N

[T

e

u Ottawa

1.'Universilé canadiennc
Canada's university



S

FACULTE DES ETUDES SUPERIEURES A FACULTY OF GRADUATE AND
ET POSTOCTORALES uOttawa POSDOCTORAL STUDIES
1.'Université caonadienne
Wei Ma

AUTEUR DE LA THESE / AUTHOR OF THESIS

Ph.D. (Microbiology and Immunology)
GRADE / DEGREE

Department of Microbiology and Immunology
FACULTE, ECOLE, DEPARTEMENT / FACULTY, SCHOOL, DEPARTMENT

Regulation of 1L-12p40 Expression by HIV-Nef in Human Monocytic Cells

TITRE DE LA THESE / TITLE OF THESIS

Ashok Kumar
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (CO-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

EXAMINATEURS (EXAMINATRICES) DE LA THESE / THESIS EXAMINERS

Sam Basta Sean Li

Karen Copeland Lisheng Wang

Gary W. Slater

Le Doyen de la Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies




Regulation of IL-12p40 Expression by HIV-Nef

in Human Monocytic Cells

Wei Ma

A thesis submitted to the Faculty of Graduate Studies
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

Department of Biochemistry, Microbiology, and Immunology
Faculty of Medicine
University of Ottawa

© Weir Ma, Ottawa, Canada, 2007



Bibliothéque et
Archives Canada

I*. Library and
Archives Canada

Direction du

Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-49378-6
Qur file  Notre référence
ISBN: 978-0-494-49378-6
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'Internet, préter,
distribuer et vendre des théses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canad;

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Abstract

Impaired cellular immunity because of dysregulation of Thl cytokines is a major
feature of AIDS. Interleukin-12 (IL-12) is an important Thl cytokine, which plays a
critical role in cellular immunity by producing IFNy from T and NK cells. Biologically
active IL-12 is a 70 kD glycoprotein composed of two disulfide-linked subunits, p35 and
p40. The p40 subunit is an appropriate indicator for IL-12 due to its expression in IL-
12p70 producing cells including monocytes/macrophages in response to various stimuli,
such as bacterial endotoxin, LPS. However, how LPS induces IL-12p40 in monocytes is
not clear. A severely decreased IL-12p40 production has been found in PBMCs and
macrophages from HIV positive individuals and is believed to be correlated to HIV-
associated immunodeficiency. The mechanism underlying the impaired IL-12 production
in HIV infected monocytes/macrophages remains unknown. HIV-1 Nef protein, an AIDS
pathogenetic factor, has been shown to downregulate Thl cytokines. In this study, I
investigated the potential signaling pathways involved in the downregulation of IL-12p40
production by intracellular Nef in LPS-activated human monocytic cells. LPS activates
monocytes by coupling to CD14/TLR4 receptor on the cell surface and activating MAPK
pathways, calcium/PI3K pathways and several transcription factors including Ets2,
NF«kB, and AP-1. These signaling components have been shown to be implicated in
downregulation of IL-12p40 production by several immunosuppressive drugs such as
dexamethasone (Dxm), FKS506 and cyclosporine A (CyA). By utilizing these
immunosuppressive drugs and the specific inhibitors that are involved in MAPKs and
calcium/PI3K signaling pathways. I demonstrated that Dxm and FK506/CyA mediated
downregulation of IL-12p40 production is regulated by two distinct and independent
signaling pathways, JNK and CaMKII activated PI3K pathways in LPS-stimulated
human monocytic cells, in which, Dxm regulating via the JNK whereas FK506/CyA
regulating via the CaMKII. By extensive mutative analyses of the IL-12p40 promoter, I
further demonstrated that the cis-binding motifs of transcription factor AP-1 and NFxB
were required for IL-12p40 transcription in both signaling pathways. I then focused on
intracellular Nef as a potential repressive molecule in regulation of MAPKs, CaMKII
activated PI3K and transcriptional factors involved in LPS-induced IL-12p40 expression.
I demonstrated that intracellular Nef downregulates IL-12p40 in human monocytes by
specifically inhibition the JNK MAPK and transcription factor NFxB. These studies may
provide new therapeutic tools for the treatment of inflammation and autoimmune diseases
and a further understanding for significant functions of intracellular Nef in AIDS
pathogenesis.
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Chapter I

Introduction



Acquired Immune Deficiency Syndrome (AIDS) caused by Human
Immunodeficiency Virus (HIV), was first reported in the United States in 1981 and has
since become a major worldwide epidemic [1]. Estimated by the end of the year of 2006,
nearly 50 million people are living with the HIV virus and 28 million people have died
from AIDS [2]. HIV is a subgroup of retroviruses known as lentivirus [3]. This family of
viruses is known for their latency, persistent viremia and attacks on the host immune
system [4]. HIV has high affinity for CD4+ T lymphocytes and monocytes/macrophages.
The virus replicates itself in these cells by generating a DNA copy by reverse
transcriptase. Viral DNA becomes incorporated into the host DNA, enabling further
replication [5].

Depletion of CD4+ T cells has been considered as a hallmark of disease early on
and in the late stages of AIDS [6]. The median time from infection to AIDS diagnosis
now exceeds 10 years [7]. Like CD4+ T cells, monocytes/macrophages also play a
crucial role in the generation and regulation of immunity. Moreover, in HIV-1 infection
and AIDS development, monocytes/macrophages play dual roles. They represent a viral
reservoir acting as primary target and viral carriers, and trigger innate and adaptive
immunities as primary effectors. Unlike T cells, infection of macrophages with HIV-1 is
not cytopathic; therefore they may serve as long-lived reservoirs during all stages of
HIV-1 infection. Monocytes/macrophages perform their effects by secreting cytokines,
the potent modulators of immune system that play a critical role in HIV
immunopathogenesis [8;9]. In HIV infection, cytokines have been demonstrated to
induce differentiation and cellular responses of specific target cells and contribute to the

pathogenesis of AIDS [10]. HIV-1 positive patients have a progressive loss of type 1



cellular immune responses because of decreased secretion of Thl cytokines including
heterodimeric IL-12 family, and increased Th2 cytokines, IL-4 and IL-10. This leads to
impaired antiviral immune responses and development of AIDS [11;12].

IL-12 plays a critical role in the development of cell mediated immunity against
intracellular infections caused by bacteria, parasites and viruses including HIV [13]. IL-
12 is a 70 kD regulatory cytokine composed of two disulfide-linked subunits p35 and p40
which are encoded by two distinct differently regulated genes. IL-12p40 is also shared by
another Thl cytokine, IL-23. The p35 is consistently expressed in various cell types,
whereas p40 is inducible in bioactive IL-12p70 producing antigen presenting cells and is
transcriptionally regulated. The p40 subunit, hence, is considered as an indicator of
biologically active IL-12 [14;15], however, at present, is not well understood the
regulation of IL-12p40 in human monocytes/macrophages.

In HIV infection, a dramatic decrease in IL-12p40 production has been found in
PBMCs from HIV positive individuals and viral infected monocytes in vitro [16;17]. This
impaired [L-12p40 production has been considered to be correlated with HIV-associated
immunodeficiency [18;19]. We and others have also shown that exogenous IL-12
enhances IL-2 production, cell proliferation and development of cell mediated
cytotoxicity of HIV antigen stimulated PBMC from HIV positive individuals [20-22}.
Although the mechanisms responsible for IL-12p40 inhibition in HIV infection is not
clear, it has been recently shown that IL-12p40 production is suppressed following
infection of monocytic cells with wild type SIV compared to the cells infected with Nef-
deficient strains [23]. Nef is a 27 kD myristoylated protein. Besides its well known

functions of downregulating the cell surface molecules CD4 and MHCI, Nef can



uniquely interact with numbers of intracellular signaling molecules through its myristoyl
moiety, leading to the dysregulation of host immune responses [24-26]. Therefore, I
hypothesized that by interfering with signaling molecules, such as MAPKs and
transcription factors, NFxB and AP-1, Nef may negatively regulate IL-12 production in
human monocytic cells, leading to the dysfunction of Thl immune responses. Thus, my
thesis project deals with the signaling pathways involved in induction of IL-12p40 and

how HIV-Nef regulates IL-12p40 in human monocytic cells.

