (n=4), * p < 0.05; ** p < 0.01; *** p < 0.001, Unstim- unstimulated.

Results were generated by Dr. Ali R. Rahimi.
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Fig. 4.2.2 LPS and IFN-y/LPS induce IL-27 expression in monocyte-derived
macrophages. MDMs were treated with IFN-y (10 ng/ml, 16 h) followed by LPS (1 ug/ml, 4 h). IL-
27p28 and IL-27 EBI3 mRNA expression were quantified by relative quantitative real-time PCR
(upper and middle panels). Cells were treated with IFN-y (10 ng/ml, 16 h) followed by LPS (1
ug/ml, 24 h) and IL-27 protein production was determined by ELISA. The results are shown as mean
+ SEM (n=8), * p < 0.05; ** p < 0.01; *** p < 0.001, Unstim- unstimulated.
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IFN/LPS-induced IL-27 production is positively regulated through JNK and p38 MAPK
signaling pathway in THP-1 cells and MDMs

To gain insight into the mechanism of IFNy/LPS-induced IL-27 production, |
determined the role of MAPKS in the regulation of IL-27p28 and IL-27 expression in MDMs
and THP-1 cells. For this, | employed MAPK specific inhibitors SB203580, PD98059 and
SP600125. Cells were cultured with increasing concentrations of each MAPK inhibitor and
stimulated with LPS alone or with both IFN-y and LPS followed by quantification of IL-
27p28 mRNA expression by real-time PCR and ELISA. To determine the role of MAPKS
signaling, first I confirmed that LPS can induce phosphorylation of JNK, ERK and p38
MAPK and this phosphorylation can be downregulated by their specific inhibitors in THP-1
cells (Figure 4.2.2).

These inhibitors were then used to examine their effect on the involvement of
MAPKS in LPS-induced IL-27 in THP-1 cells. In LPS-stimulated THP-1 cells, inhibition of
JNK MAPK did not affect IL-27p28 mRNA levels (Figure 4.2.3 upper panel), whereas it
significantly inhibited IL-27 production (Figure 4.2.3 lower panel). In contrast, inhibition of
p38 MAPK significantly decreased in a dose-dependent manner both IL-27p28 mRNA
expression as well as 1L-27 production (Figure 4.2.5 middle and lower panels).

The role of JNK and p38 MAPK in LPS-induced IL-27 protein production was
further confirmed using siRNA to inhibit these signalling proteins (Figures 4.2.4 and 4.2.6).
THP-1 cells were transfected with either JNK or p38 MAPK specific SiRNAs for 24hr,
followed by stimulation with LPS for 15-30 min for the detection of p38 and JNK
phosphorylation by Western blot analysis. Cells were also stimulated with LPS for 4hr for

the detection of IL-27p28mRNA or 24 hr for IL-27 protein production by ELISA. Cells
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Fig. 4.2.3 LPS-induced IL-27 production is positively regulated through the JNK
MAPK pathway in THP-1 cells. THP-1 (1x10%/ml) were treated with increasing concentrations
of INK MAPK inhibitor, SP600125 (0-50 uM) for 2 h followed by stimulation with LPS (1 pug/ml, 4
h) for quantification of IL-27p28 mRNA expression by RQ-PCR, whereas IL-27 protein production
was determined by ELISA, LPS (1 pug/ml, 24 h). The results are shown as mean + SEM (n=4), * p <
0.05, Unstim- unstimulated. Results were generated by Dr. Ali R. Rahimi.
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Fig. 4.2.4 INK MAPK siRNA inhibits LPS-induced IL-27 expression in THP-1 cells.
THP-1 cells (2.5x10°) were transfected with the either control SIRNA or INK MAPK siRNA
for 24 hours followed by stimulation with LPS (1ug/ml) for 30 minutes for the determination
of phosphorylated INK MAPK by Western blot analysis. The result is a representative of 3
independent experiments. THP-1 cells were transfected with the either control sSiRNA or JNK
MAPK siRNA for 24 h followed by stimulation with LPS (1ug/ml) for 4h for quantification of
IL-27p28 mRNA expression by RQ-PCR assessment, or 24h of IL-27 protein production by
ELISA. The results are shown as mean £ SEM (n=5); * p < 0.05, ctrl — control siRNA.
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Fig. 4.2.5 LPS-induced IL-27 production is positively regulated through the p38 MAPK
pathway in THP-1 cells. THP-1 (1x10%ml) were treated with increasing concentrations of p38
MAPK inhibitor, SB203580 (0-50 uM) for 2 h followed by stimulation with LPS (1 ug/ml, 4 h) for
quantification of IL-27p28 mRNA expression by RQ-PCR, whereas IL-27 protein production was
determined by ELISA, LPS (1 ug/ml, 24 h). The results are shown as mean £ SEM of 3independent
experiments. Results were generated by Dr. Ali R. Rahimi.
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Fig. 4.2.6 p38 MAPK siRNA inhibits LPS-induced IL-27 expression in THP-1 cells.
THP-1 cells (2.5x10°) were transfected with the either control siRNA or p38 MAPK siRNA
for 24 hours followed by stimulation with LPS (1ug/ml) for 30 minutes for the determination
of phosphorylated p38 MAPK by Western blot analysis. The result is a representative of 3
independent experiment. THP-1 cells were transfected with the either control sSiRNA or p38
MAPK siRNA for 24 h followed by stimulation with LPS (1ug/ml, 24 h) for assessment of
IL-27 protein production by ELISA. The results are shown as mean + SEM of 3 independent
experiments; ** p < 0.01, ctrl — control siRNA.
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treated with JNK siRNA exhibited reduced phosphorylation of JINK MAPK compared to
cells treated with control siRNA following LPS stimulation (Figure 4.2.4 upper panel).
Likewise, cells treated with p38 siRNA showed reduced LPS-induced phosphorylation of
p38 MAPK relative to control siRNA (Figure 4.2.6 upper panel). Finally, cells transfected
with JNK and p38 MAPK siRNA significantly inhibited LPS-induced IL-27p28 mRNA
(Figure 4.2.4 middle panel) as well as IL-27 protein production (Figure 4.2.4 and 4.2.6
middle and lower panels, respectively).

In IFN-y/LPS and LPS-stimulated MDMs, inhibition of JNK and p38 MAPK
signaling pathways led to significant decrease of IL-27 protein production levels (Figure
4.2.7 and 4.2.8). However, this decrease of IL-27 production was not observed in the
expression of the distinct subunits of IL-27 (Figures 4.2.7 and 4.2.8). Inhibition of IFN-
y/LPS-activated JNK MAPK did not have an effect on the the expression of IL-27p28
MRNA (Figure 4.2.7 upper left panel). In contrast inhibition of IFN-y/LPS-activated JNK
MAPK led to a dose-dependent enhancement of IL-27 EBI3 mRNA expression, suggesting
that JNK is involved in the negative regulation of IL-27 EBI3 mRNA (Figure 4.2.7 middle
left panel). This differential involvement of MAPK in the regulation of IL-27 subunit
expression was further observed when IFN-y/LPS-activated p38 MAPK was inhibited. The
inhibition of p38 led to enhancement of IL-27p28 mMRNA, while having no effect on IL-27
EBI3 mRNA expression (Figure 4.2.8 upper, middle left panel). Collectively, these results
demonstrate that JNK and p38 MAPK are involved in the regulation of distinct subunits of
IL-27. JNK MAPK seems to be a negative regulator of IL-27EBI3, while p38 MAPK

negatively regulates IL-27p28 subunits.
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Fig. 4.2.7 IFN-y/LPS-induced IL-27 production is positively regulated through the INK
MAPK pathway in human MDMs. MDMs were treated with increasing concentrations of INK
MAPK inhibitor, SP600125 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h)
and LPS (1 png/ml, 4 h) for quantification of IL-27p28 and EBI3 mRNA expression by RQ-PCR,
whereas 1L-27 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h) and LPS (1
ug/ml, 24 h). Panels on the left-hand side represent IFN-y/LPS-induced IL-27 expression, while
right-hand side panels represent IL-27 expression levels induced by LPS alone. The results are shown
as mean £ SEM (n=7), * p < 0.05; ** p < 0.01; *** p < 0.001, Unstim- unstimulated.
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Fig. 4.2.8 IFN-y/LPS-induced IL-27 production is positively regulated through the p38
MAPK pathway in human MDMs. MDMs were treated with increasing concentrations of p38
MAPK inhibitor, SB203580 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h)
and LPS (1 png/ml, 4 h) for quantification of IL-27p28 and EBI3 mRNA expression by RQ-PCR,
whereas 1L-27 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h) and LPS (1
ug/ml, 24 h). Panels on the left-hand side represent IFN-y/LPS-induced IL-27 expression, while
right-hand side panels represent IL-27 expression levels induced by LPS alone. The results are shown
as mean + SEM of 5 independent experiments; * p < 0.05, Unstim- unstimulated.
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Inhibition of ERK MAPK by PD98059 did not affect the expression of either IL-
27p28 mRNA or IL-27 protein levels in IFN-y-primed LPS-stimulated MDMs and LPS-

stimulated THP-1 cells (Figure 4.2.9 and data not shown).

Role of the PI3K signalling in IFN-y/LPS-induced IL-27 expression

The effect of the PI3K on IFN-y/LPS-induced IL-27 expression was also evaluated.
The ability of the PI3K inhibitor, LY294002, to prevent Akt phosphorylation in LPS-treated
THP-1 cells was first determined by Western blot analysis (Figure 3.2.6). As expected, Akt
phosphorylation was decreased in these cells with increasing concentrations of inhibitor
relative to cells stimulated with LPS alone, confirming the biological activity of the inhibitor.
The effect of PI3K inhibition on IL-27 expression was then determined. THP-1 cells pre-
treated with increasing concentrations of PI3K inhibitor and then were stimulated with LPS.
LPS-stimulated THP-1 cells pre-treated with increasing concentrations of PI3K inhibitor
exhibited decreased levels of IL-27p28 mRNA as well as IL-27 protein production (Figure
4.2.10 middle and lower panel).

