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Abstract

HIV infection results in progressive loss of general and HIV-specific cellular
immunity. HIV employs a variety of mechanisms to undermine the effectiveness of the
host immune system including dysregulation of IL-12 family of Thl cytokines such as
IL-12, IL-23 and IL-27. These cytokines are abundantly produced by monocytic cells
following stimulation with various TLR ligands that are components of viruses, bacteria,
or microbial products such as LPS and cytokines such as IFNy. Monocytic cells in
addition to being key sources of Thl cytokines, act as a bridge between innate and
adoptive immune responses and play a crucial role in HIV immunopathogenesis. It is
well established that IL-12 production by monocytic cells is decreased in HIV-infected
individuals and following in vitro infection of monocytic cells with HIV. However, the
role played by IL-23 and IL-27 in HIV immunopathogenesis is not clear. Moreover,
whether expression of IL-23 and IL-27 is altered in monocytic cells from HIV-infected
individuals and following in vitro infection of monocytic cells remains unknown.

To understand the molecular mechanisms underlying the loss of protective Thl
responses in HIV infection, it is imperative to investigate the role and regulation of IL-23
and IL-27. Therefore, I have investigated the molecular mechanisms by which LPS alone
or in combination with IFNy regulate the expression of IL-23 and IL-27 in human
monocytic cells and human monocytic cell lines as model systems. I show that LPS-
induced IL-23 proteins production is regulated through the activation of JNK, p38
MAPKs and PI3K signalling pathways in THP-1 cells, but following stimulation with
IFNy and LPS, IL-23 is regulated primarily by the PI3K pathway. In normal monocytes,
IFNy- or IFNy/LPS- induced IL-23 protein production is regulated through the activation
of PI3K and calcium pathways. In terms of IL-27 regulation in normal monocytes, I have
demonstrated that p38 MAPK and PI3K are the essential signalling pathways that
regulate IFNy/LPS-induced IL-27 production. Moreover, LPS- and IFNy/LPS-induced
IL-27 expression is regulated by JNK, p38 MAPKSs and PI3K pathways in THP-1 cells.

Subsequently, I have elucidated the effects of HIV infection of human monocytes,
and monocytic cell line (THP-1 cells) on spontaneous as well as LPS-induced production
of IL-23 and IL-27. My results suggest that HIV-infection transiently increases IL-23p19,
IL-12/23p40 mRNA and IL-23 proteins, but in terms of IL-27 it only increases IL-
27EBI3 mRNA expression and does not affect on IL-27 proteins production. In addition,
I show that HIV-infection does not affect LPS-induced IL-27 production, but it has a
remarkable inhibitory effect on LPS-induced IL-23 production in THP-1 cells and
PBMCs.

Taken together, this study provides basic understanding of the major signaling
pathways involved in the regulation of IL-23 and IL-27 in activated monocytic cells as
well as the effects of in vitro HIV infection on the expression of these cytokines. These
results may suggest potential strategies aimed at enhancing immune responsiveness.
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1. CHAPTER 1



INTRODUCTION

Human Immunodeficiency Virus type I (HIV-1) infection represents one of the
most serious challenges to global public health, since more than 33 million people are
living with HIV/AIDS worldwide and more than 20 million have died because of this
infection [1]. Several viruses that induce chronic infections can evade immune responses
to establish infection leading to disease progression. HIV-1 is a prototype of this class of
pathogens. Not only does it mutate rapidly and make its surface components difficult to
access by neutralizing antibodies, it also creates cellular hideouts, establishes proviral
latency, modulates cell-surface receptors and destroys immune effectors to escape
eradication [2]. HIV-1 employs a variety of mechanisms to undermine the effectiveness
of the host immune system including dysregulation of Thl cytokines, such as interleukin
(IL)-12. IL-12 is an immunoregulatory cytokine that plays an important role in the
development of protective cell-mediated immune responses (CMIR) [3]. The loss of CMIR
function in diseases such as HIV/AIDS leads to increased susceptibility to opportunistic
infections and their consequences. Recently, two heterodimeric cytokines, IL-23 and IL-27
that are structurally related to IL-12 and exhibit biological functions similar to IL-12 with
respect to the Thl differentiation pathway, have been described [4-6]. IL-23 and IL-27
are abundantly produced by monocytes/macrophages and dendritic cells (DCs) [4, 5, 7].
Monocytes/macrophages and DCs which, are not only efficient antigen presenting cells
but also are important sources of Thl cytokines, act as a bridge between innate and
adaptive immune responses and play a key role in HIV-1 immunopathogenesis [8-13].

Macrophages contribute to innate and adaptive immune responses against viruses

by secreting interferon (IFN)-o8, IL-12, and IL-18, which synergistically induce IFNy



production in natural killer (NK) cells and cytotoxic T cells [14]. It is well established that
IL-12 production is decreased in HIV-1-infected individuals and following in vitro HIV-1
infection of monocytic cells [15-22]. By site directed mutagenesis it has been shown that
HIV-1 infection of THP-1 cells suppresses IL-12p40 expression by inhibiting LPS-induced
nuclear factor binding to the NF-kB, AP-1, and Sp1 sites of the IL-12p40 promoter [20, 21].
Moreover, monocytes infected in vitro with HIV-1 displayed decreased IL-12p35
expression and p70 production, suggesting that such decreased IL-12 expression may
contribute to reduced IL-12 production in HIV-1 infected individuals [23]. IL-12 expression
has been shown to be regulated by CD40-CD40 ligand interaction and LPS-induced JNK-
MAPK dependent AP-1 and NF-xB activation [24, 25]. In the recent past, signalling
pathways involved in IL-12 in murine and human monocytic cells and dendritic cells have
been investigated [3, 25-33]. However, how the production of IL-23 and IL-27, the
members of [L-12 family cytokines, is regulated in normal healthy monocytes/macrophages
and following in vitro infection with HIV remains unknown. The regulation of IL-23 and
IL-27 in monocytes/macrophages and the other cells types has not been properly
addressed because of the unavailability of reliable ELISA kits in the last couple of years.
There are reports about the regulation of IL-23 and IL-27 subunits at the mRNA level
[34-38]. However, these reports did not provide biologically significant observations in
the absence of their analysis at the protein level.

Therefore, this thesis will deal with the following questions: a) How IL-23 and
IL-27 production is regulated by human monocytic cells; b) what are the possible

mechanisms and the signalling pathways involved in this regulation; and finally c) how in



vitro HIV-1 infection regulates IL-23 and IL-27 production in normal human monocytic

cells.