1. Interleukin-12 (IL-12)

IL-12 is an important immunoregulatory cytokine produced primarily by
monocytes/macrophages, dendritic cells and B cells. The major functions of IL-12 include
induction of IFNy production from natural killer (NK) cells and T cells, enhancement of
cytotoxity of NK cells and cytotoxic CD8+ T cells (CTLs) and differentiation of naive T
cell into Thl effectors. Therefore, IL-12 plays a critical role in the development of cell-

mediated immunity against intracellular infections caused by mycobacterium, parasites

and viruses, including HIV [13;27]

1.1. Structure of 1L-12

IL-12 is a 70 kD heterodimeric protein folding into a bundle of four alpha-helices
and composed of two disulfide-linked subunits, designated p35 and p40. Both subunits
are required for the biological activity of IL-12. The genes encoding the human p40 and
p35 subunits are unrelated, map to chromosomes 5q31-33 and 3q12-3q13.2, respectively,
and bear no apparent homology [28]. However, p35 shares homology with other single-
chain cytokines such as IL-6 [29], whereas p40 is homologous to the hematopoietin

receptor family, particularly the extracellular domain of the IL-6 receptor a chain [30]



(Fig. 1.1-1). This sequence similarity suggested that IL-12 is evolutionally a common
primordial cytokine and structurally linked to a soluble cytokine-cytokine receptor
complex [29]. The genes encoding the murine p40 and p35 exhibit 70 and 60% sequence
homology to the human p40 and p35 genes, respectively [31]. IL-12p40 is expressed and
secreted as monomer and homodimer [32;33]. The p40 monomer seems to have no
biological function, while the homodimer serves as a natural antagonist of IL-12p70.
There is evidence to suggest that p40 homodimers block the activities of IL-12p70 via
competitively binding to the IL-12 receptor and reducing IL-12p70-mediated Thl
responses in vivo [34]. The p40 homodimers have also been shown to enhance
alloantigen-specific Thl development [35], suggesting that p40 homodimers may
function similarly to the biologically active IL-12p70 under certain conditions.

Recently, two other heterodimeric cytokines, IL.-23 and IL-27 have been grouped
together as the IL-12 family and contribute to the development of Th1 responses [36]. IL-
23 is a heterodimer of IL-12 p40 and p19 that is homologous to p35 [37]. Compared to
IL-12, IL-23 is a late-phase factor in Thl responses by inducing the proliferation of
memory CD4+ T cells [38], and maintenance of CTL responses [39]. In contrast to IL-
12, IL-23 promotes presentation of tolerogenic peptides by APCs [40] implicating a
causal relationship in autoimmune disease states. IL-27 is a heterodimer of EBI3 and p28.
EBI3 is homologous to IL-12p40 and p28 is structurally related to IL-12p35. IL-27 has
been shown to stimulate naive T cell differentiation in the early phase in the presence or
absence of IL-12. IL-27 also induces the expression of functional IL-12 receptors in
naive CD4" T cells, making these cells sensitive to IL-12-mediated Th cell development

[41].



Fig. 1.1-1 IL-12p70 complex and their structural evolution:

Ribbon diagram of the IL-12p70 complex and their structural evolution.
IL-12 resembles a soluble class 1 cytokine-receptor complex. IL-12p35 subunit
with 4 helices shares homology with four helix bundle cytokines represented by
IL-6 (green). 1L-12p40 subunit with three domains labeled 1-3 is most resembles
the extracellular domain of the IL-6R-subunit. Both subunits of the IL-12R belong
to the gp130 subgroup of the cytokine receptor superfamily. The interchain
disulfide bonds are shown in red [42].



1.2. IL-12 Receptor and Signal Transduction

The biological activities of IL-12 are mediated by binding to its specific cell
surface receptors through tyrosine kinase 2 (Tyk2)/ Janus associated kinase 2 (Jak2)/
signal transducer activator transcription 4 (Stat4) signaling pathway. The functional IL-
12 receptor is a heterodimer composed of IL-12RB1 and IL-12RB2 chains which are
structurally related to the type I cytokine receptor superfamily and are homologous to
gp130 [43;44]. The IL-12RB2 chain is a signaling component of the receptor expressed
on NK cells and activated T cells and functions as a molecular switch in determining T
cell phenotype. It is upreglated by cytokines that promote Thl cell development and
inhibited by those that promote Th2 cell development. The IL-12RB1 is a type I
transmembrane protein with a disulfide-linked oligomer, which is required for binding of
IL-12 [45;46]. The intracellular signaling pathway of I1L-12 involves 2 members of the
Jak family, Jak2 and Tyk2 and several members of the Stat transcription activator family,
including Statl, Stat4, and Stat5 [47;48]. Among the Stats that are involved in IL-12
signaling, Stat4 plays a critical role. The binding of IL-12 to its receptors induces the
phosphorylation of Tyk2/Jak2, which further phosphorylates Stat4 and results in
expression of IL-12 responsive genes encoding IFNy (Fig. 1.1-2). Human and mice
lacking either IL-12RB1/B2, Tyk2/Jak2 or Stat4 showed an impaired IL-12 signaling in T
cells and NK cells [49;50].

1.3. Biological Functions of I1L-12
The Role in Cellular Immune Responses

The most important function of IL-12 is its ability to produce IFNy, through

which, IL-12 regulates Th1l and Th2 responses. IL-12 produces IFNy in several ways:



promotes the differentiation of naive T cells directly towards Thl effectors that enable
them to produce IFNy [51;52]; acts as a costimulator to enhance the differentiated Thl
cells to produce IFNy; induces the switch of [FNy-producing memory Thl cells to their
effective stages and enables them to secret [FNy [53] and activates NK cells to produce
IFNy. IL-12 induces IFNy in NK cells and T cells through Jak2/STAT4 signaling
pathway. The binding of IL-12 to its receptor results in the phosphorylation of Jak2
followed by STAT complexes, which translocate to the nucleus and bind to the
transcription coactivator elements to stimulate transcription of the [FNy gene. [54;55].
IFNy is a critical mediator in the development of Thl cellular immunity. It
regulates Th1/Th2 responses through upregulation of Thl cytokines IL-2 and IL-12 and
downregulation of Th2 cytokines, IL-4 and IL.-10 [56]. The roles of [FNy in Th1 cellular
immunity against various invading pathogens, in particular viruses, are shown to be
decisive for the outcome of disease and virus clearance. Investigators have demonstrated
that virus-specific CTL and NK cells against various viral infection are depending on
their ability to produce IFNy [57;58]. Antiviral activity of IFNy is mediated by its
receptors and the Jak2/Statl signaling pathway, through which, IFNy induces a number
of antiviral protein expression including nitric oxide (NO), RNA-dependent protein
kinase (PKR) and IFNy regulatory factors (IRFs) that, in turn mediate antiviral effects by
interfering with regulation of synthesis and degradation of both viral and host immune
molecules [59;60]. Mice deficient in IFNy and its receptors, or the signaling molecules
Jak2/Statl have severely impaired viral specific Th1 immune responses. Besides its Thl
activity, IFNy is also a macrophage-activating cytokine [61]. Thus, IFNy represents the

first line of host defense and serves in both innate and adaptive immunity.



Enhancement of differentiation and cytotoxicy of NK cells and CTLs

Similar to induction of [FNy, IL-12 also promotes differentiation of NK cells and
CTLs and enhances their cytotoxity by the Jak2/Stat4 signaling pathway [62]. IL-12 acts
as an autocrine growth factor with its receptors on NK cells and T cells, leading to IL-12
responsive gene products, such as IFNy. In addition, IL-12 has been shown to serve as a
direct chemotactic factor for NK cell infiltration, further increasing their cytotoxic lysis
[63].

NK cells are important effectors of immune system, particularly in innate host
defense against viruses and tumors. Without prior priming, NK cells can directly lyse
virus infected cells, tumor cells and other target cells by releasing the perforin and
granzyme-containing granules. NK cells also produce a variety of regulatory cytokines
including IFNy, TGFB1, TNFa, IL-1bB, IL-10, G-CSF and GM-CSF, and CC-
chemokines, such as RANTES, MIP-1a and MIP-18, which are involved in antigen-
specific immune responses in the elimination of intracellular pathogens. Hence, NK cells
are also critical regulators of both innate and adaptive immune responses [64]. Of note,
the direct killing without prior priming is the main advantage that NK cells have over
antigen-specific lymphocytes in antiviral immunity. This enables NK cells to exert their
effect early in the course of viral infection. NK cells thus are particularly crucial in the
clearance of viral infections [65;66].