To further confirm these results, | have used siRNA specific for p85, the catalytical
subunit of Class IA PI3K (Figure 4.2.11 upper panel). THP-1 cells were transfected with
p85PI3K specific siRNAs for 24 hr followed by stimulation with LPS for 15-30 min for the
detection of p85 phosphorylation by Western blot analysis, or for 24hr for IL-27 protein
production by ELISA. Results suggest that siRNA against the p85 subunit significantly
inhibited LPS-induced p85 phosphorylation (Fig 4.2.11 upper panel) as well as IL-27

expression (Figure 4.2.11 lower panel). Taken together, these results suggest that PI3K
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Fig. 4.2.9 IFN-y/LPS-induced IL-27 production is not regulated through the ERK
MAPK pathway in human MDMs. MDMs were treated with increasing concentrations of ERK
MAPK inhibitor, PD98059 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h)
and LPS (1 png/ml, 4 h) for quantification of IL-27p28 and EBI3 mRNA expression by RQ-PCR,
whereas 1L-27 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h) and LPS (1
ug/ml, 24 h). Panels on the left-hand side represent IFN-y/LPS-induced IL-27 expression, while
right-hand side panels represent IL-27 expression levels induced by LPS alone. The results are shown
as mean + SEM of 3 independent experiments, Unstim- unstimulated.
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Fig. 4.2.10 LPS-induced IL-27 production is positively regulated through the PI3K
pathway in THP-1 cells. THP-1 (1x10%/ml) were treated with increasing concentrations of PI3K
inhibitor, LY294002 (0-50 uM) for 2 h followed by stimulation with LPS (1 ug/ml, 4 h) for
quantification of IL-27p28 mRNA expression by RQ-PCR, whereas IL-27 protein production was
determined by ELISA, LPS (1 ug/ml, 24 h). The results are shown as mean + SEM of 3 independent
experiments. Results were generated by Dr. Ali R. Rahimi.
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Fig. 4.2.11 PI3K MAPK siRNA inhibits LPS-induced IL-27 expression in THP-1 cells.
THP-1 cells (2.5x10°) were transfected with the either control siRNA or p85 siRNA for 24
hours followed by stimulation with LPS (1ug/ml) for 30 minutes for the determination of
phosphorylated p85 MAPK by Western blot analysis. The result is a representative of 3
independent experiment. THP-1 cells were transfected with the either control siRNA or p85
SiRNA for 24 h followed by stimulation with LPS (1ug/ml, 24 h) for assessment of IL-27
protein production by ELISA. The results are shown as mean + SEM of 4 independent
experiments; * p < 0.05, ctrl — control siRNA.
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signalling pathway positively regulates LPS-induced IL-27 gene expression and protein
production in THP-1 cells.

Similar to the results obtained with THP-1 cells, IL-27 protein production was
significantly inhibited by LY294002 in MDMs (Figure 4.2.12 right lower panel). Inhibition
of LPS-activated PI3K resulted in a significant dose-dependent of both p28 and EBI3
MRNA, strongly suggesting that PI3K plays a critical role in the induction of IL-27 and its
subunits. It was also of interest to determine whether PI3K is involved in the regulation of
IL-27 in IFN-y/LPS-stimulated MDMs. Interestingly, inhibition of IFN-y/LPS-activated
PI3K resulted in decrease in IL-27 protein production with a concomitant induction of IL-27
EBI3 mRNA expression and no effect on p28 subunit (Figure 4.2.12 left panel). Collectively,
my data suggest that PI3K is a positive regulator of IFN-y/LPS and LPS-induced IL-27
protein. However, PI3K differentially regulates I1L-27p28 and EBI3 mRNA expression in

IFN-y/LPS versus LPS-stimulated human MDMs.

Role of JAK/STAT signaling pathways in IFN-y/LPS-induced IL-27 expression

As previously mentioned, IFN-y mediates its biological effects primarily via the
activation of Jak/STAT pathway. As such, | wanted to see whether IFN-y/LPS-induced IL-27
production in MDMs is regulated through the Jak/STAT signaling pathways. As seen in
Figure 4.2.13, the inhibition of JAK kinase did not affect IFN-y/LPS-induced 1L-27p28 or
EBI3 mRNA transcripts, nor IL-27 production in MDMs.

In conclusion, my data show a differential regulation of IL-27p28 mRNA and IL-27
proteins in response to stimulation of THP-1 cells by LPS or stimulation of MDMs with

either LPS or IFN-y and LPS. Moreover, my data demonstrated that IL-27 expression is
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Fig. 4.2.12 IFN-y/LPS-induced IL-27 production is positively regulated through the
PI3K pathway in human MDMs. MDMs were treated with increasing concentrations of PI3K
inhibitor, LY294002 (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16 h) and LPS
(1 ng/ml, 4 h) for quantification of 1L-27p28 and EBI3 mRNA expression by RQ-PCR, whereas IL-
27 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h) and LPS (1 pg/ml, 24 h).
Panels on the left-hand side represent IFN-y/LPS-induced IL-27 expression, while right-hand side
panels represent IL-27 expression levels induced by LPS alone. The results are shown as mean +
SEM of 7 independent experiments; * p < 0.05; ** p < 0.01, Unstim- unstimulated.
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Fig. 4.2.13 IFN-y/LPS-induced IL-27 production is not regulated through the
JAK/STAT pathway in human MDMs. MDMs were treated with increasing concentrations of
JAK inhibitor, JAK I inhibitor (0-100 nM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16
h) and LPS (1 ug/ml, 4 h) for quantification of 1L-27p28 and EBI3 mRNA expression by RQ-PCR,
whereas IL-27 protein production was determined by ELISA, IFN-y (10 ng/ml, 16 h) and LPS (1
ug/ml, 24 h). Panels on the left-hand side represent IFN-y/LPS-induced IL-27 expression, while
right-hand side panels represent IL-27 expression levels induced by LPS alone. The results are shown
as mean + SEM of 3 independent experiments; * p < 0.05; ** p < 0.01, Unstim- unstimulated.
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positively regulated by JNK, p38 MAPKSs and by PI3K in response to either LPS or IFN-y
and LPS in THP-1 cells and MDM:s.
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Chapter 5 Inconsistency in the expression of IL-27 protein and its mRNA cognate
subunits in response to IFN-y/LPS stimulation in human MDMs

Proteosomal and lysosomal degradation

The mechanism of IFN-y/LPS-induced IL-27 production revealed an inconsistency in
the expression of IL-27 protein and its mMRNA cognate subunits. My earlier results have
demonstrated that IL-27 and its subunits are differentially regulated by JNK, p38 and PI3K
signaling pathways in IFN-y/LPS-stimulated MDMs (Figure 4.2.7, 4.2.8 and 4.2.12). In order
to confirm that 1L-27p28 and EBI3 protein subunits were also differentially regulated, cell-
associated IL-27p28 and EBI3 levels were determined by Western blot in the presence of
JNK, p38 MAPK and PI3K inhibitors, following IFN-y/LPS-stimulation of MDMs. The
results show that inhibition of JNK, p38 as well as PI3K led to a decrease at higher
concentrations in the expression of EBI3 proteins at higher concentration of inhibitor, in
contrast to the levels of p28 subunits that remained unaffected by pre-treatment of cells with
these inhibitors (Figure 5.1.1). It should be noted that under the same experimental
conditions the levels of IL-27-induced secretion was decreased by inhibition of JNK, p38
and PI3K (Figure 5.1.1). This means that the activation of these three pathways is necessary
for the induction of EBI3 and p28 mRNA expression.

To gain insight in observed inconsistency between the IFN-y/LPS-induced IL-27 and
its subunits in MDMs the involvement of lysosomal or proteosomal degradation was
examined. Chloroquine is a lysosomotropic agent that prevents endosomal acidification. It
inhibits autophagy as it raises the lysosomal pH, which leads to inhibition of both fusion of

autophagosome with lysosome and lysosomal protein degradation (201).
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Fig. 5.1.1 IFN-y/LPS-induced IL-27 EBI3 subunit expression is positively regulated
through the JNK, p38 MAPK and PI3K pathway in human MDMs. MDMs were treated
with increasing concentrations of JNK, p38 MAPK and PI3K inhibitors, for 2 h followed by
stimulation with IFN-y (10 ng/ml, 16 h) and LPS (1 pg/ml, 24 h). Cell lysates were collected and
cell-associated levels of IL-27p28 and EBI3 were determined by Western blot analysis. Total
proteins (30 ug) were analyzed by SDS-PAGE using anti-1L-27 antibodies. Membranes were
stripped and re-probed with anti-GAPDH antibodies to control for protein loading. The
results shown are representatives of three independent experiments. Uns — unstimulated, | —
IFN-y, L- LPS, SP — SP600125, SB — SB203580, LY — LY294002.
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To determine whether lysosomal degradation plays a role in the inconsistency of IL-
27 mRNA-protein levels, macrophages were first pretreated with chloroquine to inhibit
lysosomal degradation, followed by inhibition of MAPK and PI3K for 2hr, and finally the
cells were stimulated with IFN-y and LPS. The cell-associated expression of EBI3 and p28
were then determined by Western Blot analysis. These results show that the presence of
chloroquine did not impact the expression level of EBI3 or p28 in IFN-y/LPS cells treated
with SP, SB or LY (Figure 5.1.2 versus 5.1.1).