BACKGROUND

HIV-1:

HIV-1 belongs to a Lentivirus genus in the subfamily of Orthoretrovirinae in the
family of Retroviridae. Virions are spherical, enveloped and 80-100 nm in diameter.
Virion buoyant density is 1.16-1.18 g/cm3 in sucrose. Virions are sensitive to heat,
detergents and formaldehyde, but are relatively resistance to UV light. The virus genome
characteristic of members of the subfamily Orthoretrovirinae consists of a dimer of
linear, positive sense, single strand RNA, each monomer 7 to 11 kb in size. The RNA
constitues about 2% of the virion dry weight. The monomers are held together by
hydrogen bonds. Whereas HIV-1 proteins constitute about 60% of the virion dry weight
[The eighth report of the International Committee on Taxonomy of Viruses (ICTV)-
2005]. Prior to integration, the viral DNA can be detected in the nucleus in three forms,
Linear, 1-long terminal repeat (LTR) or 2-LTR circles. HIV regulatory proteins Tat and
Rev are produced in basal amounts from these circle DNA in the nucleous of the host
cells. The integrated form of HIV-1, also known as the provirus, is approximately 9.8 kilo
bases in length. Both ends of the provirus are flanked by a repeated sequence known as
the LTRs. The genes of HIV are located in the central region of the proviral DNA and
encode at least nine proteins (Fig. 1.1). These proteins are divided into three classes: the
structural proteins (Gag, Pol, and Env), the regulatory proteins (Tat and Rev), and the
accessory proteins (Vpu, Vpr, Vif, and Nef). The principal activity of the accessory
proteins appears to be evasion from various forms of cell-mediated (or intrinsic) immune

responses, antiviral resistance and to be important for efficient infection in vivo.



Figure 1.1. The HIV-1 genome, transcripts and proteins

A) HIV transcripts: The provirus gets activated when the environmental or internal signal
cause the transcription factors stimulate transcription of proviral DNA. The 10-kb HIV
genome contains open reading frames for 16 proteins that are synthesized from at least 10
transcripts. The final outcome of transcription process is mass production of viral
proteins and viral RNA.

B) HIV proteins: the structural proteins (Gag, Pol, and Env), the regulatory proteins (Tat
and Rev), and the accessory proteins (Vpu, Vpr, Vif, and Nef)
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Broadly speaking, the HIV-1 accessory proteins modify the local environment within
infected cells to ensure viral persistence, replication, dissemination, and transmission

[39].

Monocytes / macrophages and HIV-1 infection:

HIV mainly infects the cells by attaching to CD4 receptors and the CCRS or
CXCR4 co-receptors, expressed on the CD4 subset of T lymphocytes and cells of
myeloid lineage including monocytes, macrophages and dendritic cells. The co-receptors
for HIV-1 entry, CCRS and CXCR4 are G protein-coupled receptors (GPCRs), and are
also important for the cellular tropism of HIV-1. The -chemokine receptor, CCRS, is the
major co-receptor for macrophage tropic (M tropic) strains of HIV-1, whereas the a-
chemokine receptor, CXCR4, facilitates entry of T-tropic HIV-1 strains. Some primary
isolates of HIV-1 may be dual-tropic, exhibiting features of both M-tropic and T-tropic
isolates and use either CXCR4 or CCRS for infection of T cells or macrophages. Only a
very small proportion of blood monocytes (0.001 to 0.01) are infected with HIV-1 at any
time throughout the course of infection in vivo [40]. Both adult and neonatal monocytes
express CD4. The mRNA transcripts for CCRS and CXCR4 are present in freshly
isolated blood monocytes. Although CCRS surface expression is not detected on these
cells [41], it can be detected on monocytes from adult donors after 24 hours of adherence
to plastic [42]. CXCR4 is expressed at high levels as mRNA and membrane protein on
freshly isolated monocytes [41, 43]. Monocyte-derived macrophages (MDMs) are

susceptible to infection with both clinical and laboratory strains of HIV-1 ir vitro and are



commonly used as a model to assess HIV-1 infection of tissue macrophages [41, 44].
Tissue macrophages are major targets for HIV-1 infection. Resident tissue macrophages
including alveolar macrophages, peritoneal macrophages, perivascular macrophages and
microglia in brain are readily susceptible to HIV-1 infection in vitro. The proportion of
macrophages infected by HIV within tissues is relatively high, ranging from 1- 50%
depending on the site and stage of infection [45-49]. HIV can be detected in 10-20%
CD16+ monocytic cells in patients on highly active antiretroviral therapy (HAART).
Monocytes/macrophages are professional phagocytes capable of inducing
adaptive immunity by presenting antigens to T cells. Mononuclear phagocytes are widely
recognized as cells that play a central role in the regulation of immune and inflammatory
activities as well as in tissue remodelling. The execution of these activities is mediated by
complex and multifactorial processes, which involve products secreted by activated
macrophages. These low molecular-weight proteins known as cytokines are produced by
virtually all cells of the innate and adaptive immune systems and, in particular, by T
helper (Th) cells and monocytes/macrophages. Cytokines act non-enzymatically in
picomolar to nanomolar concentrations to regulate host cell function. Their major
functional activities are concerned with the regulation of the development and behaviour
of immune effector cells such as activation, proliferation, differentiation and migration
[50]. Cytokines serve as chemical messengers within the immune system, although they
also communicate with certain cells in other systems, including those of the nervous
system. Thus, they can function in an integrated fashion to facilitate homeostasis. In
addition, they also play a significant role in driving hypersensitivity and inflammatory
responses and in some cases they can promote acute or chronic distress in tissues and

8



organ systems [50]. In general, monocyte activation in response to bacterial endotoxin or
lipopolysaccharide (LPS) interaction with its receptor, CD14, induces pro-inflammatory
(IL-1, TNF-a, etc.) and anti-inflammatory (IL-10, soluble TNF-R, IL-1Ra) cytokines

[51-53].

HIV-1 and modulation of cell surface markers:

HIV infection leads to characteristic alterations of lymphocytes subsets, which
could be reflected by the altered expression levels of cell surface molecules with various
implications of immune functions. A number of cell surface antigens on lymphocytes
have been investigated for their association with HIV infection and disease progression,
including activation markers such as CD38 and HLA-DR. During HIV infection, both
CD38 and HLA-DR are significantly up-regulated on CD4+ and CD8+ T cells [54, 55].
Decreased expression of CD38 on CD8+ T cells is highly correlated with therapy
response [56], and lack of expression of CD38 and HLA-DR on CD4+ T cells relates to
long-term non-progression in HIV/AIDS [57]. In addition, a shift from a naive to a
memory phenotype (CD45RA+CD45RO- to CD45RA-CD45RO+) has also been
observed in the CD8+ subsets when comparing HIV+ individuals to healthy controls
[58]. Other frequently used activation markers include CD9S (Fas-receptor) which plays
a role in cell apoptosis, CD57 associated with cell replicate senescence [59, 60], and
CD71 related to T cell proliferation [61].