The critical role of CTLs in controlling viremia has been well demonstrated in
CMV or EBV infection. CTLs lyse antigen-bearing target cells through granule- and Fas-
mediated apoptosis: granule exocytosis targets any antigen-bearing cell [67] whereas Fas-

mediated cytotoxicity kills only Fas-expressing cells and does not require antigen



expression [68]. Although the cytolytic role of CTL in HIV infection remains elusive, its
product IFN-y has also a negative correlation with the plasma viral loads. HIV specific
CTLs are able to suppress viral replication in CD4+ infected T cells by a non-cytolytic
mechanism, involving secreted CD8+ cell-antiviral factor (CAF) [69]. In addition, HIV
specific CTLs produce TNFa and chemokines such as CCL4 and RANTES (CCL5),
which are critical in suppression of viral entry and replication [70].
The Role in Humoral Immunity

Studies have shown that although IL-12 might directly affect B-cell proliferation,
differentiation and IFNy production [71], the effect of IL-12 on B-cell activation and
production of particular immunoglobulin isotypes (enhanced IgG1, IgG2a and decreased
IgE, IgA) are mainly mediated indirectly by its product, IFNy. In addition, IL-12
synergizing with IL-18 induces IFNy in Thl cells and B cells, leading to Thl type of
IgG2a switching in B cells [72;73].
In Infectious Diseases and Autoimmune Disorders

Because of its ability of inducing cell-mediated Thl immune response, IL-12 is
central in the control of various intracellular infections caused by intracellular pathogens
including Leishmania major, Toxoplasma gondii, Trypanosoma cruzi, Cryptococcus
neoformans and mycobacteria [74-78]. During these infections, early produced IL-12 by
monocytes/macrophage and dendritic cells is prerequisite for developing protective cellular
Th1l immune response [79]. The importance of IL-12 in cell-mediated immune responses
to these pathogens is highlighted in humans and mice with deficient IL-12 or IL-12R
genes. This leads to dangerous defects in cellular immunity and increased susceptibility

to those intracellular pathogens [80;81]. IL-12, therefore, has been considered as a Thl
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Fig. 1.1-2 The IL-12/IL-12R and signal transduction

The IL-12R comprises of two components, the IL-12Rb1 and the IL-12Rb2.
Both receptor subunits belong to the gp130 subgroup of cytokine receptors. The
biological activity of IL-12 at its receptor complex requires the initial interaction of
IL-12p40 with IL-12RPB1 and the interaction of IL-12p35 with IL-12RB2. The IL-
12R[32 subunit appears to function as the signal transducing component of the high-
affinity receptor complex. The interaction of IL-12 with its receptor induces the
phosphorylation of Jak2 and Tyk2, which in turn phosphorylate and activate Statl,
Stat3, Stat4 and Stat5, but the cellular effects of IL-12 are mainly mediated by Stat4
phosphorylation. Adopted from [82].
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adjuvant in the treatment of these intracellular infections.

In contrast, IL-12-induced Thl cellular immune responses could be harmful to
certain autoimmune disorders, such as endotoxin induced shock, multiple sclerosis (MS),
rheumatoid arthritis, inflammatory bowel and graft versus-host disease. In these cases, an
increased IL-12-dependent Thl immune response appears to be pivotal to the disease
progression [83;84]. Recent studies indicated that IL-12-induced Thl responses initiate
allograft rejection by promoting cytotoxic T-cell activities and [FNy-mediated delayed-
type hypersensitivity reactions [85], while IL-12 knockout mice are resistant to
experimental autoimmune encephalomyelitis (EAE) [86]. In this regard, a variety of
immunosuppressive drugs including dexamethasone (Dxm), chemically unrelated
immunosuppressant FK506 (tacrolimus) [87] and cyclosporine A (CyA) have been
utilized to prevent Thl-dependent immune disorders. Dxm is a glucocorticoid which
regulates IL-12R expression and IL-12 responsiveness, and is important in the balance of
Thl- and Th2-type responses [88]. CyA is a cyclic polypeptide produced as a fungal
metabolite and consists of 11 amino acids whereas FK506 is a macrolide lactone [89]. By
interacting with their own binding proteins, cyclophilin A and the 12 kDa FK506-binding
protein, FKBP12, CyA and FK506 bind to the same target, calcineurin. CyA and FK506
have been shown to suppress activation of NFAT in T cells through calcium
signals[90;91], and to suppress production of Thl cytokines including IL-12 in LPS-
stimulated myeloid DCs [92] and in heart allografts [93]. However, how Dxm, FK506
and CsA suppress the Thl responses through the regulation of IL-12 remain to be

elucidated.
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The role of IL-12 in viral infections is also controversial. [L-12-mediated effects
can be either protective or detrimental, depending upon the type of infection [94]. For
example, endogenous IL-12 was induced during influenza pneumonia [95], while
decreased IL-12p40 production in macrophages from measles virus infection directly
attributed to the cell mediated immunosuppression [96]. In HBV transgenic mice, IL-12
treatment induced IFNo/p and IFNy, inhibiting hepatitis B virus replication in liver and
kidney [97]. IL-12 also exhibits potent antiviral activities for herpes simplex virus by
inducing IFNy [98]. In HIV infection, PBMC and macrophages from HIV-1-infected
patients have significantly impaired IL-12 and IL-12p40 production [16]. However, how
IL-12 is inhibited in HIV infection remains unclear.

1.4. Regulation of IL-12

Positive Regulation

In a T cell-independent manner, killed and live bacteria, and some of their specific
products including bacterial cell wall components (such as LPS, Peptidoglycan), CpG
containing bacterial DNA, bacterial flagellin, viral RNA, intracellular parasites and fungi
that signal Toll like receptors (TLRs) strongly induce IL-12 in monocytes/macrophages
and dendritic cells [99]. However, the mechanism of IL-12 induction in response to these
stimuli is not well understood. I have investigated the signaling pathways involved in IL-
12 production in response to LPS in human monocytes [100]. IL-12p40 is also produced
during the antigen-specific phase of the immune response in a T cell dependent manner.
It occurs when T cells meet their cognate antigen presented by activated macrophages or

dendritic cells followed by signaling via the TCR, which results in the up-regulation of
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CD40 ligand. The interaction of CD40 ligand with CD40 on the macrophage or dendritic

cell activates IL-12 production [101].

In addition, IL-12 production is upregulated by IFN-y in a positive feedback
mechanism, in which, IL-12 promotes NK cells and T cells to secret [FN-y, which in turn
activates monocytes/macrophages for further IL-12 production [102]. This positive
feedback loop is required for optimal production of IL-12 for certain pathogens who
induce low levels of IL-12, such as Leishmania major or Bacille Calmette-Guerin [103].
IFNy performs this effect by activation of transcription factors, IRFs. Among the
identified eight members of IRFs (1 to 8), IRF1, 2 and 8 are believed to be involved in
the regulation of p35 and p40 gene transcriptions and this is proved in animal studies
[104-107].

Negative Regulation

Although IL-12 is important for host defense; overexpression of IL-12 could
cause persistent inflammation leading to autoimmune disorders such as multiple
sclerosis. Therefore appropriate downregulation of IL-12 is equally important in
protecting the host from harmful immune responses. Among the known negative factors,
the Th2 cytokine IL-10 is the most potent inhibitor of IL-12 production from phagocytic
cells both at the mRNA and protein levels [15;108]. IL-10 inhibits IL-12 by decreasing
the activation of NFkB and AP-1 [109;110] and the association of IL-12p40 promoter to
RNA polymerase [111]. In IL-10 knockout mice, the serum IL-12 levels are positively
correlated with prolonged survival in viral infection by increasing Thl response and

antiviral infection activity. IL-10 knockout mice infected with Toxoplasma gondii
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showed an uncontrolled production of IL-12 and sensitivity to LPS [112]. IL-12
production is also inhibited by transforming growth factor (TGF) [113], IL-11, IL13,
INF-a/B [114;115], prostaglandin E2 (PGE2), histamine, FcR, measles receptor CD46
and cholera toxin [116] (Fig. 1.1-3 A).
Regulation of IL-12 Gene Transcription
IL-12p35

Although p35 is widely expressed in cells, analysis of p35 regulation has been
difficult, due to its expression at low levels and only secreted in order to dimerize with
the p40 subunit to form the bioactive IL-12p70. Evidence suggests that the expression of
p35 is regulated at both levels of transcription and post-transcription [117]. Human and
murine p35 promoters contain binding sites for several transcription factors that have
been shown to be involved in IL.-12p35 transcription. These transcription factors include
IRF-1, IRF-3, SP1, IRF8 and NF«kB family members c-Rel and p65 [107;118].
IL-12p40