Keeping in view that lysosomal degradation does not affect and hence cannot account
for the inconsistency of mRNA levels, | next examined that involvement of the proteosome
in this phenomenon. For this | have employed clasto-lactacystin, a proteosomal degradation
inhibitor. Clasto-Lactacystin -lactone is a cell permeable, irreversible proteasome inhibitor.
It inhibits protein breakdown and activities of the 20S and 26S ribosomal subunits.
However, it does not inhibit lysosomal protein degradation in the cell. Macrophages were
first pretreated with clasto-lactacystin to inhibit proteosomal degradation, followed by
inhibition of MAPK and PI3K for 2hr, and finally the cells were stimulated with IFN-y and
LPS. These results show that the presence of clasto-lactacystin did not influence the
expression level of EBI3 or p28 in IFN-y/LPS cells treated with SP, SB or LY (Figure 5.1.3
versus 5.1.1). Collectively, these results suggest that neither lysosomal nor proteosomal
degradation contributes to the inconsistency observed between IL-27 protein secretion and
MRNA expression of its subunits in IFN-y/LPS-stimulated MDMs.

Role of tristetraprolin
Next, | wanted to determine whether post-translational regulation of I1L-27 subunits

occurs via the modification of their mMRNA stability through adenosine/uridine-rich elements
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Fig. 5.1.2 Lysosomal degradation is not implicated in IFN-y/LPS-induced IL-27 EBI3 or
IL-27p28 subunit expression in human MDMs. MDMs were treated first pretreated with
choloroquine (25uM) for 2 hr. Following this, increasing concentrations of JNK, p38 MAPK and
PI3K inhibitor (0-50uM) were added to the cells, for 2 h followed by stimulation with IFN-y (10
ng/ml, 16 h) and LPS (1 ug/ml, 24 h). Cell lysates were collected and cell-associated levels of
IL-27p28 and EBI3 were determined by Western blot analysis. Total proteins (30 pg) were
analyzed by SDS-PAGE using anti-IL-27 antibodies. Membranes were stripped and re-
probed with anti-GAPDH antibodies to control for protein loading. The results shown are
representatives of three independent experiments. Uns — unstimulated, |1 — IFN-y, L- LPS, CQ
— Choloroquine, SP — SP600125, SB — SB203580, LY — LY?294002.
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Fig. 5.1.3 Proteosomal degradation is not implicated in IFN-y/LPS-induced IL-27 EBI3
or IL-27p28 subunit expression in human MDMSs. MDMs were treated first pretreated with
clasto-lactacystin (5uM) for 2 hr. Following this, increasing concentrations of INK, p38 MAPK
and PI3K inhibitor (0-50pM) were added to the cells, for 2 h followed by stimulation with IFN-y (10
ng/ml, 16 h) and LPS (1 ug/ml, 24 h). Cell lysates were collected and cell-associated levels of
IL-27p28 and EBI3 were determined by Western blot analysis. Total proteins (30 ug) were
analyzed by SDS-PAGE using anti-1L-27 antibodies. Membranes were stripped and re-
probed with anti-GAPDH antibodies to control for protein loading. The results shown are
representatives of three independent experiments. Uns — unstimulated, | — IFN-y, L- LPS, c-
lac — clastolactacystin, SP — SP600125, SB — SB203580, LY — LY294002.

197



¢'1' aIngy

HAdVD ——>

o QE—— - N

e
0S ¢ 0l

0S §C

01

0S §C

0l

TH AT+ 98D

TH + €S + 98D

T+ +dS + 98D

198



(AREs) in the 3’UTR region. TTP is an RNA-binding decay protein involved in the
regulation of inflammatory responses at the post-transcriptional level (202). Recently, it has
been shown that IFN-y differentially regulates IL-12 and IL-23 expression in mice, via a
selective suppression mechanism by TTP-mediated p19 mRNA degradation (203). A better
understanding of post-transcriptional and post-translational modifications of the IL-12 family
of cytokines, may clarify the observed inconsistency. For this reason, mRNA levels of TTP
in MDM s stimulated with IFN-y/LPS were observed. Results show that TTP mRNA levels
increased when cells were treated with either LPS alone, or with IFN-y and LPS (Figure
5.1.4). Next, | determined whether pretreatment of MDMSs with inhibitors before stimulation
with IFN-y/LPS and SP, SB and LY had an impact on the expression level of TTP mRNA.
As seen in Figure 5.1.5, in contrast to results obtained with JNK and p38 MAPK inhibitors,
pre-treatment of MDMs with PI3K inhibitor before IFN-y/LPS stimulation increased TTP
MRNA expression. These results suggest that accumulation of TTP mRNA levels in MDMs
treated with LY may lead to a destabilization of IL-27p28 mRNA levels, accounting for the

low levels of IL-27 protein levels in the supernatants.

Role of IL-27 receptor recycling

In parallel, 1 have also addressed a role of IL-27 receptor recycling in the mechanism
of inconsistency between the mMRNA IL-27 subunits expression and protein secretion. The
IL-27 receptor consists of the orphan cytokine receptor WSX-1/TCCR and gp130. Gp130 is
part of the IL-6 receptor family and is shared among other cytokine receptors (204). WSX-1
is structurally similar to gp130, and was first identified through a homology search of gp130

cDNA (60). IL-27R is expressed on myeloid and
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Fig. 5.1.4 IFN-y/LPS and LPS alone treatment increased TTP mRNA expression in

human MDMs. MDMs were treated with IFN-y (10 ng/ml, 16 h) and/or LPS (1 ug/ml, 4 h) for
quantification of tristretraprolin (TTP) mRNA expression by RQ-PCR. The results are shown as
mean + SEM of 5 independent experiments; * p < 0.05; *** p < 0.001, Unstim- unstimulated.
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Fig. 5.1.5 IFN-y/LPS-induced TTP mRNA expression is negatively regulated through
the PI3K pathway in human MDMs. MDMs were treated with increasing concentrations of
JNK, p38 MAPK and PI3K inhibitors, (0-50 uM) for 2 h followed by stimulation with I[FN-y (10
ng/ml, 16 h) and LPS (1 ug/ml, 4 h) for quantification of TTP mRNA expression by RQ-PCR. The
results are shown as mean = SEM of 5 independent experiments; * p < 0.05; ** p < 0.01, Unstim-
unstimulated.
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lymphoid lineages of hemopoietic cells, stem cells, keratinocytes and vascular endothelium.

The cell-surface expression of IL-27 receptors, WSX-1 and gp130, in MDMs
stimulated with IFN-y/LPS was measured (Figure 5.1.6) by flow cytometry. Results show
that LPS alone or IFN-y/LPS stimulation led to a significant upregulation of cell-surface
expression of both WSX-1 and gp130 in MDMs. To understand whether the inhibition of
MAPK and PI3K signalling pathways involved in the regulation of IL-27 expression play a
role in this increase of cell-surface expression of IL-27 receptor chains (Figure 5.1.7), | have
treated the cells with the respective inhibitors. The results show that both WSX-1 and gp130
are negatively regulated by JINK MAPK, while p38 MAPK and PI3K positively regulate the
expression of these receptors in IFN-y/LPS-stimulated MDMs. The highly upregulated
expression of WSX-1 and gp130 upon JNK MAPK inhibition may suggest a process of
increased up-take of IL-27 back into the macrophages, leading to the depletion of IL-27
protein expression in the supernatant. Upregulated expression of IL-27 receptor chains may
interact with extracellular IL-27, causing its depletion from the supernatant. Such a
mechanism may in turn account for low levels of secreted IL-27, thus accounting for the
mRNA-protein inconsistency.

In summary, although these three different approaches provided an attempt to
understand the mechanism of inconsistency between mRNA and protein expression,
obviously there is much work to be done and further studies are require to fully understand

this phenomenon.
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Fig. 5.1.6 IFN-y/LPS and LPS alone treatment increased cell-surface expression of
WSX-1 and gp130 human MDMs. Cells were washed and stained with PE-conjugated
mouse monoclonal anti-human WSX-1 and Per-CP-conjugated mouse monoclonal anti-
human gp130 for 15 minutes. Surface expression of WSX-1 and gp130 was assessed by flow
cytometry. The results are shown as mean + SEM (n=4), Unstim- unstimulated.
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Fig. 5.1.7 IFN-y/LPS and LPS alone treatment increased cell-surface expression of
WSX-1 and gp130 human MDMs. MDMs were treated with increasing concentrations of JNK,
p38 MAPK and PI3K inhibitors, (0-50 uM) for 2 h followed by stimulation with IFN-y (10 ng/ml, 16
h) and LPS (1 ug/ml, 24 h). Surface expression of WSX-1 and gp130 was assessed by flow
cytometry. The results are shown as mean + SEM (n=4), * p < 0.05; ** p < 0.01; ***p <
0.001; Unstim- unstimulated.
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Chapter 6 Discussion

The main objective of my studies was to elucidate the signaling pathways involved in
IFN-y/LPS-induced production of IL-12, IL-23 and IL-27 in human monocytic cells.
Therefore, with a view to shed further light into the mechanisms responsible for 1L-12, 1L-23
and IL-27 cytokine production, my results show that IFN-y is able to induce IL-23
production in positively selected human monocytes, while LPS was a poor inducer. On the
other hand, IFN-y induced IL-27 production in both positively as well as negatively selected
monocytes. | have also shown that THP-1 promonocytic cells and human monocyte-derived
macrophages (MDMs) respond to LPS following priming with IFN-y in order to produce
significant levels of IL-23 and IL-27.

Previous studies have shown that I1L-12p40 production in human monocytes is
regulated through the MAPK and PI3K signaling pathways (205). Based on these
observations, | proceeded to investigate the potential role of these pathways in the regulation
of IFN-y- and/or LPS-induced production of IL-23 and IL-27. My results show that distinct
signalling pathways are required for the regulation on IL-23 in different cell types, such as
primary monocytes, THP-1 and MDMs in response to stimulation with either IFN-y and /or
LPS. However, with regards to IL-27 regulation, | observed that its production is regulated
predominately by INK MAPK and PI3K pathways, regardless of cell type and stimulation
involved. | have also shown that the IL-23 and IL-27 subunits, namely IL-23p19, IL-
12/23p40, 1L-27p28 and EBI3 are differentially regulated by these pathways. Furthermore,
in certain cases the inhibition of signaling pathways showed increased levels of mRNA,
while total protein secretion levels would decrease. Based on my observations, lysosomal or

proteosomal degradation pathways could not account for this differential mRNA/protein
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regulation of IL-27 subunits. However, mRNA stability following post-transcriptional
modifications and cell-surface receptor recycling may play a role in the inconsistency
between mMRNA expression and protein secretion levels. | shall discuss in depth the
regulation of IL-23 and IL-27 in different cell types in the following two chapters. Finally, |

will discuss the possible mechanisms responsible for the mRNA-protein inconsistency.