In addition to activation markers, cytokine receptors and cell adhesion molecules
also have implications in HIV infection and disease progression. It has been shown that

HIV infection leads to progressive decrease in the CD127+CD132- (IL-7R alpha and
9



gamma chain, respectively) subset and increases in the CD127-CD132+ subset on CD4+
and CD8+ T cells [62]. Recently, HIV-Tat protein and IL-7 in a synergistic function were
shown to decrease the expression of IL-7R on CD8 T cells [63].

The loss of antigen-specific CD4+ T cells during primary HIV infection is linked
to infection of CD127+CD4+ T cells [62]. Recently, the increased concentration of
CD127 in the plasma of HIV positive individuals has been reported [64]. With respect to
adhesion molecules on T cell surface, the increased number of CD8+CD11b+ T cells has
been correlated with HIV disease progression in asymptomatic patients [65]. Closely
related to CD11b, the up-regulation of CD11c¢ has been correlated with HIV infection and

disease progression [66].

HIV-1 infection and cytokine networks:

Dysregulation of cytokine profiles is a well known consequence of HIV infection.
Cytokines play an important role in controlling the homoeostasis of the immune system.
The switching of cytokine production profiles from Thl to Th2 in CD4+ T cells
contribute to HIV/AIDS disease progression by impairing cell-mediated immune
responses leading to opportunistic infections, malignancies, and autoimmune diseases.
Effects of HIV infection on cytokine production in vivo and in vitro have been examined
by several laboratories and are listed in Table 1.1. In addition, cytokines and chemokines
have been shown to exhibit multiple effécts on HIV-1 infection and replication, which
can either be inhibitory, stimulatory or bifunctional [67]. Effects of cytokines on HIV-1
replication in T cells, monocytes/macrophages as well as other cell types have been

investigated in details and are summarized in Table 1.2. During the course of HIV-1
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Table 1.1. Effect of HIV infection on cytokine production

Cytokine  Secretion Source of cells HIV infection
iL-] T MDM in virre
+ monocytes in vive
IL-2 { CD4+ T cells in vitro
4 PBMC, CD4+ Tcells  in vitro, gpl60 stimulation
N PBMC in vivo
IL-4 T PBMC, CD4+ Tcells in vivo
nochange CD4+ T cells in vivo
N CD4+ T cells in vivo
IL-6 T MDM in vitro
T THP-] cell line, PBMC  in vitro, gp4l, gp120
stimulation
T serum in vivo
IL-8 T MDM in vitro
T serum, bronchoalveolar in vitro
fluid
IL-10 T monocytes, MDM in vitro
7 PBMC, monocytes, in vitro, gp41, gp120
MDM stimulation
T PBMC, in vivo
bronchoalveolar fluid
IL-12 T monocytes, MDM in vitro, gp120 stimulation
J PBMC . in vivo
iL-13 J PBMC, CD4+, CD8+ T in vivo
cells
IFN-a J monocytes, MDM in vitro
T CD4+ T cells, in vitro, gp120 stimulation
monocytes
T serum in vivo
IFN-B T monocytes, MDM in vitro, gp120 stimulation
IFN-y 4 CD4+ T cells in vitro
T CD4+ T cells in vivo
N PBMC in vitro
TNF-a T PBMC, CD4+ Tcells, invirro
MDM
T monocytes, PBMC, in vivo
serum
TNF-B T PBMC, CD4+Tcells  invirro
T cerebrospinal fluid in vivo
MIP-1e,§ 7T CD4+ T cells, MDM in vitro
RANTES T PBMC, plasma in vitro

‘Taken from Kedzierska and Crowe, 2001. T, increase; i, decrease,



Table 1.2. Effects of cytokines on HIV replication

Cytokine Secretion Source of cells HIV
infection
IL-1 0 PBMC, MDM, U1 in vitro
IL-2 1 PBMC, T cell line in vitro
IL-4 T PBMC in vivo
T monocytes, MDM, PBMC, U937 in vitro
S monocytes, MDM in vitro
IL-6 T PBMC, MDM, Ul in vitro
no change plasma in vivo
IL-7 T PBMC in vitro
T PBMC in vivo
IL-10 J MDM, U1 in vitro
IL-12 T PBMC, T cell lines in vitro
J MDM in vitro
IL-13 J MDM in vitro
IL-15 T PBMC, T cell lines in vitro
T PBMC in vivo
IL-16 J CD4+ T cells, PBMC, MDM, DCs in vitro
IL-18 T Ul in vitro
IFN-a,, JFN-B ¢ monocytes, MDM, U937, T cells in vitro
3 plasma in vivo
IFN-y { monocytes, MDM in vitro
T Ul, U937, PBMC, CD4+ T cells in vitro
TNF-a,, TNF-p T T cells, MDM, U1 in vitro
MIP-1q, B, J monocyte, MDM, PBMC, migroglial cells in vitro

RANTES

Taken from Kedzierska and Crowe, 2001. T, increase; J, decrease.



infection, secretion of Thl cytokines, such as IL-2, antiviral IFNy and IL-12 is generally
decreased, whereas that of Th2 cytokines such as IL-10, IL-8, and IL-4 is increased.
Among all abovementioneél immune regulatory factors in HIV infection, herein I
will briefly discussing the general roles of IFNy and IL-12 family of cytokines, which
regulate cell-mediate immune responses against intracellular infections and are the major

focus of my study.

IFNy

IFNy belongs to the type II interferons and is a Thl cytokine. IFNy is produced by
T cells and NK cells from a single gene found on the long arm of chromosome 12 [68]. It
has been reported that IFNy secretion positively correlates with CD4+ T cell counts and
negatively with HIV-1 viral load in plasma [69]. Down regulation of IFNy production is
detected in both CD4+ and CD8+ T cells and associated with reduced number of cells
secreting IFNy [70]. IFNy has inhibitory effects on the HIV-1 entry phase by down-
regulation of CD4 receptors on the cell surface of human primary monocytes [71].
Furthermore, IFNy also inhibits viral replication by inhibiting the reverse transcriptase
activity in this lineage of cells and results in a strong protection against HIV-1 infection

in human primary monocytes [68, 72].

IL-12

IL-12 is an immunoregulatory cytokine that plays an important role in the

development of protective CMIR against intracellular infections caused by bacteria,
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parasites, and viruses including HIV [3]. It has been demonstrated that exogenous IL-12
enhances [L-2 production leading to cell proliferation and development of cell mediated
immunity and enhanced CTL responses in HIV-infected patients [73]. The loss of CMI
function in diseases such as HIV/AIDS leads to increased susceptibility to opportunistic
infections and consequent progressive immunodeficiency. A remarkable reduction in IL-
12p40 production has been found in PBMCs from HIV positive patients. In addition, an
in vitro study on HIV-infected human monocytes has shown a remarkable reduction in
IL-12p40 production [15, 74]. This reduction in IL-12p40 level has been considered as a
major malfunction in HIV-associated immunodeficiency [22, 75, 76]. Although the
mechanisms responsible for IL-12p40 reduction is not clear, in a study on macaques it
has been shown that a wild-type SIV infection in monocytic cells significantly suppressed
the IL-12p40 levels compared to the cells infected with Nef-deficient strains [77]. A
recent study in our laboratory has shown that Nef plays an important role in down-
regulation of IL-12p40 production via JNK MAPKSs and NFkB inhibition [78]. Chambers et
al. have shown that HIV infection of THP-1 cells resulted in decreased LPS-induced
nuclear factor binding to the NFxB, AP-1, and Sp1 sites of the IL-12p40 promoter [20].
Monocytes infected with HIV-1 in vitro also displayed decreased IL-12p35 expression and

p70 production [23].