IL-12p40 gene is highly inducible and expresséd in IL-12-producing cells;
therefore, most regulatory factors which influence IL-12p70 expression have similar
effects on p40 gene expression. Analysis of transcription and translation levels of IL.-12
has demonstrated that the human IL-12p40 gene is primarily regulated at the
transcriptional level. The transcription of endogenous p40 is cell type specific. IL-12p40
promoters linked to a luciferase reporter gene has been transfected into various IL-12-
producing and non-producing cell lines. The results suggest that it is constitutively active
in EBV-transformed B cell lines (RPMI-8866,CESS), and inducible in myeloid cell lines

(THP-1 and RAW 264.7), but inactive in T cell lines (Mo1t-13 and Jurkat) [17].
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Fig. 1.1-3 Regulation of IL-12 production

A, Regulation of IL-12 production: Various pathogenic organisms induced high
levels of IL-12 production, including bacterial cell wall components, LPS and
PGN, CpG containing bacterial DNA, bacterial flagellin, viral RNA, intracellular
parasites and fungi. IL-12 is also produced in a T cell dependent manner through
the engagement of CD40 on antigen presenting cells with its ligand CD40 on T
cells. IL-12 production is also unregulated by IFNy in a positive feedback loop.
IL-12 is also negatively regulated by endogenous molecules, 1L-10, TGFfj,
[FNap, 1.25-dihydroxyvitamin D3 and PGE2; the pathogens HIV, Measles,
Leishmania and receptor ligations, CD46 and FcyR. Adopted from [31]

B, Regulation of IL-12p40 gene transcription: IL-12p40 gene is regulated at the
level of transcription. The human p40 promoters have been studies and several
putative binding motifs have been demonstrated for the corresponsive
transcription factors including C/ EBP, NFxB, PU.1, Ets2, SP-1, NF-IL6 and IRF.
Adopted from [31].
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The regulation of the p40 promoter is very complex and involves multiple
transcription factor binding elements (Fig. 1.1-3 B) [31]. Characterization of the IL-
12p40 promoter reveals an NFkB element which is found to be necessary for induction of
promoter activity by LPS both in humans and mice [119]. Subsequently, other
transcription factors such as Ets-2 (a member of the Ets family of transcription factors),
PU-1, IRF1, IRF2, IRF8 and c-Rel are demonstrated to be involved in regulation of IL-
12p40 transcription by LPS [105;120;121]. Studies with the murine IL-12p40 promoter
indicate that both C/EBP and AP-1 elements have a crucial role in IL-12p40 promoter
activation via a c-Fos- and c-Jun-based mechanism [122]. Furthermore, the murine IL-12
p40 promoter harbors a positioned nucleosome called nucleosome 1 in the proximal
promoter region encompassing the NFkB, C/EBP, AP-1 and IRFS sites. Upon activation
with LPS and IFN-y, nucleosome 1 was sclectively remodelled [123]. In addition, a
GATA sequence in the IL-12 p40 promoter (GA-12) is the only known repressor element
in the IL-12p40 promoter that has been reported. The GA-12 element is located between
the NFxkB and the Ets sites and occupied by a GA-12 binding protein (GAP12) in
unstimulated cells. GAP12 supresses IL-12p40 transcription through binding to two
known inhibitors of [L-12, IL-4 and PGE2 [124].

1.5. Therapeutic Potential of IL-12 in HIV-1 Infection

Studies indicated that natural IL-12 could provide a regulatory link between
innate resistance and the development of the antigen-specific adaptive immune response.
Moreover, 1) The recombinant IL-12 also has therapeutic potential because of its activity
against tumors and infections, and its effectiveness as an adjuvant enhancing cell-

mediated immunity in vaccination; 2) IL-12 is deficient in activated
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monocytes/macrophage and T cells from HIV-1 positive individuals; 3) It restores IFNy
secretion by macrophages of HIV-1 infected individuals; 4) It can act in combination
with other cytokines to inhibit the expression and infectivity of HIV-1 in macrophages;
5) It induces the expansion of T cells that secrete putative immunoregulatory factors able
to protect against HIV-1 infection and finally, and 6) It has been used as a potential
therapeutic factor in infectious diseases and in cancer patients. Thus, IL-12 could be a
potent candidate as adjunct immunotherapy to increase vaccine efficacy in both healthy
and immunocompromised populations, and in its potential future clinical use to inhibit

HIV-1 replication in vivo.

2. HIV-Nef Protein

HIV-1 is a compact lentivirus consisting of nine open reading frames encoding
three structural proteins, Gag, Pol, and Env that are incorporated into virus particles, and
six regulatory proteins (Tat, Vif, Rev, Nef, Vpr, and Vpu) that are required for a growth
process such as gene expression (Fig. 1.2-1A). Nef is a key factor for viral infectivity and
pathogenicity [125]. It is abundantly produced in the early stage of infection by all
lentiviruses and predominantly resides in the cytoplasm, plasma membranes, nucleus and
nuclear membrane. Nef can also exist in the soluble form and can be detected in serum
from HIV patients [126]. The well known functions of Nef are downregulation of the
surface expression of CD4 and MHC I molecules, enhancement of viral replication and

infectivity, and modulation of cellular signal transduction pathways [127;128].

2.1. Structure of Nef

General structure
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Fig. 1.2-1 HIV genome and the structure model of the full length, myristoylated
HIV-1 Nef protein, strain NL4-3:

A, HIV-1 genome: The integrated form of HIV-1 is approximately 9.8 kilobases
in length.(1) Both ends of the provirus are flanked by a repeated sequence known
as the long terminal repeats (LTRs). The genes of HIV are located in the central
region of the proviral DNA and encode at least nine proteins including structure
proteins Gag, Pol, and Env and regulatory proteins which are Tat, Rev, Vpu, Vpr,
Vif, and Nef [129].

B, Molecular surface presentation. Three flexible regions within the Nef structure
are highlighted: the myristoylated anchor domain (myr2-56, light blue), the PxxP
loop (5780, middle blue) and the C-terminal flexible loop (148-180, dark blue).
The N-terminal myristoyl moiety is labeled [130].

C, Functional motifs of Nef: Basrd on tne full-length structure assembly of HIV

Nef, motifs involved in Nef-mediated CD4, MHC I and CD1d downregulation
have been demonstrated. Adopted from [131;132].
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The Nef open reading frame is located at the N-terminal end of the viral genome,
partially overlapping the N-terminal long terminal repeat (LTR). It exhibits sequence
polymorphism, and is actively transcribed early after infection and translated from
multiple spliced viral mRNA [133]. HIV-1 Nef is a 27 kD, myristoylated protein of 206
amino acids, whereas Nef protein of HIV-2 and SIV has an additional C-terminal
sequence of 10-30 amino acids long. HIV-1 Nef can also be translated from an internal
AUG 57 base pairs downstream from initiating AUG, resulting in the production of a
truncated, non-myristoylated 25 kD protein [134]. Nef is also phosphorylated on both
tyrosine and serine residues and the role of this modification is ambiguous [135]. The Nef
protein contains two major domains: the N-terminal myristoylated anchor domain
(residues 1-57) and the core domain (residues 56-206) [130;136]. By using X-ray
crystallography and nuclear magnetic resonance (NMR)-spectroscopy, the structure of a
C-terminal core domain and partial N-terminal anchor domain of Nef have been
elucidated, but as yet there is no information about the structure of the full-length
myristoylated form. The core domain contains a type II polyproline helix located at
residues 70-77 which is followed by a central anti-parallel B-sheet of four strands flanked
at the N-terminal end by two long anti-parallel a-helices (residue 80-120) and at the C-
terminal end by two short a-helices between residues 187-203. The first three helices of
Nef form an opening cavity for easy interaction with various components. In addition,
Nef has two large flexible regions: the first one is 56 amino acids at the N-terminus and a
second one is a 30 amino acid extended loop (residues 148-178) projected out of the core
domain. The N-terminal membrane anchor domain is diverse and structurally flexible

containing two oa-helices which are stabilized by myristoylation and are involved in
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membrane binding. In fact, virtually all biological activities of Nef require its association
with cellular membranes which is achieved by N-terminal myristoylation of the protein
[137-149] (Fig. 1.2-1.B). A series of sequential motifs have been identified in Nef that
are highly conserved among Nef alleles of all HIV-1 subtypes and are at different stages
of disease. These motifs also mediate a multitude of interactions in protein modification,
trafficking and signaling events (Fig. 1.2-1 C).
Functional Motifs
In Intracellular Signals