Regulation of IL-23 production in human monocytic cells

Regulation of IFN-p-induced IL-23 production in human monocytic cells: My results show
that IFN-y induces the expression of IL-12p40 and IL-23 in primary human monocytes
following activation through the CD14 receptor. To understand the mechanism governing
IFN-y-mediated IL-12/23 production, | demonstrated that IFN-y-induced IL-23 and IL-
12/23p40 expression in monocytes is positively regulated by the p38 MAPK. Furthermore,
IL-12 and IL-23 expression is modulated by negative signals delivered by the Jak/STAT,
JNK MAPKs and PI3K pathways in IFN-y-stimulated primary monocytes isolated by
positive selection.

IFN-y priming of monocytes and APCs enhances their ability to produce IL-12 and
IL-23 in response to a second stimulus such as LPS (143). IFN-y priming thus provides a
vital positive feedback mechanism for an enhanced immune response against invading
pathogens (83, 111, 206). Additionally, TLR-2, TLR-4 and TLR7/8 ligands have been shown
to induce IL-23 production independently of IL-12 in DCs (111). Whether IFN-y alone can
enhance 1L-12 or IL-23 expression by monocytic cells was not known. | demonstrated that

IFN-y failed to induce either 1L-12p40 or IL-23 production in negatively selected monocytes
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(Fig 3.1.2), THP-1 cells and MDMs (Fig 3.2.1 and 3.3.2, respectively). However, activation
of primary monocytes by anti-CD14 antibodies conferred responsiveness to IFN-y resulting
in significant production of 1L-12p40 and IL-23 possibly through signals delivered via
interactions with CD14/TLR-4 complex. Previously, it was demonstrated that natural and
recombinant soluble CD14 may stimulate monocytes in vitro (207). Furthermore, positive
selection of monocytes has been shown to influence cytokine production in generated DCs
(208). | propose that outside of an LPS context, activation of monocytic cells through the
CD14 receptor during positive selection significantly impacts cytokine expression and
subsequent function of these cells in response to IFN-y stimulation. These observations also
suggest that monocytic cells similarly activated in vivo under certain pathological conditions
may produce IL-12 and IL-23 in response to IFN-y. My results are supported by a study
wherein generation of DCs from monocytes isolated by positive selection inhibited LPS-
induced expression of co-stimulatory molecules and cytokines compared to the DCs
generated from monocytes isolated by negative selection (208).

Furthermore, | have investigated the possible mechanism by which positively
selected monocytes respond to IFN-y leading to IL-23 production. Positive selection of
monocytes through the use of anti-CD14 beads or stimulation of negatively isolated
monocytes with anti-CD14 beads exhibited significantly higher levels of IFN-y receptors.
Enhanced IFNGR1 expression on positively selected monocytes may be due to signals
delivered following interaction of CD14 expressed on monocytes with the anti-CD14
antibodies conjugated beads (207). Enhanced IFNGR1 expression may also explain the
ability of positively selected cells to respond to IFN-y leading to higher TLR-4 expression

and subsequent enhanced production of I1L-23 following LPS stimulation.
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Others have previously identified signalling pathways involved in LPS-mediated IL-
12/23p40 expression (11, 46, 105, 107, 108, 110, 144). | investigated the signaling pathways
regulating IFN-y-induced IL-23 and 1L-12/23p40 expression in human monocytes isolated by
positive selection. IFN-y mediates its biological effects by activating the Jak/STAT pathway
(140) and by STAT-1-independent pathways (86, 140, 209). My results suggest that IFN-y-
induced IL-23p19 mRNA and IL-12/23p40 and IL-23 protein expression is negatively
regulated by the Jak/STAT, PI3K and JINK MAPK pathways. The mechanism by which IFN-
y-activated Jak/STAT-1, PI3K and JNK negatively regulate 1L-23 or its subunits expression
is not clear. However, it appears that IFN-y-mediated signalling cascades including
Jak/STAT may cross talk with the signals delivered following the engagement of CD14
receptors that may result in the induction of IL-12p40 and IL-23 expression. IFN-y is known
to induce the expression of suppressor of cytokine signalling (SOCS) proteins. SOCS1 is a
negative regulator of Jak/STAT signalling and is believed to be an inhibitor of IFN-y-
induced IL-12 production in DCs (210). It is possible that the SOCS proteins induced by
blocking the Jak/STAT pathway following IFN-y stimulation may negatively regulate 1L-23
production in monocytic cells. Although I have used low doses of kinase inhibitors and the
increase in 1L-23/1L-12 production is dose dependent, interference with ATP binding sites of
other kinases cannot be ruled out.

There is some evidence that MAPKSs regulate the expression of IL-12/23 subunits
(1L-23p19) (110, 138, 211). Importantly, my results show that IFN-y-induced 1L-23 and IL-
12/23p40 production is positively regulated by the p38 MAPK and negatively regulated by
the PI3K and the JNK pathways. The mechanism by which IFN-y activates PI3K or MAPKs

is not clear (101, 103, 105). However, IFN receptors have been shown to interact directly
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with the p85 subunit of PI3K (97, 98) independently of JAK-mediated phosphorylation of
the receptor (98). IFN-y has been shown to recruit myeloid differentiation primary response
gene 88 (MyD88) leading to p38 MAPK activation (212). Whether IFN-y activates MAPK
and PI3K pathways in positively selected human monocytes via MyD88 recruitment is not
clear. Furthermore, the mechanism by which PI3K and JNK MAPKSs negatively regulate IL-
23 expression needs to be investigated.

The transcription factors NF-«B, SMAD3 and ATF-2 have been implicated in the
regulation of LPS-induced IL-23p19 gene expression (18). However, the involvement of
specific transcription factors in IFN-y-induced IL-23 expression remains unknown. IFN-y
activates several transcription factors in various cell types including interferon regulatory
factor (IRF)-1, IRF-8, PU.1, C/EBP, CIITA, IRF-9 and c-Jun in a STAT-1-dependent
manner (213-215). IFN-y has also been shown to activate STAT3, STATS, NF-kB and AP-1
in a STAT-1-independent manner (96, 216, 217). A comprehensive examination of the
downstream transcription factors involved in IFN-y-induced IL-23p19/p40 expression will
provide further insight into the regulation of this cytokine. In the present study, it was not
possible to delineate the involvement of IFN-y-activated transcription factors required for IL-
23 production as THP-1 cells did not produce IL-23 in response to IFN-y. Moreover, it is
extremely difficult to perform promoter analysis experiments in primary monocytes.

My results suggest that 1L-23p19 and IL-12/23p40 mRNA levels did not always
correlate with IL-23 protein production specifically as seen in the p38 MAPK inhibition
studies. It has been reported that IL-23p19 mRNA levels are not associated with an increase
in 1L-23 production in response to LPS in other model systems (110, 112). Inhibition of

specific signalling pathways resulting in an increased expression of IL-23 has been reported
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(110, 112, 138). These observations suggest that post-transcriptional or post-translational
mechanisms may regulate I1L-23 expression and/or secretion (24). Several possible post-
transcriptional and post-translational steps such as IL-23 subunit mMRNA stability, protein
translation, intracellular protein degradation and secretion of newly synthesized protein may
be regulated by distinct signalling pathways. Interestingly, the p38 MAPK pathway has been
shown to be an important post-transcriptional regulator of mRNA stability (218, 219). It is
possible that the decrease in IL-23 protein production, despite an increase in 1L-23p19
mRNA that we observed following inhibition of the p38 MAPK may be attributed to post-
transcriptional or post-translational activity. My findings were summarized in Figure 5 of the
Discussion section.

In summary, | show for the first time that IL-23 and its subunit 1L-12/23 p40 are
regulated by IFN-y in primary human monocytes via p38 MAPK and independently of the
Jak-STAT and PI3K pathways. | also show that the Jak/STAT, PI3K and JNK MAPK
pathways are negative regulators of IL-23 and IL-12/23 p40 expression induced by IFN-y. A
schematic model depicting the signalling pathways involved in IFN-y-induced expression of
IL-23 in human monocytic cells is shown in Figure 5. Elucidating the mechanism of IFN-y-
induced regulation of IL-12 family cytokine expression, and particularly of IL-23, will

further our understanding of immune responses in health and disease.
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Figure 5 A model showing the signalling pathways involved in IL-23 induction
following IFN-y stimulation in human monocytic cells. Anti-CD14 magnetic beads
increase expression of IFN-y receptor 1, sensitizing positively selected monocytes to IFN-y
stimulation. IFN-y stimulation initiates the oligomerization of its receptor subunit, IFNGR1
and IFNGR2, facilitating JAK activation and recruiting STAT to the receptor.
Phosphorylated STAT is translocated to the nucleus. The IFN receptors have been shown to
interact directly with the p85 subunit of PI3K, independently of JAK-mediated
phosphorylation of the receptor (97, 98). IFNGR1 has also been shown to interact directly
with MyD88 (99), which may trigger activation of the MKKG6/p38 MAPK pathway (99),
possibly through Pyk-2 activation (100). Furthermore, IFN-y has also been shown to activate
JNK MAPK in macrophages (101), although the precise sequence of events leading to JNK
MAPK activation is not known. My results suggest that JAK/STAT, PI3K and JINK MAPK
negatively regulate 1L-23 induction, whereas p38 MAPK positively regulates IL-23
induction in response to IFN-y stimulation through the activation of a yet-identified
transcription factor (TF). 1 indicates enhanced expression whereas | indicates decreased
expression following the blockage of a pathway.
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Regulation of LPS-induced IL-23 production in human monocytes, THP-1 cells and
MDMs: IL-23 has been shown to be involved in modulating responses to a number of
infectious agents as well as regulating auto-immunity and cancer (220-222). However to
date, the regulation of IL-23 expression in monocytes and other monocytic cell types in
response to TLR agonists, especially TLR-4, has not yet been fully characterized.