Role of HIV-1 proteins in cytokine regulation:

In addition to containing large amount of Tat and Nef in the cytoplasm and

membrane, HIV-1-infected cells release Tat, an 80-104 amino acid protein essential for
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HIV-1 replication, and Nef into the extracellular environment [79-81]. Tat and Nef are
not only crucial for high levels of HIV-1 replication, but also have important roles in
promoting viral immune evasion. The HIV-1 proteins Tat and Nef, which are expressed
early after infection, trigger key steps in the viral life cycle and optimize the intracellular
milieu of the host cell for viral replication [82]. HIV Tat binds to its RNA response
element, called TAR, the host cellular co-factor, and positive transcription elongation
factor B (P-TEFb), which induces the expression of two proteins, cyclin T1 and CDKO9.
Activation of P-TEFb stimulates phosphorylation of the C-terminal domain of RNA
polymerase II, converts this LTR-bound enzyme into an effectively elongating
polymerase. Production of full-length viral RNA promotes increased expression of Tat
that leads to even higher viral gene expression [2, 82]. In the absence of Tat, the host cell
RNA polymerase II engages the LTR but cannot elongate effectively down the full length
of the viral DNA template resulting in the production of short ineffective viral transcripts
[83]. Tat is found in the plasma of infected individuals, where it can also modulate
functions of uninfected cells. For example, Tat induces apoptosis in T cells and cell death
in neurons. Tat can drive transcription of a number of cytokines, such as IL-6, IL-2, TNF-
o, and ICAM-1 [84-91]. Tat inhibits the phagocytosis of apoptotic tumour cells by
dendritic cells, possibly leading to defective processing and presentation of tumour-
associated antigens, and prevents secretion of IL-12 [92]. Tat blocks granzyme a
secretion by NK cells and inhibits killing of tumour targets by NK cells [93].
Extracellular Tat stimulates the growth of Kaposi’s sarcoma cells, and promotes
chemotaxis and invasive behaviour by monocytes [79, 84, 86, 90, 94-98]. In our lab, Gee
et al. have shown that Tat induces IL-10 transcription through an ERK MAPK-dependent
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CREB-1 transcription factor pathway [99]. Tat has also been suggested to cause immune
disorders by inducing T cell apoptosis, and by interfering with immune responses through
modulation of major histocompatibility complex (MHC) proteins expression, synthesis of
IL-12 and IL-10, and NK cell activity [90, 94-98, 100). The role of Tat on IL-12 family
cytokines remains unknown.

The nef gene is highly conserved in all primate lentiviruses and the encoded Nef
protein appears to be a virulence factor critical for the development of HIV/AIDS [101].
Nef down-regulates surface expression of CD4, a key receptor for HIV-1, and decreases
surface expression of MHC class I proteins. In addition to surface down-modulation of
CD4, Nef also accelerates internalization of the CD28 co-stimulatory molecule, which is
necessary for maximal T-cell activation. Nef increases the state of T cell activation,
rendering the environment in T cells more favourable for viral replication, and prevents
apoptosis in the virus-producing T cells [82, 101-108]. Moreover, when CD4+ T cells are
relatively normal, exogenous Nef suppresses CD40-dependent IgG, IgA and IgE class
switching in bystander B cells, thereby enabling HIV-1 to escape potentially protective T
cell-dependent antibody responses [109]. It has been also shown that Nef down-regulates
IL-12/23p40 production by NFxB and JNK inhibition [78]. Inhibition of CD4, CD28,
MHC-], and IL-12p40 proteins by Nef may mediate immune evasion. This immune
evasion strategy could be particularly important at an early stage of HIV-1 infection.
HIV-1 Nef and Vpu regulate the surface expression and localization of host cell
membrane proteins [39]. Furthermore, transgenic animals expressing HIV-1 nef/3'-LTR
gene in their T cells, exhibit profound immunodeficiency with striking similarities to

AIDS [102, 103, 110].
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Virus protein R (Vpr) is one of the HIV-1 proteins packaged in great quantities
into the nucleocapsid. Vpr, a 14 kDa 96 amino acid protein, is the most conserved and
multifunctional regulatory protein, but whose function has been difficult to elucidate
[111]. Vpr has been detected in the extracellular fluids such as cerebrospinal fluid and
plasma of HIV-infected patients [112]. It plays a key role in virus replication by causing
nuclear translocation of the HIV-1 provirus to efficiently infect nondividing cells such as
monocytes/macrophages and resting lymphocytes [112, 113]. Vpr induces apoptosis in a
variety of cell types including T cells, neutrophils, macrophages, and neuronal cells
following HIV-1 infection [114, 115). The bulk of data indicates that the cell death
phenotype induced by Vpr is linked to the pathway leading to G2 arrest. In addition,
HIV-1 Vpr also facilitates infection of macrophages [39]. In our lab Mishra S. et al. have
shown that JNK MAPK-dependent signalling pathway activation is required for Vpr-
induced apoptosis in human monocytic cells [116]. Vpr also remarkably enhances
glucocorticoid receptor (GR) activity in monocytes/macrophages and lymphocytes,
functioning as a potent coactivator of the receptor. It is well known that glucocorticoids
are potent inhibitor of IL-12 production in peripheral monocytes/macrophages. Mirani et
al. have demonstrated that extracellular Vpr induces GR activity leading to reduction of
IL-12p70, but not IL-12p40 production in monocytes/macrophages [112]. A recent study
by Majumder et al. also has shown the inhibitory effects of HIV Vpr on IL-12p70
production by applying different approaches. They have demonstrated the inhibitory
effects of Vpr on IL-12p70 production in monocytes/macrophages, which were treated
with HIV Vpr' strain comparing to HIV Vpr~ virus [117]. HIV Vpr also has an effect on
the maturation of dendritic cells and modulates cell surface markers on this initial target
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of the virus. Vpr impairs surface markers such as CD80, CD83, and CD86. It also has

been reported that Vpr inhibits IL-12 production and upregulates IL-10 in DCs [118].