An N-terminal proline rich motif known as 72pxxp”’ represents the main binding
site for the Src family kinases and mediates the interaction between Nef and the SH3
domain of the Src family kinases including Hck, Lck, Lyn, Fyn and other tyrosine
kinases [140-143]. This motif also interacts with several serine/threonine kinases,
including p21-activated protein kinase (PAK), 6 isoform of protein kinase C, Vav and
MAPKSs [11;144-147]. This proline rich motif thus is central to many Nef-induced
biological effects. Recently, two 1l-mer peptides spanning motifs,
SSEEEE® have been shown to be required for downregulation of chemokine receptors
CCR5 and CXCR4 [148].
In Downregulation of CD4

CD4 downregulation is important to viral replication in activated T cells [149].
Five sequence motifs within N-terminal and core domains are identified to be involved in
CD4 downregulation. The first motif is the myristoylation signaling sequence that
anchors Nef to the membrane where Nef directly binds to cytoplasmic tail of CD4

through the second motif, centered on residues 57-59, targeting CD#4 into clathrin coated
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pits (CCPs). Thereafter, three other binding motifs in the loop region of the core domain
continually direct the Nef/CD4 complex into the endocytotic pathways. The first one, a
di-Leu-based internalization motif (‘**LL'®>) in the middle of the loop connects Nef with
clathrin-associated adaptor protein (AP) complexes and recruits CD4 molecules into
clathrin-coated pits (COP). Simultaneously, Nef also interacts with a subunit of the v-
ATPase via a second diacidic motif, ('"*DD'”®) located at the C-terminal end of the loop
that may facilitate AP2 recruitment. This is followed by the association of Nef with (-
COP coatomers in the endosome through a third diacidic motif, YEE"™ which is located
at the N-terminal end of the loop. Together, this directs CD4 to lysosome, where CD4 is
degraded [138;139].
In Downregulation of HLA-A and B

Selective downregulation of HLA-A and B alleles is critical in viral immune
evasion. Recently, the mechanism of downregulation of HLA-A and B alleles has been
demonstrated in great detail. Three Nef motifs: acidic cluster S2EEEE®, 7?PxxP”°, and
M?® have been identified to be specifically required for this downregulation in an
endocytosis/trans-Golgi network (TGN) pathway through a Nef/PACS-1/ARF6/PI3K
axis [150-152]. This process is initiated by the binding of Nef to the cytoplasmic tail of
HLA-A and B under the regulation of PI3 kinase whose activation requires the M*° motif
at the N-terminal of Nef. Subsequently, Nef links HLA-A and B to the trafficking
proteins AP-1 and PACS-1 (adaptor protein-1/phosphofurin acidic cluster sorting protein-
1) through its acidic cluster S2EEEE®. This is followed by "*PxxP’® mediated activation
of ARF6 (ADP ribosylation factor 6), the activated ARF6 triggers transport of HLA-A

and B from the cell surface to TGN through the ARF6 compartment in vesicles

22



[152;153]. In the TGN, HLA-A and B are degraded by endocytosis and Nef recycles back
into the cytoplasm.
In Downregulation of CD1d

More recent studies showed that the four motifs of Nef are involved in
downregulation of a non-classical MHC-I like molecule, CD1d by TGN internalization in
a distinct but shared pathway with MHC-I and CD4 downregulation. This effect depends
on a tyrosine-based motif present in the CD1d cytoplasmic tail as well as the actions of
four Nef motifs including “EEEE®, ’PxxP™, "*LL'* and ""*DD'". These motifs are also
known to be involved in the downregulation of MHC-I or CD4 as discussed above.
Downregulation of CD1d molecules by Nef could affect NKT cell recognition, which
may lead the virus to directly attack CD1-mediated immune responses, as well as avoid

any virus-associated lipid antigen becoming a target for CD1-restricted NKT cells [154].

2.1. Biological Functions of Nef

The Nef protein has no known catalytic function. However, it is believed to
promote viral pathogenicity by altering signaling pathways in infected cells through its
interactions with cellular signaling proteins, such as Src tyrosine kinase family members
including Hek, Lck, Lyn, Fyn and c-Src itself [141;142]. As mentioned earlier, Nef also
interacts with several serine/threonine kinases, including p21-activated protein kinase
(PAK), 8 isoform of PKC, Vav, and MAPKs [144;147;155;156]. The interaction of Nef
with these kinases can affect multiple cellular processes, leading to dysfunction of
monocytes/macrophages, activation of T cells and dysregulation of cytokines, resulting in
enhancement of viral replication, immune evasion, and enhanced survival in T-cells and

macrophages [157] .
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2.2.1. Dysfunction of Monocytes/Macrophages

Monocytes/macrophages serve as antigen presenting cells and secrete
inflammatory mediators to activate innate and adaptive immune cells. A growing number
of studies implicate HIV-infected monocytes/macrophage as key factor in AIDS
pathogenesis by representing a viral reservoir acting and by triggering innate and
adaptive immunities [158]. HIV-]1 Nef, as an essential factor for efficient viral replication
and pathogenesis has been shown to alter monocytes/macrophages biology via mediating
a variety of signaling molecules [159]. For instance, Nef can interact with Hck kinase that
is strongly expressed in cells of the monocyte/macrophage lineage [160] and is found to
be closely correlated with high titer replication of HIV-1 [161] and essential for AIDS
[162]. In addition, Nef has been shown to impair abilities of phagocytosis and antigen
presentation of monocytes/macrophages [163]. Nef expression in both monocytes and
macrophages is implicated in regulation of TNFa, IL-1f8, IL-6, and IL-10, which are
tightly connected to the vital specific immunodeficiency and viral replication [164;165].
Nef expressing macrophages also secrete a high level of MIPla and MIP1f, leading
uninfected cells to sites of infection, thus increasing viral infectivity [166].

2.2.2. In T cell Activation

In chronic HIV-1 infection, the virus exists persistently in T cells which causes
hyperactivation and redundant cycles of T cell proliferation and death, eventually leading
to T cells and immune system exhaustion [166]. Nef has been shown to disrupt several
aspects of T cell receptor (TcR) signaling through its interactions with the Src family
member Lck kinase [167]. Nef proteins from SIV can block TcR/CD3 signaling,

preventing the activation and apoptosis of T cells. In contrast, Nef from human HIV-1 did

24



not have this blocking effect on T cells, thereby causing a massive cell death and
progression to AIDS. Furthermore, as mentioned earlier, Nef is known to disrupt T cell
activation through downreglation of CD4 and CD28 [168].
2.2.3. In Regulation of Cytokine Expression

As mentioned earlier, dysregulation of cytokine production is a main feature of
AIDS. During the course of HIV infection, Thl cytokines, such as IL-2, [FN-y, and IL-12
are generally decreased, while Th2 cytokines, IL.-4 and IL-10 are increased [24]. This
leads to impaired antiviral immune responses and favors AIDS development. HIV-1 Nef
is believed to be implicated in this impaired cellular immunity by regulation of host
cytokine expression via interation with intracellular signling pathways. Nef gene products
have been shown to decrease IL-2 and IFNy expression in activated T cells through its
effect on MAPKs signaling pathways and transcription factors, NF-xB and AP-1
[24;169]. The reduction of IL-2 and IFNy is also partially a result of Nef upregulating IL-
10 expression, which has been observed in PBMC, T cell line (H9) and promonocytic cell
line (U937), respectivelyl [170]. Nef is also reported to increase expression of
inflammatory cytokines and chemokines, 1L-6, TNFa, [L-1b, MIP-1a and MIP-1b from
macrophages, dendritic cells and PBMC through MAPK, PKC and calcium signals
[165;171]. In human glial cells, Nef expression decreases TNFa-induced apoptosis via
the activation of JNK MAPK [156]. More recent data indicates that exogenous Nef
protein is able to inhibit the release of 1L-18, a co-inducer of IFNy with IL-12, from the
human premonocytic cell line, THP-1 [172]. However, the molecular mechanisms
involved in Nef mediated downregulation of cytokines, in particular IL-12p40, remain

unknown.
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2.2.4. In HIV-1 Pathogenicity

Nef protein has evolved in several ways to manipulate the biology of an infected cell to

support viral replication, immune evasion, pathogenesis, and viral spread [173].