JNKs are stress-activated protein kinases that can phosphorylate the DNA-binding
protein c-Jun and increase its transcriptional activity. JNK protein kinases are encoded by
three genes: JNK1, JNK2 and JNK3, however only JNK1/2 are ubiquitously expressed,
while JNK3 is expressed only in the brain, heart and testis (127). SP600125 is a reversible
ATP-competitive inhibitor that dose dependently inhibits the phosphorylation of c-Jun, the
expression of inflammatory genes and activation of human CD4" cell cultures. SP600125
may also partially inhibit p38 MAPK (132). There are four p38 kinase isoforms: a (SAPK?2),
B, B2, ¥ (SAPK3) and d, with expression of these isoforms varying among tissues. p38a
being the best characterized one and expressed in most cell types, including leukocytes and
bone marrow (127). p38 MAPK is involved in regulating the expression of many cytokines,
having a crucial role in the activation of the immune system. SB203580, 4-(4-fluorophenyl)-
2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1 H-imidazole) is a specific inhibitor of p38a and
p38P, but not other p38 MAPKSs (45)(223)(224). It suppresses the activation of MAP kinase-
activated protein kinase 2.

| demonstrated that LPS alone significantly induces the expression of IL-23p19
MRNA and IL-23 protein production in the human monocytic THP-1 cell line (Fig 3.2.1).
These data appear consistent with other studies showing that LPS can induce IL-23
expression in human monocytes (112) and PBMCs (195). Recently, Roses et al. also showed

that IL-23 production in human monocyte-derived DCs is stimulated by LPS (111).
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Furthermore, IFN-y alone did not induce the production of IL-23 mRNA or protein
production in THP-1 cells, nor does it prime these cells for LPS-induced IL-23 secretion.
Therefore, | investigated the mechanism of LPS-induced IL-23 production in THP-1 cells
and evaluated the signalling pathways that may be regulating IL-23 expression. The role of
MAPKSs was established by using specific pharmacological inhibitors. Results show that
LPS-induced IL-23 protein production is positively regulated by the JNK and p38 MAPK
pathways in THP-1 cells (Figure 3.2.3). The results obtained with specific MAPK and PI3K
inhibitors were confirmed using SiRNA studies, which further establishes the role of these
pathways to regulate LPS-induced IL-23 expression in myeloid-type cells. These data also
appear consistent with a recent study showing that in murine macrophages LPS-induced IL-
23p19 mRNA and IL-23 protein expression are regulated by the ERK, JNK and p38 MAPK
pathways (142). Interestingly, my data show that ERK, JNK and p38 MAPK inhibition
appears to negatively regulate 1L-23p19 mRNA expression (Figure 3.2.3 left panels), while
at the same time JNK and p38 MAPK inhibition positively regulate IL-23 production (Figure
3.2.3 middle panels). Furthermore, results suggest that IL-23p19 levels did not always
correlate with 1L-23 protein production. It has been reported that 1L-23p19 mRNA levels are
not associated with an increase in IL-23 production in response to LPS in other model
systems (110, 112). Inhibition of specific signalling pathways resulting in an increased
expression of 1L-23 has been reported (110, 112, 138). These observations suggest that post-
transcriptional or post-translational mechanisms may regulate 1L-23 expression and/or
secretion (24). Several possible post-transcriptional and post-translational steps such as IL-23
subunit mMRNA stability, protein translation, intracellular protein degradation and secretion of

newly synthesized protein may be regulated by distinct signalling pathways. Interestingly,
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the p38 MAPK pathway has been shown to be an important post-transcriptional regulator of
MRNA stability (218, 219). It is possible that the decrease in IL-23 protein production,
despite an increase in IL-23p19 mRNA that | observed following inhibition of the p38
MAPK may be attributed to post-transcriptional or post-translational activity.

| also show that PI3K inhibition does not affect LPS-induced IL-23p19 mRNA
expression, but positively regulates 1L-23 as well as IL-12/23p40 protein production (Figure
3.2.6). While the number of studies examining IL-23 expression in human monocytic cells
have been limited, my data are consistent with one report showing that IL-23 production is
regulated by PI3K in human monocytes stimulated with F. Novicida, without affecting IL-
23p19 mRNA levels (140). As was the case with my results on the role of MAPKSs in IL-23
regulation, it seems that there may be post-transcriptional mechanisms regulating IL-23
expression and/or secretion. | show that the PI3K and MAPK pathways are positive
regulators of 1L-23 and that under certain conditions an increase in 1L-23 mRNA expression
is often associated with a decrease in secretion of 1L-23 protein when specific intracellular
signalling pathways are inhibited. My findings are summarized in Figure 6.

Since different signaling pathways are involved in IFN-y and LPS-induced regulation
of 1L-23 and its subunits, | decided to investigate the signaling mechanisms following IFN-
y/LPS and LPS stimulation in MDMs. Even though, IFN-y/LPS was able to induce
significant levels of IL-27 expression, to my surprise, using all kinds of pharmacological
inhibitors neither MAPK nor PI3K signaling pathways were found to regulate IL-23
production. My results clearly show that MAPK and PI3K signaling pathways are not

involved in the regulation of LPS-induced, nor IFN-y/LPS-induced IL-23 production in
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Figure 6 A model showing the signalling pathways involved in IL-23 induction
following LPS stimulation in THP-1 monocytic cells. LPS is an outer wall component of
Gram-negative bacteria that induces the production of many proinflammatory mediators in
monocytes/macrophages (121). It activates the CD14-TLR4-MD2 complex, which in turn
activates the PI3K pathway (121), permitting docking of PI3K to the plasma membrane.
Upon TLR4 activation, MyD88 is recruited to the TLR4 receptor and interacts with IL-1R-
associated kinase (IRAK)-4 (125). IRAK4 will in turn activate other members of the IRAK
family, resulting in the recruitment of TRAF6. This will activate a complex containing TGF-
B-activated kinase (TAK1) and TAK1-binding proteins (TAB) (126). The TAK1/TAB
complex triggers the MAPK and NF-«B signaling pathways, including JNK and p38 MAPK
(225). Studies have shown that LPS-TLR4 signaling in human monocytes also activates Akt
(121). Akt may directly or indirectly activate MAPKSs (121). My results suggest that PI3K,
JNK and p38 MAPK positively regulate 1L-23 induction in response to LPS stimulation
through the activation of a yet-identified transcription factor (TF). 1 indicates enhanced
expression whereas | indicates decreased expression following the blockage of a pathway.
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MDM:s. | also show that the Jak/STAT pathway is not involved in the regulation of IL-23
production in IFN-y/LPS-stimulated MDMs. Therefore, the exact mechanisms responsible
for this regulation are not clear. Our laboratory has initiated more in-depth studies that show
that LPS-induced IL-23 production may be positively regulated through the Src/SHP-1
tyrosine kinase signaling pathways (manuscript pending, experiments performed by Yulia
Konarski, MSc candidate). NF-kB has been previously implicated in the regulation of IL-
12p40 expression (226) in murine macrophages and treatment with IFN-y enhances this
interactions. Using promoter assays, it would also be of interest to study the transcription
factors responsible for regulating LPS-induced IL-23 subunits.

In summary, | show that LPS-induced IL-23 production is positively regulated by
JNK and p38 MAPK, as well as the PI3K signalling pathways in THP-1 cells. The
intracellular signalling mechanisms regulating 1L-23 expression and the identification of the
transcription factors involved in these pathways will be important steps in characterizing the

function of this important pro-inflammatory cytokine.

Regulation of IL-27 production in human monocytic cells

Regulation of IFN-p-induced IL-27 production in human monocytic cells: Although IL-27
is a key immunoregulatory cytokine produced predominantly by monocytic cells (28, 197), very
little is known regarding the signaling pathways and molecular mechanisms that govern the
production of IL-27 in general and particularly following IFN-y stimulation in human
monocytic cells. 1L-27 has been shown to be produced by human monocytic cells primed
with IFN-y and in response to a second stimulus such as LPS (227). My results show that
IFN-y alone without any second stimulus can induce IL-27p28 gene expression and 1L-27

protein production by human monocytic cells. Moreover, | demonstrate for the first time that
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IFN-y-mediated IL-27 protein but not IL-27p28 gene expression is positively regulated by
JNK MAPK and PI3K pathways, independent of the Jak/STAT pathway in human monocytes.
Since the IL-27 EBI-3 gene was not induced in these cells following IFN-y stimulation, our
results suggest that 1L-27p28 plays a prominent role in the synthesis of heterodimeric IL-27
protein by IFN-y-stimulated human monocytic cells. The precise mechanism of how these
two subunits are regulated to produce a secreted IL-27 protein needs to be addressed.

IFN-y mediates its biological effects by activating the Jak/STAT-1 pathways (103,
105, 199). Since IFN-y induced the expression of IL-27p28 mRNA as well as IL-27 protein
production in both positively and negatively selected human monocytes, it was of interest to
determine if IFN-y-induced IL-27 expression occurred via the activation of Jak/STAT-1
pathway. My results show that the JAK/STAT-1 signalling pathway does not regulate IL-
27p28 mRNA expression or IL-27 protein production in primary human monocytes. Since
IFN-y can mediate its effects via STAT-1-independent pathways (95, 103, 105, 216, 228), |
examined whether IFN-y induces IL-27 expression by an alternate pathway via the activation
of PI3K and MAPKSs.