Expression of IL-12 family of cytokines and their receptors:

For over a decade, IL-12 has been recognized as the canonical cytokine that links
innate and adaptive immunity, and with the discovery of IL-23 and IL-27 as cytokines
related to IL-12, there has been a concerted effort to understand the relationship between
these cytokines. Recent studies have provided new insights into the developmental
pathways that promote the differentiation and function of CD4" T helper cells and offer a
dramatically altered perspective on the cause and prevention of autoimmune disease.
Besides cell-cell contacts that provide activation signals via peptide-MHC/TCR and
classical costimulatory interactions (B7/CD28), antigen-presenting cells communicate
with T cells via cytokine production. As a consequence of interacting with various
microbial products, antigen-presenting DCs and monocytes/macrophages, as well as
other cell types, produce a variety of these soluble factors that are responsible for the
expansion and differentiation of naive T cells to generate mature phenotypes such as Thl
and Th2 cells [119]. IL-12, discovered in 1989, is well known as a central player in
promoting the differentiation of naive CD4" T cells into mature Th1 effector cells and is
a potent stimulus for NK cells and CD8" T cells to produce IFNy [119].

All cytokines of the IL-12 family are produced by activated DCs and macrophages,
which function as antigen-presenting cells. Expression of IL-12p35, IL-23p19, and IL-
27p28 has been shown in many different cell types. However, IL-12p40 transcription

appears to be restricted to antigen-presenting cells [120]. Stimuli for the expression of IL-
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12 family cytokines include pathogen-associated molecular patterns (PAMPs), which are
ligands for toll-like receptors (TLRs) on monocytes/macrophages and DCs. The
production of cytokines of the IL-12 family by monocytes/macrophages and DCs is
triggered when TLR are activated by pathogen-associated molecular patterns present on
bacterial, fungal, and viral microbes [121]. In addition, optimal production of IL-12 (and
probably also of IL-23 and IL-27) requires cytokines such as IFNy, IL-4, and IL-13
depending on the cell types [120, 122]. Target cells for all IL-12 family cytokines are NK
cells and T cells. In this study I have used IFNy (10 ng/ml) to prime the monocytes to
induce IL-23 and IL-27 expression following LPS stimulation. To date, the exact role of
IFNy-induced IL-23 and IL-27 expression in monocytes/macrophages is not known. The
known roles for IFNy-mediated IL-12 family cytokines expression are summarized on
page 37. Monocytes/macrophages and DCs appear to express functional receptors for IL-
12 and IL-23 [123-125]. For IL-27, a receptor has also been described on
monocytes/macrophages, Langerhans’ cells, activated DCs, and endothelial cells [120,
126, 127]. The individual members of the IL-12 family cytokines have overlapping, but
also distinct, activities. This may partially be based on different receptor components
expressed on different target cells or due to different developmental stages of the target
cells (naive vs. memory T helper cells) [120]. Naive T helper (Th) cells express receptors
for IL-27 and IL-12, but not for IL-23 [128]. On the other hand, memory Th cells express
receptors for IL-23, but have only low or no expression of receptors for IL-27 or IL-12

[120, 129, 130].
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Many assays previously performed to measure IL-12 levels were based on
measuring the amount of the IL-12p40 subunit, but now it appears that many of those

assays may have also been measuring some IL-23 as well.

IL-23 and its biological properties

For several years, IL-12-dependent Thi cells were thought to be essential for the
induction of autoimmunity, based on the use of neutralizing IL-12p40 antibodies or IL-
12p40-deficient mice. Recently, IL-23 has been demonstrated to play a key role in the
development of several autoimmune diseases such as multiple sclerosis (MS) and
experimental autoimmune encephalitis (EAE). In November 2000, Oppmann et al.
demonstrated that the IL-23p19 subunit, a four-a helix cytokine with an overall sequence
identity of approximately 40% to IL-12p35, has no biological activity by itself, but binds
to IL-12p40 to form IL-23, with biological activities similar as well as distinct from IL-
12. IL-23 induces proliferation of mouse memory T cells, but IL-12 does not. IL-23 has
biological functions that are similar to IL-12, such as IFNy production from CD4 T cells,
antitumor and antimetastatic activity. Similar to IL-12, IL-23 induces IFNy production in
phytohemagglutinin (PHA)-stimulated T cells [119, 129]. Some earlier reports also
suggest that IL-23 induces a more robust and sustained cytotoxic T lymphocyte and Thl
immune response than IL-12 [123, 131]. Furthermore, IL-23N220L, an N-glycosylation
mutant of this protein that shows reduced expression of excess IL-12p40 but has no
inhibitory effects upon IL-23 levels, has been proposed as an effective adjuvant for DNA

vaccine to induce antigen-specific T cell immunity [132, 133]. Daily injections of IL-23
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in wild-type mice led to a psoriasis-like phenotype with visually apparent erythema and
induration and is associated with prominent dermal papillary blood vessel formation and
possibly vasodilatation as soon as 2 days after starting treatment [134]. Histological and
immunohistochemical examination of IL-23-treated skin show 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 are
unique to IL-23, as IL-12 does not induce changes in epidermal thickness when injected
into skin [119]. The impact of IL-23 on autoimmunity and chronic inflammation is well
established. Increased level of IL-23p19 subunit expression in microglia cells from
multiple sclerosis lesions have been reported [135]. However, its role in protection
against infectious diseases is poorly understood and our current understanding of the
biology of IL-23 is still considerably less than IL-12, which to-date has been studied
more extensively. IL-12 is critical for the generation of CMIR to infectious agents
including the HIV-1 virus, as well as having potent anti tumour activity, and playing a
significant role in autoimmunity [3, 120].

The biological functions of IL-12 and IL-23 may be attributed to the sharing of
IL-12 and IL-23 receptor subunits. The IL-23 receptor (R) is also composed of two
subunits, the IL-12RB1 chain shared by IL-12 and an IL-23-specific chain IL-23R [131,
136, 137]. Like IL-12, IL-23 is primarily secreted by DCs and macrophages and has been
implicated in autoimmune disease such as EAE and MS [123, 138, 139]. IL-23, in vitro,
has been shown to induce IFNy production by DCs [6, 123], suggesting that it may
regulate T cell-mediated immunity. However, IL-23 induces longer-lasting CD4" and

CDS8" T cell immunity than IL-12 [5, 131]. Sentinel dendritic cells and macrophages
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produce IL-23 within a few hours after exposure to LPS and other microbial products
[140]. This, in turn, triggers rapid IL-17 responses from tissue-resident T cells including
a-f, y-6 and NK T lymphocytes [140]. IL-17 promotes the production of IL-1, IL-6, IL-8,
and TNF-a in stromal, epithelial and endothelial cells, and also in a subset of monocytes
[140]. The IL-23/IL17 axis is an important mediator of inflammation. In transgenic
mouse models, over-expression of IL-23 leads to a systemic inflammatory response
[141]. IL-23 effects on IL-17-producing T cells may also enhance the development of
several models of autoimmune disease including EAE, collagen-induced arthritis (CIA),
colitis, and diabetes {138, 139, 142-146]. IL-23 may also play a role in increased tumour
growth associated with chronic inflammation [147].