As an AIDS Factor

The Nef gene of HIV-1 is critical for AIDS pathogenesis. This was initially
demonstrated by studies in rhesus macaques. Infection of the macaques with Nef-deleted
or Nef-mutant variants of SIV exhibits extremely low viral burdens with either no AIDS-
like symptoms or significantly delayed disease progression [174]. Similarly, human
infected with a Nef-defective HIV-1 showed a long-term nonprogressive disease course
with low viral copy numbers and normal CD4 T cell counts [175]. In the CD4/CCR5
transgenic mice with a wild type HIV-1 genome, a severe AIDS-like disease was
observed, whereas these mice infected with Nef-defective HIV-1 prevented the
development of AIDS-like pathology [176]. The mechanisms by which Nef speeds up
progression of AIDS are not completely understood.
In HIV Replication and Infectivity

The well-conserved properties of HIV-1 Nef are enhancement of virion infectivity
and stimulation of viral replication [177]. The mechanisms that mediate both of these Nef
functions are poorly understood at present. A recent study showed that Nef protects
macrophages from HIV-1-induced apoptosis and favors in vivo establishment of the
virus-macrophage reservoirs [178]. Nef can also increase clustering of dendritic cells
with T cells and disseminate virus to lymphocytes [179]. As a virion protein, Nef can
increase viral infectivity by enhancing biosynthesis of lipid rafts and coupling of newly

synthesized cholesterol to lipid rafts and virus particles, leading to increased release of
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the core into the cytoplasm [180]. In addition, Nef has been found to augment efficiency
of reverse transcription in vitro by increasing the affinity of reverse transcriptase (RT) for
RNA [181]. Nef also increases proviral DNA synthesis via interaction with Tat
(transactivator), a viral transcriptional activator and inhibitor of p53, which regulates
HIV-1 gene expression by suppressing transcriptional activation of the LTR [182]
Furthermore Nef prevents immune killing of infected cells by downregulation of HLA-A
and B surface expression [183], and by modulation of death signals driven by Fas and
TNFa. Moreover, Nef downregulates cell surface expression of CD4 and CD28
molecules to limit superinfection [168]. CD4 downregulation also enhances virion
release and envelop incorporation [184]. In addition, Nef stimulates secretion of
inflammatory chemokines, such as MIP-1a, MIP-13 and IL-8 by viral
infected macrophages, attracting the bystander uninfected CD4+ T cells to the site of

infection and rendering these cells susceptible to virus infection [185].
In HIV Evasion

There are three major mechanisms by which Nef contributes to evation of HIV
infection [186]. The first one is that Nef down-regulates MHC 1 molecules, preventing
the viral infected cell from CTL and NK cells mediated killing [187]. Nef selectively
reduces the cell surface expression of HLA-A and B, resulting in impaired antigen up-
take and CTL activity. Nef also comparatively increases the expression of HLA-C and E,
known as major ligands for the NK cell inhibitory receptors (CD94/NKG2A), reducing
the susceptibility of target cell to NK cell cytotoxicity [188]. The second one is that Nef
inhibits Fas/TNFa-induced death in viral infected cells by binding and blocking the

functions of apoptosis signal regulating kinase-1 (ASK1), a key signaling intermediate in
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the Fas/TNFo-death signaling pathways [156;189;190]. Alternatively, Nef can block
death signals in viral infected cells by inactivation of Bad through the phosphorylation of
PAK and PI3 kinases. Bad is a proapoptotic member of the BcL-2 family whose
inactivation further inactivates the anti-apoptotic Bcl-2 family members (Bcl-2, Bel-X,
and Mcl-1) [191;192]. In the third way, through the TcR/CD3 signaling pathway, Nef
induces the surface expression of FasL by infected cells, which interacts with Fas on the
surface of bystander cells including CTL, leading to cell death [193]. Nef also inhibits
pS3-dependent apoptosis within the infected cells. In addition, Nef is shown to reduce the
expression of the non-classical MHC-I like molecule named CDI1d, a lipid antigen-
presenting molecule, which presents the lipid antigens to a subset of T cells known as
CD1d-restricted NKT cells. NKT cells have the capacity to produce both cellular and

humoral immune responses against various infections [131].

3. Intracellular Signaling Pathways
3.1. LPS Signaling Pathways in Monocytes/Macrophages

Monocytes/macrophages are involved in phagocytosis, production of cytokines,
antigen-presentation to lymphocytes and killing bacteria, tumor cells and viral infected
cells. In order to perform any of these functions, macrophages must be activated. LPS, an
outer membrane component of Gram negative bacteria, is a potent activator of
monocytes/ macrophages and triggers the secretion of many cytokines from these cells
[203]. The LPS molecule consists of the glycolipid A, which anchors LPS to the outer
membrane, the oligosaccharide core and the polysaccharide O-antigen. The activation of
macrophages is initiated by binding of LPS to the extracellular signaling modulators

including glycosylphosphatidylinositol (GPI)-anchored glycoprotein CD14 [195], LPS
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binding protein (LBP) and adaptor protein, MD-2 [196] to form the LPS-signaling
complex that subsequently binds to TLR4, a member of the toll-like receptor (TLR)
family of pattern recognition receptors [197]. This leads to recruitment of the adaptor
protein MyD88 and further activates a number of intracellular signaling pathways
including MAPKs, PI3K, PKC, and others [198] to promote correlated genes

transcription (Fig. 1.3-1).

3.2. MAPKSs Signaling Pathways

MAPKs (Mitogen-Activated Protein Kinases) are evolutionarily conserved
enzymes connecting cell-surface receptors to their intracellular targets to regulate many
cellular processes including cell growth, differentiation, and death. MAPKs are activated
by a variety of extracellular stimuli via dual phosphorylation of threonine and tyrosine
residues within a conserved T-X-Y motif [199] in the cytoplasm and are translocated into
the nucleus, where they induce phosphorylation of transcription factors and co-activators.
MAPK activity is regulated through three-tiered cascades composed of a MAPK, MAPK
kinase (MAPKK, MKK or MEK) and a MAPKK kinase or MEK kinase (MAPKKK or
MEKK)1. The main members of MAPK family are extracellular signal-regulated kinases
(ERKs), c-Jun N-terminal kinases (JNKs) and p38 [200-202]. They constitute the three
key arms of MAPK signal transduction pathways (Fig. 1.3-1). In macrophages, the
MAPK pathways have been shown to play important roles in the regulation of functions

involved in inflammation and host defense [203]

ERK MAPKs
ERK, which consist of p44 ERK1 and p42 ERK2 enzymes (ERK1/2), was the

first MAPK to be identified [200]. The ERK signaling pathway is preferentially activated
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Fig. 1.3-1 LPS activated MAPK and PI3K signaling pathways and transcription
factors in human monocytes:

The inhibitors used in this study are included. LPS binds to the serum
protein LBP and cell surface molecule CD14 to form the LPS/LBP/CD14
complex which, in turn, interacts with the signaling receptor TLR4 and the
accessory protein MD-2. This further activates MAPKs and PI3K pathways. The
MAPK module contains a MAPK kinase kinase (MAPKKK), which
phosphorylates a MAPK kinase (MAPKK). The activated MAPKKSs can further
activate the ERK, JNK, and p38 pathways. These pathways directly or indirectly
phosphorylate and activate various transcription factors, including SRE (Serum
response element), NFkB and CREB (cAMP-response element-binding protein).
In addition, LPS activates the IKK pathway via MyD88/IRAK/TRAF6 (TNF
receptor-associated factor 6) complex, which phosphorylate IKKb and IkBs.
Subsequent degradation of TkBs permits nuclear translocation of NFkB. The
PI3K/Akt pathway phosphorylates and activates NFkB via an unknown kinase
[204].
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in response to growth factors, cytokines, viral infections and LPS, ligands for G-protein
coupled receptors and transforming agents. The ERK signaling pathway has been shown
to be involved in regulation of cell proliferation and differentiation. The activation of
ERK is initiated through activation of the small guanosine triphosphate (GTP) binding
protein Ras. The GTP form of Ras binds to Raf (MAPKKK) at the plasma membrane.
Activated Raf phosphorylates MEK1/MEK2 (MAPKKs) which in turn activate
ERKI1/ERK2 [205]. Activated ERK1/ERK2 subsequently phosphorylates a variety of
proteins including the c-Jun and ELK-1 transcription factors. Recently, other forms of
ERKs (ERK3, ERK4, and ERKS) have been characterized, but their regulation has
remained unclear [200;206]. In mouse macrophages, the ERK pathway was shown to
activate the transcription factor repressor element, GA-12 in response to LPS stimulation,

leading to the repression of IL-12 p40 production [207].