The role of MAPKSs in the regulation of IL-27 expression in human monocytes is not
well understood. Theiler’s murine encephalomyelitis virus infection of the RAW264.7
macrophage cell line induced IL-27p28 mRNA expression through INK-MAPK activation
(148). Results show that JNK and PI3Ks are essential intracellular signaling mediators for
IFN-y-induced IL-27 production in human monocytic cells. Whether IFN-y activates MAPK
and PI3K pathways via MyD88 leading to IL-27 induction in human monocytic cells remains

to be established. IFN-y has also been shown to signal via other STAT molecules such as
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STAT3 or STAT5 (95, 106, 212, 229). The involvement of STAT-3 or STAT-5 in IFN-y-
induced IL-27 production needs further investigation.

The regulation of IL-27p28 and EBI-3 subunits has been investigated in human
monocyte-derived DCs and murine bone-marrow derived macrophages. Interferon regulatory
factor-3 (IRF-3) was shown to regulate IL-27p28 expression in human DCs (155).
Furthermore, Myd88 regulated LPS-induced IL-27p28 expression through the activation of
IRF-1 transcription factor in murine RAW264.7 macrophage cell line (192). In addition to
TLR-4 ligand, LPS, TLR-2, TLR-3 and TLR7/8 ligands have also been shown to regulate IL-
27 gene expression in human macrophages that was mediated by the synthesis of IFN-o and
possibly through IRF-1 activation (156). Similarly, IFN-B-activated human DCs expressed
IL-27p28 through the activation of IRF-1 (230). We have shown that monocytes responded
to IFN-y leading to IL-27p28 expression. Since IFN-y did not induce significant expression
of EBI3, | focused my studies on the regulation of 1L-27p28 subunit. Results suggest that
IFN-y-induced IL-27p28 is not regulated by either Jak/STAT, MAPKs or the PI3K
pathways.

The mechanisms by which IFN-y-activated PI3K and JNK positively regulate 1L-27
production remain unknown. IFN-y activates several transcription factors in various cell
types including IRF-1, IRF-8, PU.1, C/EBP, CIITA, IRF-9 and c-Jun in a STAT-1-dependent
manner (213-215). IFN-y has also been shown to activate STAT3, STAT5, NF-xB and AP-1
in a STAT-1-independent manner (96, 216, 217). It remains to be determined if IFN-y-
induced IL-27 expression in human monocytic cells is regulated by the IRF transcription
factors. A comprehensive examination of the downstream transcription factors involved in

IFN-y-induced IL-27 expression will provide further insight into the regulation of this
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cytokine. In order to outline the involvement of IFN-y-activated transcription factors
required for IL-27 production, promoter analysis experiments need to be performed in
primary monocytes.

| have also shown that IL-27p28 mRNA expression did not correlate with 1L-27
protein production. Results show that although IFN-y-induced IL-27p28 mRNA expression
was not regulated by the PISK or MAPKSs pathways, IFN-y-induced IL-27 protein was
regulated by the JNK and PI3K pathways. It has been reported that in another heterocytokine
member of the IL-12 cytokine family, 1L-23, IL-23p19 mRNA levels are not associated with
an increase in IL-23 production in response to LPS in other model systems (91, 110, 112,
231). Inhibition of specific p38 and JINK MAPKSs as well as PI3K pathways resulting in an
increased expression of LPS-induced IL-23p19 has been reported (110, 112, 138). However,
inhibition of p38 MAPK was also shown to decrease LPS-induced IL-23 production (110,
138). These observations suggest that post-transcriptional or post-translational mechanisms
may regulate expression of heterodimeric IL-27 protein synthesis and/or secretion. Several
possible post-transcriptional and post-translational steps such as IL-27 subunit mRNA
stability, protein translation, intracellular protein degradation and secretion of newly
synthesized protein may be regulated by distinct signalling pathways. It is possible that the
decrease in IL-27 protein production, despite an increase in IL-27p28 mRNA that we
observed following inhibition of the JINK MAPK and PI3K signalling pathways may be
attributed to post-transcriptional or post-translational activity. My results are summarized in
Figure 7 of the discussion section.

I show for the first time that IFN-y alone can induce IL-27 protein production and IL-

27p28 expression. However, in contrast to IFN-y-induced IL-27p28 expression, IFN-y-
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Figure 7 A model showing the signalling pathways involved in IL-27 induction
following IFN-y stimulation in human monocytic cells. [FN-y stimulation initiates the
oligomerization of its receptor subunit, IFNGR1 and IFNGR2, facilitating JAK activation
and recruiting STAT to the receptor. Phosphorylated STAT is translocated to the nucleus.
The IFN receptors have been shown to interact directly with the p85 subunit of PI3K,
independently of JAK-mediated phosphorylation of the receptor (97, 98). IFNGR1 has also
been shown to interact directly with MyD88 (99). Furthermore, IFN-y has also been shown
to activate JINK MAPK in macrophages (101), although the precise sequence of events
leading to JNK MAPK activation is not known. My results suggest that PI3K and JNK
MAPK positively regulate IL-27 induction in response to IFN-y stimulation through the
activation of a yet-identified transcription factor (TF). 1 indicates enhanced expression
whereas | indicates decreased expression following the blockage of a pathway.
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induced IL-27 protein production is selectively and positively regulated in primary human
monocytes via the INK MAPK and PI3K pathways independent of the Jak-STAT pathways.
IL-27 production by monocytic cells in response to IFN-y alone or in combination with other
TLR agonists may modulate immune responses and host defences against pathogens,
autoimmune diseases and cancer. Therefore, elucidating the mechanism of IFN-y-induced
regulation of IL-12 family cytokine expression, and particularly of IL-27, will further our

understanding of immune responses in health and disease.

Regulation of LPS-induced IL-27 production in human myeloid cells: Keeping in mind that
monocytes/macrophages are the most important sources of 1L-27, very little is known regarding
the intracellular signaling pathways and molecular mechanisms that govern the production of
IL-27 in human monocytic cells. In particular, the regulation of I1L-27 expression in LPS- and
IFN-y/LPS-stimulated human monocytic cells, THP-1 and MDMs remains poorly understood.
Herein, | demonstrated for the first time that IFN-y/LPS-induced IL-27 expression in human
primary monocytes, THP-1 and MDMs is positively regulated by JNK MAPK and PI3K
pathways. Our lab has also performed experiments where the IL-27 expression of human
monocytes stimulated with IFN-y/LPS-induced was analyzed. IFN-y/LPS-induced IL-27
expression in human monocytes is regulated through JNK, p38 MAPK and PI3K (data not
shown).

Stimulation of THP-1 cells with LPS resulted in an increase in IL-27p28 and IL-
27EBI3 mRNA levels as well as increase in IL-27 protein production (Figure 4.2.1).
Although IFN-y induced IL-27p28 and EBI3 mRNA expression, THP-1 cells did not produce
IL-27 proteins in response to stimulation with IFN-y. These observations were similar to those

observed indicating the necessity of priming cells with IFN-y for LPS to induce 1L-12 and L-
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23 subunits expression in human monocytic cells (114, 115, 195). The combination of LPS
and IFN-y has also been shown to induce the expression of 1L-27p28 and IL-27EBI3 mRNA
in dendritic cells suggesting that priming of cells with IFN-y is required for the production of
high levels of IL-27 production in response to LPS stimulation (227). Similar to THP-1 cells,
IFN-y alone was not able to induce IL-27 expression at significant levels in MDMs. The fact
that MDMs and THP-1 cells responded to produce significantly IL-27 p28, the mechanism
for unresponsiveness of THP-1 cells and MDMs to produce IL-27 proteins to IFN-y is not
clear. Furthermore, studies have been initiated in our lab show that the src/shp-1 signalosome
is responsible for regulation IL-27 expression in myeloid cells.

There is some information available regarding the molecular mechanism governing
the regulation of 1L-27p28 and EBI-3 subunits in different cell systems. LPS-induced IL-
27p28 expression and 1L-27 serum levels in LPS-injected mice were found to be critically
dependent on Toll/IL-1R-containin adaptor-inducing IFN-f and its associated IFN regulatory
factor (IRF) 3 transcription factor as demonstrated by promoter analysis (155). Involvement
of IRF-3 was also shown to regulate 1L-27p28 expression in human dendritic cells as shown
by chromatin immunoprecipitation studies (155). In addition, MyD88 was shown to regulate
LPS-induced IL-27p28 expression through the activation of IRF-1 transcription factor (192).
These studies suggest that multiple signaling pathways may be required for 1L-27 regulation.
In addition to TLR-4 ligand, LPS, TLR-2, TLR-3 and TLR7/8 have also been shown to
regulate 1L-27 gene expression in human macrophages possibly through the synthesis of
IFN-a (156). Furthermore, following stimulation of human DCs with IFN-p, IFN-B-activated
DCs exhibited 1L-27p28 expression and this was regulated through the activation of IRF-1

(230). The signaling pathways and the molecular mechanism that control IFN-y or IFN-
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v/LPS-induced IL-27 expression have not been addressed. Since IRFs control IFN-y-induced
responses (213-215), it is possible that IFN-y/LPS-induced IL-27 expression in human
monocytic cells may be regulated by the IRF-1/3 transcription factors.

There is very little information available on the role of MAPKS in the regulation of IL-
27 expression in human monocytes (87). Lara Hause et al. that have shown Theiler’s murine
encephalomyelitis virus infection of RAW264.7 cells, a macrophage cell line, induces IL-
27p28 mRNA expression through TLR3 and TLR7 and JNK-MAPK activation (87).
Pharmacological inhibitors and siRNA results suggest that JNK and p38 MAPKSs are
essential intracellular signaling mediators for IFN-y- and IFN-y/LPS-induced IL-27
production in human monocytic cells, MDMs and THP-1.