The impact of IL-23 on autoimmunity and chronic inflammation is well
established. In humans IL-23 has been found to be upregulated in several diseases with
dysregulated immune function including psoriasis, Crohn’s disease, and multiple
sclerosis [134, 148, 149]. Together, these proinflammatory cytokines, IL-23 and IL-17,
rapidly recruit neutrophils to the site of infection. This rapidly acting IL-23/IL-17
response provides time for adaptive responses to eliminate the infection. However, over
activation of IL-23/IL-17 pathway can lead to the development of a chronic inflammatory
response and persistent immunopathology [134, 140, 147-149].

Very little information exists on the roles of IL-23 in HIV-1 pathogenesis. One
recent study showed that IL-23p19 is reduced in HIV-1 patients on effective antiretroviral
therapy (ART) with a corresponding reduction in IFNy production [150]. Of note, this
decreased IL-23pl9 expression was observed in a cohort of patients with severe

immunodeficiency (CD4 counts <50/pul) prior to initiating ART.
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IL-27 and its biological properties

It is well known that IL-12 is a dominant factor in driving the development of Thl
cells leading to secretion of IFNy, which stimulates the immune response to eradicate
intracellular pathogens. Efficient Thl-driven adaptive immune responses require
activation of the T cell stimulatory cytokine IL-12 by activated antigen-presenting cells.
In 2002, a new heterodimeric cytokine termed IL-27 that consists of Epstein-Barr virus-
induced gene 3 (EBI3) and p28 was discovered [151]. IL-27EBI3, a 33-34 kDa
glycosylated protein is related to the IL-12p40 subunit of IL-12 [152] and IL-27p28 is
related to the IL-12p35 polypeptide. IL-27 is involved in early Thl initiation and
possesses anti-inflammatory properties [153]. IL-27 may also play a role in the induction
of T-bet expression, a master transcriptional regulator for Thl differentiation, and
regulation of immunoglobulin class switching in B cells. Its action is mediated through
IL-27 receptor consisting of the orphan cytokine receptor WSX-1/TCCR and gp130. The
IL-27/WSX1 signalling system induces STAT1-mediated T-bet expression to initiate Th1
differentiation [151, 154].

By comparison to IL-12 and IL-23, which share a similar structural makeup, IL-
27 differs in that its subunits are not linked by a disulfide bond. The absence of the
disulfide bond theoretically allows for production of the two subunits by distinct cells
followed by extracellular association [155]. IL-27 has attracted considerable interest as an
anticancer agent due to its similarities with IL-12. IL-12 is thought to be effective against
tumours because it promotes Thi polarization and, thereby, promotes cellular immune
responses and proliferation of cytotoxic T lymphocytes (CTL) [155]. IL-27 enhancement

of CTL activity strengthens the case that IL-27 could be a potent antitumor agent. Over
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expression of IL-27 in mouse colon carcinoma C26 cells, TBJ neoblastoma cells, or
B16F10 melanoma cells led to protection against tumour growth [155]. It has been shown
that IL-27 has anti-angiogenic properties, suppressing neovascularization of tumours as
well as chick embryonic angiogenesis [155]. On the other hand, it has also been shown
that IL-27 suppresses the secretion of proinflammatory cytokines, including IL-23-
induced IL-17 from activated T cells [156]. Specifically, suppression of IL-2 and IL-17
expression and inhibition of IL-6 function are likely to contribute significantly to the
effects of IL-27 [155].

It has been shown that there is an over expression of IL-27EBI3 by EBV-
transformed B cell lines and human T-cell leukemia virus type 1 (HTLV-1)-infected cell
lines, but there was no significant IL-27p28 or IL-27 expression detected in these cells.
This selective over expression of IL-27EBI3 by transformed cells suggests that IL-
27EBI3 may play a role, independently from its association to IL-27p28, in regulating
anti-viral or anti-tumoral immune responses [157]. The antitumor effects and protective
immunity of IL-27 has been shown in mice [158]. IL-27p28 and IL-27EBI3 transcripts
are strongly up-regulated in Crohn’s disease. The stimulatory effects of these cytokines
on naive T cells in addition to a strongly synergistic action with IL-12 to trigger IFNy
production may contribute to the perpetuation of the inflammatory process in patients
with Crohn’s disease [159].

Given the similarities in structure between IL-12 family of cytokines and their
receptors, it is possible that additional heterodimeric complexes can form. For example,
an association between IL-27EBI3 and IL-12p3S5 has been reported in 1997 [119, 160]

and recently two different groups provided evidence that CD4™ CD25" FoxP3" regulatory
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T cells produce IL-27EBI3 and IL-12p35 in combination leading to a biologically active
cytokine that inhibits T regulatory cells function [161, 162]. This heterodimeric cytokine
(IL-27EBI3 and IL-12p35) has been designated as IL-35.

Initial attempts to purify IL-23pl9 and IL-27p28 from the supernatant of
transiently transfected cells were unsuccessful. This observation, combined with the
knowledge that IL-12p35 requires IL-12p40 for secretion, led to studies that revealed that
secretion of IL-23p19 and IL-27p28 depends on their ability to partner with the small
family of secreted type I cytokine receptors, which include IL-12p40, CLF-1, and IL-
27EBI3 [119, 129]. Table 1.3 shows the major producers and target cells for all three IL-
12 family cytokines. Since the IL-12 family of cytokines share component parts and
receptor usage, some of the functions of IL-12, IL-23, and IL-27 are overlapping [4, 7,
131, 163]. However, these cytokines also exhibit unique behaviours, thus eliminating
redundancy in their effects on the intracellular milieu [4, 7, 163]. A major role for IL-27
has been defined as a key regulator in the early stages of Thl development while a
predominant role for IL-23 has been defined in the activation, proliferation and IFNy
production in CD4+ memory T cells [4, 7, 163]. In support of this, it has been shown that
naive T cells do not respond to IL-23 whereas activated/memory T cells do respond [5, 7,
123, 130]. IL-27 acts through the IL-27 receptor which is expressed widely within the
immune system, and functional effects of IL-27R signalling have been observed in
various cell types including mast cells, B cells, NK cells, DCs, macrophages, and
neutrophils [126, 127, 151, 164]. IL-27R is composed of a type 1 orphan cytokine

receptor, T cell cytokine receptor (TCCR/WSX-1), a subunit predominantly expressed on
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Table 1.3. Common functional features of IL-12 family of cytokines. All three cytokines are able to regulate Thl cell
response and to induce IFNYy production. They play crucial roles in CMIR and against intracellular pathogens.



naive CD4" T cells and NK cells, and gp130, the second receptor chain [126, 130, 150,
151, 154]). IL-27 induces T-bet expression responsible for maintaining IL-12R[p2
expression after CD4" T cell activation and suppresses expression of GATA-3, a key
transcription factor in the Th2 differentiation pathway [5, 131, 154, 165]. This is
important in HIV-1 infection, as Th2 T cells support greater HIV-1 replication and inhibit
cellular immune responses to HIV-1. Moreover, recently IL-27 has been introduced as a
novel anti-HIV cytokine similar to IFNa. Imamichi et al. have shown that IL-27 induces
28 IFN-inducible genes (IFIG) in human monocytes derived macrophages and 5 IFIG in
CD4 T cells [166]. Also very recent studies have shown an inhibitory effect of IL-27 on
HIV [167] and HBV [168] replication. Still there is much more research to be done to

define the role of IL-23 and IL-27 in HIV pathogenesis.