P38 MAPKs

P38 has been shown to be involved in cellular stress response, cell proliferation,
differentiation, and survival. There are five isoforms of p38 MAPK; p38a (SAPK2),
p38PB, p38P2, p38y (SAPK3), and p380 that are expressed in distinct tissues [210]. They
are activated by a plethora of MAPKKKSs which become activated in response to various
physical and chemical stresses, such as oxidative stress, UV irradiation, hypoxia,
ischemia, and wvarious cytokines, including IL-1 and tumor necrosis factor alpha
(reviewed in [211]). MKK®6 activates all p38 isoforms by dual phosphorylation on Thr
180 and Tyr 182 [212], whereas MEK3 selectively phosphorylates the p38a and p3883
isoforms at the same residues [213]. In addition, MKK4, which activates JNK, also

stimulates p38 MAPK activity. p38 has been shown to be activated in macrophages and T
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cells by numerous extracellular mediators of inflammation, such as chemoattractants,

cytokines, chemokines, and LPS [209].

JNK MAPKs

JNK (c-Jun-N-terminal Kinase), also known as SAPK (Stress Activated Protein
Kinase), is involved in cellular stress, defense responses, and cell survival. It is activated
rapidly by a variety of environmental stresses including ultraviolet irradiation,
proinflammatory stimuli: TNF-a, IL-1B, LPS, double-stranded (ds) RNA, and protein
synthesis inhibitors. The major isoforms of INK are p46 JNK1, p54 JNK2 and p49 JNK3.
JNK1 and JNK2 are ubiquitously expressed, whereas the expression of JNK3 is restricted
to the brain, testis and heart [201;214;215]. Like all members of the MAP kinase family,
JNKs are components of an evolutionarily conserved, three-tiered kinase cascade. An
upstream MAP kinase kinase kinase (or JNK kinase kinase) phosphorylates and activates
the relevant MAP kinase kinases: MKK4 (or SEK1) and MKK7, which in turn
phosphorylate JNKs on Thr 183 and Tyr 185 within the tripeptide motif Thr-Pro-Tyr
located in kinase sub-domain VIII causing increased transcriptional activity [270]. The
MKK?7 protein kinase is primarily activated by cytokines, such as TNF and IL-1, whereas
MKK4 is mainly activated by environmental stress [217]. These two kinases are localized
both in the cytosol and in the nucleus and may possibly activate JNK in the both places.
Activated JNK phosphorylates a number of proteins including the transcription factors
NF«B and c-Jun which subsequently activates AP1 transcription factor complexes. Two

JNK isoforms, JNK1 and JNK2, are found constitutively expressed in macrophages in

response to LPS [218].
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3.3. Calcium Signaling Pathways

Ca** plays an essential role in a variety of intracellular signaling that is involved
in many cellular activities [219]. Ca’" acts by binding to calmodulin (CaM,) a small (148
amino acids), acidic protein capable of binding four calcium ions. The interaction of Ca**
/CaM activates many different enzymes including CaM kinases II (CaMKII), protein
phosphatases (calcineurin), nitric oxide synthase, inositol triphosphate kinase,
nicotinamide adenine dinucleotide kinase, and cyclic nucleotide phosphodiesterase [220].
CaMKII is a multimeric Ca?*/CaM-dependent protein kinase which contains 10-12
subunits. Once activated, CaMKII proceeds to phosphorylate itself and subsequently
activates many other protein kinases, such as MAPKs, PKC and PKA [221;222]. Studies
»have suggested that Ca’" signals, sometimes combining with other intracellular signals,
are intensely involved in both innate and adaptive immunity. For example, Ca*" induces
the expression of IFNy and IL-2 through the calcineurin/NFAT signaling pathway,
leading to the proliferation and activation of T cells [223]. Ca**is also an important factor
for transcription of genes encoding the inflammatory cytokine IFNy, IL-6, TNFa and IL-
2 [224] (Fig. 1.3-2).
3.4. PI3K Signaling Pathways

PI3K (phosphoinositide 3-kinase) is a key component in growth factor pathways
that regulate a multitude of cellular responses such as mitogenic responses,
differentiation, apoptosis, cytoskeletal organization and various other aspects of
monocyte function [225]. PI3 kinases can be grouped into four families (Ia, Ib, II, and III)
with at least eight different lipid kinases according to their substrate preference and

sequence homology, among which, class I is well characterized. Mammalian class-Ia PI3
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Fig. 1.3-2 Calcium signaling pathway:

Binding of ligand to respective receptor induces calcium influx either
through receptor mediated entry or through voltage dependent ion channel entry
from external source. There is also release of calcium from endoplasmic reticulum
through binding of IP3 to its receptor. As shown in the figure, influx of calcium
activates calmodulin followed by CAMKII and calcineurin which leads to
expression of various responsive genes. Adopted from [226].
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kinases is a hetereodimer composed of a regulatory subunit p85 (p85, p55 or other splice
variants) and a catalytic subunit p110 (a, B or y isoforms) [226]. The best characterized
are the p85 and p110a/B. Both are activated by small G-protein Ras-GTP or growth factor
receptors through their phosphotyrosine TyrxxMet motifs by a SH2 domain. Activated
class-I5 PI3 kinase induces phosphorylation of phosphatidylinositol (Ptdins) on the third
carbon of the inositol ring to become Ptdins-(3)-P and Ptdins-(3,4,5)-P [227;228], which
are able to recruit Akt and PDK1 (PI3K-phosphoinositide-dependent kinase 1) to the
plasma membrane where Akt is phosphorylated and activated by PDK1. The activated
PI3 kinase/Akt signal further regulates a number of transcription factors [226] (Fig. 1.3-
2). Among them, NF«xB and AP-1 have been extensively studied [229].
3.5. Transcription Factors
NF-xB

NF«B is an inducible transcription factor of the Rel family and its activation is a
hallmark of most infections including viral infections [230]. By regulating the expression
of cytokines, growth factors, and effector enzymes in response to ligation of many
receptors involved in immunity including TcR, BeR, the TLR family and others, NFxB
plays a critical role in many cellular processes, particularly in the immune system [231].
The mammalian NF«xB family is composed of five members including NFxB1
(p50/p105), NFxB1 (p52/p100), p65 (RelA), RelB, c-Rel, which exist as homo- or
heterodimers[232]. NF«kB is normally found in the cytoplasm complexed with an
inhibitory protein, IxB, of which various isoforms exist including IkBa, IkBf, and IkBe
[233]. Upon infection, signaling events are initiated leading to activation of MAP kinase

kinase kinases (MAP3Ks), which promote the activation of a large kinase complex,
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leading to phosphorylation of IkB at two specific amino-terminal serine residues.
Phosphorylated IxB is subsequently targeted for degradation through the ubiquitin-
dependent 26S proteasome pathway. Degradation of IxB unmasks the nuclear
localization signal of NF«kB, which migrates to the nucleus and activates transcription.
Activation Protein 1 (AP-1)

AP-1 transcription factors play a central role in regulating the expression of key
genes controlling cell proliferation, apoptosis, and cellular differentiation. AP-1 is a term
that refers to a family of transcription factors, which form homo- or heterodimers.
Members of this family are the Jun (c-Jun, JunB, JunD), Fos (¢c-Fos, FosB, Fral, Fra2), or
ATF (ATF2, ATFa, ATF3/LRF1, B-ATF) proteins [234;235]. The Jun proteins can either
homo- or heterodimerize with members of the Fos or ATF while the Fos and ATF cannot
associate with each other. All AP-1 factors share a common structural domain called
bZIP (basic region leucine zipper) which enables these proteins to form dimers and bind
to a common highly related DNA sequence, the AP-1 binding site. Studies with mice
using knockout techniques showed that c-Jun is critical to embryonic development [236],
whereas c-Fos is a key regulator in bone development [237]. Mice lacking JunD were

also found to have retarded growth and defects in male reproductive function [238]

Rational

In HIV-1 infection and AIDS development, monocytes and macrophages play
dual roles. They represent a viral reservoir acting as a primary target and viral carriers,
and trigger innate and adaptive immunities as primary effectors. Monocytes are major
inducer of the Thl cytokine IL-12 with LPS stimulation. IL-12, which is represented by

its p40 subunit, plays a critical role in the development of Th1 cellular immune responses
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upon HIV infection. IL-12 production is severely decreased in HIV infected
monocytes/macrophages. This is believed to be responsible for impaired HIV specific
Th1 cellular immunity. However, the molecular mechanisms underlying the induction of
IL-12p40 by LPS and this inducible IL-12p40 inhibition in HIV infection are poorly
understood and remain to be investigated. Nef, one of the HIV regulatory proteins, is an
early gene product and AIDS factor and has been shown to be implicated in dysfunctional
Thl immune responses and dysregulated cytokine expression. The intracellular Nef has
been shown to inhibit Thl cytokines IFNy from T cells, and IL-18 from promonocytic
cell line THP-1 cells. Nef is also reported to increase Th2 cytokines

, IL-4 in T cells and IL-10 in monocytes, leading to further inhibition of Thl cytokine
production. Therefore, it is critical to determine how HIV-Nef causes downregulation of
IL-12 and broadly Thl cytokines and Th1 immune responses.