The MAPK signaling pathway has been extensively studied and is shown to operate
in a variety of cell types. MAPK cascade involves a series of process signals from ligands
and changes in cell state, affecting many cellular responses. Signaling by MAPKSs affects
specific events such as the activity or localization of individual proteins, transcription of
genes, and increased cell cycle entry, while promotes changes in complex processes such as
embryogenesis and differentiation. Furthermore, it has been shown that disregulation of INK
and p38 MAPK is implicated in chronic inflammation, birth defects, cancer and
neurodegeneration (232).

My results show that the 1L-27p28 mRNA levels did not always correlate with 1L-27
protein production specifically as seen in the INK, p38 MAPK and PI3K inhibition studies in
human monocytes and MDMs, following stimulation with either LPS alone or IFN-y/LPS.
This may indicate that post-transcriptional/post-translational mechanisms may govern the

regulation of IL-27 expression and/or secretion in IFN-y/LPS-stimulated monocytic cells and
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MDMs. As mentioned earlier, IL-23p19 mRNA levels are not associated with an increase in
IL-23 production in response to LPS in other model systems (91, 110, 112, 231). Inhibition
of specific p38 and JNK MAPKs as well as PI3K pathways resulting in an increased
expression of LPS-induced IL-23p19 has been reported (110, 112, 138). However, inhibition
of p38 MAPK was also shown to decrease LPS-induced IL-23 production (110, 138). As |
present in my proposed model in Figure, 8 LPS activates the CD14-TLR4-MD2 complex,
which in turn activates the PI3K pathway (121), permitting docking of PI3K to the plasma
membrane. Upon TLR4 activation, MyD88 is recruited to the TLR4 receptor and interacts
with IL-1R-associated kinase (IRAK)-4 (125). IRAK4 will in turn activate other members of
the IRAK family, resulting in the recruitment of TRAF6. This will activate a complex
containing TGF-B-activated kinase (TAK1) and TAK1-binding proteins (TAB) (126). The
TAK1/TAB complex triggers the MAPK and NF-«kB signaling pathways, including JNK and
p38 MAPK (116). Studies have shown that LPS-TLR4 signaling in human monocytes also
activates Akt (121). Akt may directly or indirectly activate MAPKs (121). My results
suggest that PI3K, JNK and p38 MAPK positively regulate IL-27 induction in response to
IFN-y/LPS stimulation through the activation of a yet-identified transcription factor (TF).

As previously mentioned, there is considerable evidence to suggest that PI3K plays a
key role in the regulation of I1L-12p40 in human monocytic cells (27). My results in this
study show that PI3K plays a crucial role in the regulation of IL-27 expression in primary
human monocytes, MDMs as well as THP-1 cells following stimulation with LPS, IFN-y or
IFN-y and LPS together. Overall, IFN-y-induced IL-27 expression in human monocytes is
positively regulated through JINK MAPK and PI3K signaling pathways, while IFN-y/LPS-
induced IL-27 expression in monocytes is governed through the p38 MAPK signaling

pathway as well, through a JAK/STAT independent mechanism. The results obtained with
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Figure 8 A model showing the signalling pathways involved in IL-27 induction
following IFN-y/LPS stimulation in THP-1 monocytic cells and MDMs. LPS is an outer
wall component of Gram-negative bacteria that induces the production of many
proinflammatory mediators in monocytes/macrophages (121). It activates the CD14-TLR4-
MD2 complex, which in turn activates the PI3K pathway (121), permitting docking of PI3K
to the plasma membrane. Upon TLR4 activation, MyD88 is recruited to the TLR4 receptor
and interacts with IL-1R-associated kinase (IRAK)-4 (125). IRAK4 will in turn activate
other members of the IRAK family, resulting in the recruitment of TRAF6. This will
activate a complex containing TGF-B-activated kinase (TAK1) and TAK1-binding proteins
(TAB) (126). The TAK1/TAB complex triggers the MAPK and NF-kB signaling pathways,
including JNK and p38 MAPK (116). Studies have shown that LPS-TLR4 signaling in
human monocytes also activates Akt (121). Akt may directly or indirectly activate MAPKs
(121). My results suggest that PI3K, JNK and p38 MAPK positively regulate IL-27
induction in response to IFN-y/LPS stimulation through the activation of a yet-identified
transcription factor (TF). 1 indicates enhanced expression whereas | indicates decreased
expression following the blockage of a pathway.
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specific MAPK and PI3K inhibitors were confirmed using siRNA studies, which further
establishes the role of these pathways to regulate LPS-induced IL-27 expression in myeloid-
type cells.

In summary, | show that LPS-induced and IFN-y/LPS-induced IL-27 expression is
positively regulated through JNK, p38 MAPK and PI3K signaling pathways in MDMs. The
differential regulation in LPS-induced of EBI3 and p28 mRNA indicated in my studies,
further suggests that post-transcriptional or post-translational modifications that will be

addressed in the following chapter.

MRNA-protein inconsistency in response to IFN-y/LPS in human MDMs

My studies have focused on the transcriptional regulation of IL-23 and IL-27
subunits, while little is known about how they are regulated at the post-transcriptional level.
While trying to address the complexity of the inconsistency between the IL-27p28 mMRNA
expression and IL-27 production levels, | showed that neither the lysosomal, nor the
proteosomal degradation pathways are involved in the regulation of IL-27 (Results chapter
2.3). This led me to believe that perhaps mMRNA post-translational stability may be involved.
Post-translational regulation of many cytokines occurs via the modification of their mRNA
stability through adenosine/uridine-rich elements (AREs) in the 3’UTR region.
Tristetraprolin (TTP) is an RNA-binding protein whose role is to suppress inflammation by
targeting cytokine mRNA for degradation. It binds to the AU-rich elements in the 3’
untranslated region of the mRNA (233)(234). It is known that IL-23p19 has a long 3°-UTR
that contains multiple adenosine/uridine-rich elements (AREs) (235), to which TTP is known
to bind. It was of interest to find whether IL-27p28 also contains multiple AREs, making it a

target for TTP binding. Recently it has been demonstrated that IFN-y differentially regulates
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IL-23 expression through TTP-mediated IL-23p19 mMRNA degradation in murine
macrophages and dendritic cells (235). This degradation may lead to Th17 cell suppression,
adding another mechanism by which the immune system regulates proinflammatory
responses. | have shown that stimulation with IFN-y/LPS, as well as LPS alone can induce
TTP mRNA expression in human MDMs (Results chapter 2.3). This induction may drive
TTP to bind to the possible AREs sites on IL-27p28 mRNA, targeting it for degradation.
This may explain why in spite of high mRNA expression levels, secreted protein levels are
lower. However, further studies are necessary to confirm these results.

The mRNA-protein inconsistency and decreased secretion of IL-27 following
LPS/IFN-y stimulation may be because of the consumption of the secreted IL-27 and its
subsequent utilization through the upregulated IL-27 R expression. Each cytokine has a
matching cell-surface receptor, where upon binding the cell it triggers a cascade of
intracellular signalling that can modulate cell functions, including the upregulation and/or
downregulation of gene production and activation of transcription factors. This may result in
the production of other cytokines, an increase in the number of surface receptors for other
molecules, or the suppression of their own effects by feedback inhibition. In general, the
effects that cytokines have on a given cell depend on the extracellular concentration of the
cytokine, the abundance of its complementary receptor on the cell surface, and downstream
signaling pathway. WSX-1 is a transmembrane protein that shares significant homology with
gpl130, making up the alpha chain of IL-27R (IL-27Ra) (236). 1L-27 binds to WSX-1,
however gp130 is the additional receptor component of the full IL-27R, being the signal-
transducing constituent of the IL-27 receptor. IL-27a is expressing on a wide variety of cell
types, including myeloid type (236). | have shown that stimulation with IFN-y/LPS or LPS

alone upregulated cell-surface expression of both WSX-1 and gp130 (Result chapter 2.3).
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Furthermore, INK MAPK negatively regulated the expression of both IL-27R components,
while p38 MAPK and PI3K positively regulated their cell-surface expression (Results
Chapter 5). Since IL-27R is upregulated upon stimulation with IFN-y/LPS, it is possible that
secreted IL-27 is being depleted out of the cellular milieu upon secretion and acting in an
autocrine fashion. However, stimulation with LPS alone also resulted in an increase of 1L-27
receptors expressing and IL-27 protein. In brief, although IL-27 receptor expression was
upregulated, 1 did not observe the IL-27 mRNA-protein discrepancy in the same cells
following LPS stimulation alone. I cannot conclude that enhanced IL-27 receptor expression
is responsible for the mRNA-protein discrepancy. Further studies are necessary to address
this issue.

The mRNA-protein inconsistency and decreased secretion of IL-27 following
LPS/IFN-y stimulation may also occur due to the impaired assembly of the IL-27 subunits
intracellularly. As mentioned previously, cytokines are usually synthesized in the cytoplasm,
translocated across the ER into the Golgi apparatus to the plasma membrane (2). Previous
studies have shown that bioactive synthesis of IL-12 requires stoichiometric production of
both subunits, while the p35 and p40 genes are regulated independently. As such, p35
subunit is expressed in a wide variety of cells, while p40 gene is expressed only in IL-12-
secreting cells (237)(238). It is believed that biosynthesis of IL-12 is limited by the
availability of its p35 subunit (239). Disulphide bond formation and assembly of p35 and p40
into the IL-12p70 heterocytokine occur in the ER. IL-12 is localized on the plasma
membranes in human macrophages and dendritic cells (240)(241). Furthermore, it has been
shown that the p35 subunit of 1L-12 accumulates in the Golgi apparatus, and the cleavage of
membrane-bound p35 may be a mechanism by which the immune system regulates bioactive

IL-12 secretion (242). Since IL-12 like 1L-23 and IL-27 is a heterodimeric cytokine, and
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although, there are no reports on how IL-23 and IL-27 heterocytokines are assembled and
secreted, it is possible that the synthesis and assembly of IL-23 and IL-27 may occur in a
fashion analogous to that of IL-12.