Signal transduction pathways:

Since one of the main aims of my research project is to understand the signalling
pathways involved in the stimulatory effects of LPS on IL-12 family cytokines induction
in human monocytic cells, I will describe briefly the major signalling pathways activated
following interaction of LPS with its receptor. Activation of kinases in the cytosolic
domain of the receptor and G protein activation are two major types of signal
transduction pathways. In general, cytokine receptors have protein kinase activity in its
cytosolic domain. The receptor kinases are activated when ligand binds to its extra-
cellular domain. The kinase phosphorylates its own cytoplasmic domain; this auto-

phosphorylation enables the receptor to associate with and activate a target protein, which
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in turn acts upon new substrates within the cell. The most common kinase receptors are
tyrosine kinases, but there are also some serine/threonine kinase receptors. An alternate
type of signal transduction through G protein activation occurs when the inactive form of
the G protein, the trimmer bound to GDP, gets converted to the active form by
replacement of GDP with GTP and dissociation of the G protein into a single subunit

carrying GTP and a dimer of the two other subunits [169].

LPS signalling pathways:

LPS is the principal component of the outer membrane of gram negative bacteria.
It binds to the cell surface receptor CD14 present mostly on myeloid cells including
monocytes [170]. The interaction of LPS with CD14 is mediated by LPS-binding protein
(LBP) [171] which is present in plasma at 3-10 ng/ml, but whose levels rise dramatically
after an acute phase response. CD14 is also present in plasma in a soluble form (sCD14)
that helps the preparation of LPS, LBP, and CD14 complex. The complex of LPS, LBP,
and CD14 is a transducing signal mediated by LPS to the CD14 negative cells to TLR4
on the cell surface of monocytes/macrophages [172, 173]. CD14 is expressed on the
surface of myeloid cells via a glycosyl phosphatidylinositol (GPI) tail, which anchors the
protein to the membrane without a transmembrane segment responsible for transduction
of signals into the cell [174, 175]. It suggests that CD14 is not the LPS signalling
receptor. The signal is mediated by toll like receptor 4 (TLR4) with a leucine rich motif
to the extracellular domain for interaction with the ligand such as LPS [176] (Fig. 1.2). In
addition to TLR4, MD?2 is associated with LPS signalling in monocytes. MD2 is also

required for LPS activation of MAPK pathways [177, 178]. LPS-induced NFxB
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signalling is mediated by MyD88, IL-1 receptor associated kinase (IRAK), and TNF-q.
receptor associated factor (TRAF) 6 [179, 180]. TRAF6 activates either MEKK1 or
TAK1 that leading to phosphorylation of IxB kinase (IKKs). Normally, NFkB remains in
the cytoplasm in association with IxB in a complex. The phosphorylated IkB kinase
activates IkB and NF«xB is released and translocated into the nucleus for further gene
expression. Binding of LPS to TLR4 also induces PI3K activation without involvement
of MyD88, IRAK, and TRAF6 [181]. PI3K activates the NFxB pathway [181], however
the intermediate molecules have not been identified yet. In addition to PI3K and NFxB
pathways, LPS also induces PKC and MAPKSs signalling pathways in human monocytic
cells [182-184]. In response to LPS, tyrosine kinase in the cytoplasmic domain of the
receptor is phosphorylated which leads to activation of Ras-Raf-MEK1/2 followed by
phosphorylation of ERK1/2 [185] (Fig. 1.2). However, there is also evidence for LPS
activation of ERK1/2 pathway in a c-Raf independent manner [186]. The substrates for
ERK1/2 include EIK1, and SRF [187]. LPS also activates the JNK pathway via activation
of MEKK1/4 (MAPKKK) followed by MKK4/7 (MAPKK) [188]. The downstream
signalling molecules in JNK pathway include c-Jun, ATF2 and Elk-1 transcription factors
[189]. The upstream signalling molecules in LPS induced p38 signalling pathway include
CdC42, PAK, and Racl [179]. The MAPKKKs involved in that cascade are protein
kinase RNA regulated (PKR), ASKI, and TAKI1 and the MAPKKs include dual
specificity kinase MKK3/6 [190]. The p38 MAPK phosphorylates and activates

transcription factors that include ATF2, Eikl, CHOP, and MEF2C [181].
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Figure 1.2. LPS is one of the best stimulator of monocytes/macrophages and
activates various signalling pathways and transcription factors [185].

LPS binds to the serum protein LBP and is transferred to the CD14 at the cell surface.
LPS, LPS-binding protein and CD14 complex interacts with the signalling receptor TLR4
and its accessory protein MD-2. LPS stimulates the activation of various MAPK
pathways. These pathways directly or indirectly phosphorylate and activate various
transcription factors, including Elk-1, c-Jun, c-Fos, ATF-1, ATF-2, SRF, and CREB. In
addition, LPS activates the IKK pathway via MyD88, IRAK, and TRAF6. TAK1-TAB2
and MEKK 1-ECSIT complexes phosphorylate IKK, which in turn phosphorylates IkBs.
Subsequent degradation of IkBs permits nuclear translocation of NF-kB/Rel complexes,
such as pS0/p6S. The PI3K-Akt pathway phosphorylates and activates p65 via an
unknown kinase. .
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The Mitogen Activated Protein Kinases (MAPKs) Signalling Pathway

The best characterized pathway that is initiated by receptor tyrosine kinases
involves the activation of a monomeric GTP-binding protein to activate a cascade of
cytosolic kinases. In mammalian cells, the cascade is often initiated by activation of a
tyrosine kinase receptor, such as EGF or PDGF receptors. The receptor activates the Ras
pathway by means of an “adaptor” protein. The activation of Ras leads to the activation
of the Raf Ser/Thr kinase, which in turn activates the kinase MEK. In general, MEK
phosphorylation induces MAPK activation and it leads to the phosphorylation of
transcription factors that trigger changes in cell phenotype varying from growth to
differentiation, depending on the cell type (Fig. 1.2). Other targets for the kinases include
cytoskeletal proteins that may directly influence cell structure [169]. MAPKs are key
players in cellular responses such as proliferation, differentiation, and apoptosis [191].
The three main families of MAPKs are the extracellular signal-regulated protein kinase
(ERK1 and ERK2), the C-jun N-terminal kinases (JNKs), and p38 MAPK/stress-
activated protein kinases. ERKs respond to mitogens and growth factors that regulate cell
proliferation and differentiation, whereas JNK and p38 MAPKs are predominantly

activated by stress and inflammatory cytokines (eg. IL-1B and TNF-a) [191].

The Phosphatidylinositol 3-kinases (PI3K) Signalling Pathway
Over the past decade, research on PI3K has demonstrated that this family of
enzymes contains important regulators of cellular signalling. They are activated by G-

protein-coupled receptors or receptors with an intrinsic or associated protein tyrosine
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kinase activity and/or proteins that are tyrosine phosphorylated in response to extra
cellular stimuli [192]. Another way in which phosphatidylinositol 3-kinases are activated
is by a direct interaction with the small GTPase Ras [193, 194]. In response to
extracellular stimuli, phosphoinositides are phosphorylated on the 3-position of the
inositol ring by PI3K [195, 196]. The products of PI3K, namely
phosphatidylinositol(3)monophosphate [PtdIns(3)P] or PIP,
phosphatidylinositol(3,4)biphosphate [PtdIns(3,4)P] or PIP2, and phosphatidylinositol-
(3,4,5) triphosphate [PtdIns(3,4,5)P] or PIP3, govern many cellular events, such as cell
growth and survival, cytoskeletal remodeling and the trafficking of intracellular
organelles (Fig. 1.2) [195-197]. The PI3Ks are divided into four classes, referred to I, Ip,
IT and I1I, on the basis of their structural characteristics and substrate specificity [197].
Class I phosphatidylinositol 3-kinases generate PtdIns(3)P, PtdIns(3,4)P2, and
PtdIns(3,4,5)P3 and consist of four mammalian p110 catalytic isoforms (p110a, B, v, and
d) that associate with the p85-family of regulatory subunits, except for p110y which binds
to a pl01 adaptor [198, 199]. The majority of tyrosine-kinase coupled transmembrane
receptors can activate class Ia PI3K. The well-known characterized down stream target
for class I PI3K is protein kinase B (PKB). PKB is also known as Akt, the mammalian
homologue of the viral oncogene (v-Akt). Akt is activated by two phosphorylation
events, both of which are most likely induced by the phosphoinositide-dependent kinase,
PDK1, following PI3-kinase activation. Downstream of Akt lie a number of enzymes
implicated as effectors of the actions of insulin on glucose metabolism and protein
synthesis, and of PI3-kinase signalling on cell survival and cellular proliferation [200].

The phosphatidylinositol 3-kinases of class II generate PtdIns(3)P and PtdIns(3,4)P2.
32



Enzymatically, the class II kinases are distinguished by their virtual inability to
phosphorylate PtdIns(4,5)P2 in vitro. A further, distinguishing feature of these enzymes
is that they are predominantly membrane-associated, in contrast to class I kinases, which,
in the resting state, are cytoplasmic [200]. The class III enzymes only produce PtdIns(3)P

[192,201].

The JAK/STAT signalling pathways

Although cytokines activate multiple signalling pathways, the activation of Jak-
STAT pathway plays an important role in mediating their biological effects. The Jak-
STAT pathway triggered by a number of cytokines including IL-10 and IFNy, allows
rapidly the transduction of an extracellular signal into the nucleus. In general, the
interaction of a cytokine with its ligand-binding receptor o subunit is the first step in the
formation of a signalling-competent receptor complex. This process involves the
oligomerization of the ligand-bound subunit with either another subunit or a separate,
signal-transducing 3 subunit {202, 203]. This oligomerization initiates the process of
signal transduction by activation of the receptor-associated Janus family tyrosine kinases
(JAKSs) through cross-phosphorylation (Fig. 1.3). Immediate targets of the activated JAKs
are the cytoplasmic portions of the receptors and receptor associated proteins. The
tyrosine phosphorylated sites become docking elements for Src homology 2 (SH2) - and
phosphotyrosyl-binding domain-containing proteins present in the membrane or the
cytoplasmic compartment. Prominent among these are the signal transducer and activator

of transcriptions (STATs). Receptor-recruited STATs are phosphorylated on a single
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tyrosine residue in the carboxyl terminal portion. The modified STATs are released from
the cytoplasmic region of the receptor subunits to form homodimers or heterodimers
through reciprocal interaction between the phosphotyrosine of one STAT and the SH2
domain of another. Following dimerization, STATs rapidly translocated to the nucleus
and interact with specific regulatory elements to induce target gene transcription [204].
Seven members of the STAT family of transcription factors have been identified in
mammalian cells: STATI1, STAT2, STAT3, STAT4, STATS5a, STATSb, and STATS6.
STAT isoforms lacking regions of the c-terminal domain have a competitive dominant-
negative effect on gene induction mediated by the STAT pathway, counteracting the
effects of the full-length isoform STATa [205-208]. Constitutive activation of STATI,
STAT3, and STATS has been demonstrated to be associated with malignant
transformation induced by various oncoproteins [208-210]. This phenomenon has been
reported in a number of malignant cell lines and human cancers as well [211].
Dimerization of STAT proteins in the cytoplasm by phosphotyrosine-SH2 interaction is a
critical step in STAT activation and subsequent gene transcription. Ideal candidates to
interfere with dimerization would be SH2-like peptides recognizing phosphotyrosine
residues of the STATs or small molecule peptide mimetic with phosphotyrosine residues
that specifically bind to SH2 sequence of STATSs. Disruption of STAT3 dimerization by
the SH2 domain-binding phosphotyrosyl peptide, PYpLKTK, was demonstrated to block
STAT3-mediated DNA binding activity, gene regulation, and cell transformation in vitro
and in vivo [212]. Since applying PYpLKTK directly and selectively inhibits STAT
proteins’ function; nonspecific side effects are theoretically expected to be much less than

with  other strategies that block STAT  upstream signalling [204].
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Figure 1.3. JAK/STAT signal transduction pathway [187]

Ligand-induced receptor oligomerization leading to JAKs tyrosine residues
phosphorylation. STATs are phosphorylated by the JAKs on a conserved tyrosine residue
to form STATs homodimers or heterodimers. STATs dissociate from the receptor after
the dimerization and translocate into the nucleus. In the nucleus, homodimer or hetero-
dimer of STATS bind to specific response elements and induce gene transcription.
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Ca2+ signalling pathway:

Ca2+ is a highly versatile intracellular signalling molecule that can regulate
various cellular function