The two subunits of the biologically active 1L-23 are linked by disulphide bonds,
similar to 1L-12. The formation of these disulphide bonds is catalyzed by protein disulphide
isomerase, an ER-resident enzyme. Therefore, | assume that 1L-23 is also assembled in the
ER. However, how IL-27 is assembled is not known keeping in view that IL-27 subunits are
not disulfide bond linked. This adds another layer of complexity when trying to elucidate the
mechanism responsible for IL-27 subunit assembly and secretion. Nonetheless, | speculate
that the availability of one subunit namely the pl9 and EBI3 subunits may be the

determining factors in IL-23 and IL-27 synthesis, respectively.

Concluding remarks and future directions

Although the IL-12 cytokine family has been thoroughly implicated in a variety of
autoimmune disease, cancer, HIV and HCV (84-86, 88-90, 148), the signaling pathways that
regulate 1L-23 and IL-27 production in human myeloid cells has been to date poorly
described. Therefore, in order to study whether their dysregulation in involved in these
diseases, one must first determine the mechanisms that govern their expression in healthy
subjects.

As previously mentioned, IFN-y treatment can prime cells to upregulate a variety of
transcriptional activators after LPS stimulation. | have shown that IFN-y/LPS treatment
induces expression of all 1L-12 cytokine family members in myeloid cells at a higher level

than just LPS stimulation alone. It would be of interest to further study this priming
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phenomenon and elucidate the reciprocal cross-regulation of signaling molecules governing
the expression of 1L-12, IL-23 and IL-27 in myeloid cells.

My studies have shown for the first time that IFN-y-induced production of IL-23 in
positively selected monocytes is positively regulated through the p38 MAPK pathway, while
IL-27 production was positively regulated via INK MAPK and PI3K pathway. | have also
demonstrated that LPS-induced IL-23 and IL-27 production in the promonocytic THP-1 cell
line is positively regulated though the JNK, p38 MAPK and PI3K signaling pathways.
Furthermore, LPS or IFN-y/LPS-induced production of IL-27 in MDMs is regulated via the
JNK, p38 MAPK and PI3K signaling pathways, while IL-23 production did not seem to be
regulation via these pathways. However, as previously mentioned, our laboratory has
initiated further studies into the regulation of LPS-induced IL-23 regulation, and preliminary
results show the SHP-1/src signalosome to be involved.

Primary cells, particularly monocytes, are notoriously hard to transfect, however it
will be of interest to confirm these findings using siRNA or double-negative knock-outs or
small hairpin RNA studies. Even though IFN-y induced IL-27p28 mRNA levels, 1L-27
protein production was not induced. Studies have been initiated where src/SHP-1 pathway
may be involved in IFN-y-stimulated IL-27 production in MDMs. Furthermore, our studies
also show that the cellular inhibitor of apoptosis (CIAP) 1 and 2 may complex with the
src/SHP-1 signalosome and regulate IL-27 expression in human MDMs. It would be
important to continue these studies, in an effort to gain further insight on the regulation of the
IL-12 family of cytokines in response to TLR4 engagement.

My results also suggest that the Jak/STAT signaling pathway is not involved in the
positive regulation of either IFN-y alone or in IFN-y/LPS-stimulated human monocytes or

MDMs. While Jak/STAT-independent IFN-y signaling has been described, it would be
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interesting to further study the role of Jak/STAT-independent signaling and how it cross-
talks with the other pathways, in particular PI3K and MAPKSs.

Furthermore, the transcription factors involved in the synthesis of IL-23 and IL-27
following IFN-y/LPS stimulation need to be identified. By performing promoter analysis
assays, these transcription factors can be elucidated. CHOP, an endoplasmic reticulum stress-
induced transcription factor, has been shown to bind to the IL-23 promoter and plays a key
role IL-23 expression in human DCs (243). In this study, infection of myeloid cells with
Chlamydia trachomatis resulted in the expression of CHOP mRNA and induced the binding
of CHOP to the IL-23 promoter. Knockdown of CHOP significantly reduced the expression
of IL-23 in response to this intracellular bacterium (243). As such, it would be of great
interest to elucidate the transcription factors involved in regulation of IL-23 and II-27,
because it will give us greater insight of the effects that pathogens have on the innate and
adaptive immune responses.

My studies have also shown an inconsistency between the mRNA and protein levels
in IL-23 and IL-27 protein expression in both monocytes and MDMs and these finding are
summarized in Figure 8 of the discussion section, as well as in Tables 3 and 4. Namely,
when JNK, p38 MAPK or PI3K signaling pathways are inhibited and positively regulate IL-
23 and IL-27 protein production, the mRNA levels of IL-23p19 and IL-27p28 are either
negatively regulated or stay the same. This MRNA-RNA protein discrepancy described both
in IL-23 and IL-27 expression needs to be addressed. While my results suggest that the
proteosomal or lysosomal pathways may not be involved in the negative correlation between
MRNA and protein expression levels, 1 show that mRNA stability and uptake of IL-27

protein through its receptors may explain this phenomenon. It will be of interest to further
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investigate the role of various signaling molecules in synthesis, assembly and the secretion
mechanisms governing the regulation of IL-23 and IL-27 subunit and their proteins.

| have also shown that stimulation with IFN-y/LPS, as well as LPS alone can induce
TTP mRNA expression in human MDMs. As previously mentioned, this induction may drive
TTP to bind to the possible AREs sites on IL-27p28 mRNA, targeting it for degradation,
lowering the levels of secreted IL-27 protein. sSIRNA TTP studies may confirm whether the
by inhibiting this degradation of IL-27p28 may confirm this hypothesis.

Next, it also the question of why different pathways respond to the same stimulus in
different cells, particularly 1L-23 regulation, needs to be addressed. The activating kinases
and phosphatase upstream of PI3K and MAPK signaling need to be identified. As
mentioned, studied have been initiated that oversee the role of tyrosine kinases play in the
regulation of the 1L-23 family of cytokines in myeloid cells.

In conclusion, my studies attempted to identify the pathways that govern the
regulation of IL-23 and IL-27 in human myeloid cells. This is important to the critical role of
the IL-12 family of cytokines in coordinating immune responses and host defenses against

invading pathogens.
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Table 3. Regulation of IL-23 in response to IFN-y/LPS in myeloid cells.
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Stimulus

IL-2 3 Signaling IFN-y LPS IFN-y/LPS
Pathways
Monocvtes PI3K - Negatively regulates Not Applicable Not Applicable
: IL-23p19 mRNA
expression
- Negatively regulates
IL-12p40 and IL-23
protein production
JNK MAPK - Negatively regulates
IL-23p19 mRNA
expression
- Negatively regulates
IL-12p40 and IL-23
protein production
P38 MAPK - Negatively regulates
IL-23p19 mRNA
expression
- Positively regulates
IL-12p40 and IL-23
protein production
JAK/STAT - Negatively regulates
IL-23p19 mRNA
expression
- Negatively regulates
IL-12p40 and IL-23
protein production
THP-1 PI3K MAPK  No induction/effect - Positively regulates IL- Not Applicable
12p40 and IL-23 protein
production
JNK MAPK  No induction/effect - Negatively regulates IL-
23p19 mRNA expression
- Positively regulates IL-
12p40 and IL-23 protein
production
P38 MAPK No induction/effect - Negatively regulates IL-
23p19 mRNA expression
- Positively regulates IL-
12p40 and IL-23 protein
production
JAK/STAT No induction/effect
MDMs PI3BK MAPK  No induction/effect No apparent role in No apparent role in
regulation regulation
JNKMAPK  No induction/effect No apparent role in No apparent role in
regulation regulation
P38 MAPK No induction/effect No apparent role in No apparent role in
regulation regulation
JAK/STAT No induction/effect No apparent role in No apparent role in
regulation regulation
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Table 4. Regulation of IL-27 in response to IFN-y/LPS in myeloid cells.
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Stimulus

IL-27 Signaling IFN-y LPS IFN-y/LPS
Pathways
Monocvtes PI3K - Positively regulates Not Applicable Not Applicable
: IL-27 protein
production
JNK MAPK - Positively regulates
IL-27 protein
production
P38 MAPK No apparent role in
regulation
JAK/STAT No apparent role in
regulation
THP-1 PI3K MAPK  No induction/effect - Positively regulates IL- Not Applicable
27p28 mRNA expression
- Positively regulates IL-27
protein production
JNK MAPK  Noinduction/effect - Positively regulates IL-27
protein production
P38 MAPK No induction/effect - Positively regulates IL-
27p28 mRNA expression
- Positively regulates IL-27
protein production
JAK/STAT No induction/effect
MDNMs PI3BK MAPK  No induction/effect - Positively regulates IL- - Positively regulates IL-27
27p28 mRNA expression protein production
- Positively regulates IL-27
protein production
JNKMAPK  No induction/effect - Positively regulates IL- - Positively regulates IL-27
27p28 mRNA expression protein production
- Positively regulates IL-27
protein production
P38 MAPK No induction/effect - Positively regulates IL- - Positively regulates IL-27
27p28 mRNA expression protein production
- Positively regulates IL-27
protein production
JAK/STAT No induction/effect - Positively regulates IL- No apparent role in

27p28 mRNA expression
- Positively regulates IL-27
protein production

regulation
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| would like to thank Dr. Sunita Pandey and Mansi Saxena for all their help with the SIRNA
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Regulation of LPS-induced IL-23 and IL-27 expression in THP-1 experiments were
performed by Ali Rahimi, a fellow PhD student, Figures 1.2.1, 1.2.2, 1.2.3, 1.2.6, 2.2.1,
2.2.3,2.2.5,2.2.10.
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