In this study, I investigated the molecular mechanism underlying the regulation of
LPS-induced IL-12p40 production in human monocytic cells. Whether intracellularly
expressed Nef causing downregulation of IL-12p40 production is subsequently examined.
Furthermore, 1 determined the signaling pathways involved in downregulation of LPS-
induced IL-12p40 production by HIV-Nef in human monoctytic cells by employing
retrovirus containing HIV-Nef gene. The retroviral vectors have been recently
recommended as a powerful gene delivery tool and have been used in gene therapy in
clinics. These viral vectors have been shown to maintain the transduction efficiency and

to induce high levels of gene expression.
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Hypothesis and Objectives

Hypothesis
LPS induces IL-12p40 production by activating intracellular signaling pathways such as
MAPK and calcium signaling pathways through the activation of transcription factors in
human monocytic cells. Further, impaired IL-12p40 production in HIV-1 infection is
modulated by the HIV-1 regulatory protein Nef through its inhibitory effect on
intracellular signaling pathways and the transcription factors involved in LPS-activated
human monocytic cells.
Objectives
The main goal of my research project is to determine if the HIV-1 regulatory protein Nef
suppresses LPS-induced IL-12p40 production in human monocytic cells and to
investigate the intracellular signaling pathways involved in the Nef-induced
downregulation of LPS-stimulated IL-12p40 production in human monocytic cells. The
specific objectives of this thesis project are as follows:
1. To ident—ify the intracellular signaling pathways involved in the regulation of LPS-
induced IL-12p40 in human monocytic cells.
2. To elucidate the critical transcription factors involved in LPS-mediated IL-12p40
gene transcription in human monocytic cells.
3. To determine if intracellular Nef protein is involved in impaired IL-12p40
production in LPS-stimulated human monocytic cells.
4. To identify the signaling pathways and transcription factors involved in Nef-

mediated IL-12p40 downregulation in LPS-stimulated human monocytic cells.
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Chapter 11
Materials and Methods
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2.1. Cell lines and Cell Culture

THP-1, a promonocytic cell line derived from a human acute lymphocytic
leukemia patient was obtained from the American Type Culture Collection (Manassas,
VA). Five to 15% of THP-1 cells express CD14, and following LPS stimulation, the
levels of CD14 expression is increased to ~50% (42). THP-1 cells transfected with a
plasmid containing CD14 ¢cDNA sequences (THP-1/CD14) were kindly provided by Dr.
R. Ulevitch (The Scripps Research Institute, La Jolla, CA). THP-1/CD14 cells transfected
with either pcDNA-3 plasmid expressing a dominant negative mutant of SEK1 (dsSEK1)
or control pcDNA-3 plasmid were friendly provided by Dr. J. Woodget (Princess
Margaret Hospital, Toronto, ON, Canada). THP-1 cells transduced with HR-p110a3 or HR-
pl10al were the gifts from Dr. Neil E. Reiner (University of British Columbia,
Vancouver, BC, Canada). Retroviral packaging cell line, PT67 derived from HIN 3T3
cell line and package virus with a polytropic envelop was purchased from BD
Biosciences Clontech (Mississauga, ON Canada). The cell lines used in this study are
shown in Table 2.1. Cells were cultured in IMDM (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% FBS (Invitrogen Life Technologies, Grand Island, NY), 100

U/ml penicillin, 100 pg/ml gentamicin, 10 mM HEPES, and 2 mM glutamine.

2.2. Reagents

LPS derived from Escherichia coli 0111:B4 was obtained from Sigma-Aldrich
Canada Ltd., Oakville, ON. The following MAPKSs signaling inhibitors were employed
(thire source and dose are showed in Table 2.2): JNK inhibitor SP600125, a reversible
ATP-competitive inhibitor with >300-fold selectivity versus related MAPKSs including

ERK1 and p38-2 as well as PKA and IKK-2 was purchased from Biomol, Plymouth, PA.
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Dexamethasone [(Dxm; (9-fluoro-16 -methylprednisolone)] was also used as a JNK
inhibitor. MAP/ERK kinase-1 inhibitor, PD98059, an inhibitor of MAP/ERK kinase-1,
which selectively blocks the activity of ERK MAPK and has no effect on the activity of
other serine threonine protein kinases including Rafl, p38 and JNK MAPK, was also
purchased. The pyridinyl imidazole SB202190, a potent inhibitor of p38 MAPK used in
this study, has no significant effect on the activity of ERK or INK MAPK subgroups. The
following calcium signaling inhibitors were also used: a calcium chelating agent EGTA
was obtained from Sigma, SKF-96365 hydrochloride, a novel inhibitor of receptor-
mediated calcium entry; 2-APB inhibits inositol (1,4,5) triphosphate (IP3) induced Ca2+
release from the ER; W7 hydrochloride, a calmodulin antagonist and KN-93, a specific
cell permeable inhibitor of CaMKII; FK-506 interacts with FK506-binding protein
(FKBP), forming a FK506-FKBP complex, which binds to and blocks calcineurin; and
cyclosporin A binds to cyclophilin and inhibits the Ca2+ dependent phosphatases were
all obtained from Calbiochem. The PI3K inhibitors Ly294002, a potent inhibitor that acts
on the ATP binding site; and Wortmannin, a fungal metabolite that blocks the catalytic
activity of PI3K without affecting the upstream signaling events were purchased from
Calbiochem as well. Recombinant HIV-1 and SIV Nef proteins and anti-HIV-1 Nef
antibodies were obtained from NIH AIDS Research and Reference Reagent Program. All

antibodies and their source used in this study are shown in Table 2.3.
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Table 2.1: Cell lines and their source used in this study

Name of the cell line

Source

THP-1 cell

CD14/THP-1 cell
HR-p110a3/THP-1 cell
HR-p110al/THP-1 cell
dsSEK1-CD14/THP-1 cell

PT67 derived from HIN 3T3 cell

American Type Culture Collection (Manassas, VA)
Dr. R. Ulevitch (The Scripps Research Institute, La
Dr. Neil E. Reiner (University of British Columbia,
Dr. Neil E. Reiner (University of British Columbia,

Jolla, CA)
Vancouver, BC, Canada)
Vancouver, BC, Canada)

Dr. J. Woodget (Princess Margaret Hospital, Toronto, ON, Canada)
BD Biosciences Clontech (Mississauga, ON Canada)

Table 2.2: Inhibitors and their source used in this study:

Inhibitors Companies Used Concentration | Cellular Targets
Dexamethasone (Dxm) | Sabex, Boucherville, Que | 2-100 nM JINK MAPK
SP600125 Calbiochem 5-50 uM JNK MAPK
SB202190 Calbiochem, San Diego, CA | 5-50 uM P38 MAPK
SB203580 Calbiochem 5-50 uM P38 MAPK

PD98059 Calbiochem 5-50 uM ERK MAPK

FK 506 AG Scientific, San Diego, CA | 0,5-5 uM Calcineurin
Cyclosporine A (CyA) | Sigma-Aldrich Oakvill ON Canada | 0.5-5 uM Calcineurin

EGTA Calbiochem 2-10mM Calcium chelator
SKF96365 HCI Calbiochem 20-100 uM Receptor mediated Ca™ entry
2-APB Calbiochem 10-50 uM IP3 induced Ca”" release
W7-HCI Calbiochem 10-50 pM Calmodulin

KN-93 Calbiochem 5-50 uM CAMKII

Ly 294002 Calbiochem 5-50 pM PI3K

Wortmannin Calbiochem 5-50 uM PI3K
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Table 2.3: Antibodies and their source

Antibodies

Source

a-phospho-JNK MAPK

Cell Signaling

a-total-INKMAPK

Santa Cruz Biotechnology

a~-phospho-p38 MAPK

Cell Signaling, Danvers, MA

a-total-p38 MAPK

Santa Cruz Biotechnology, CA

a-phospho-ERK MAPK

Santa Cruz Biotechnology

a-total-ERK MAPK

Santa Cruz Biotechnology

a-phospho-CaMKII

Santa Cruz Biotechnology

a-total-CaMKII

Santa Cruz Biotechnology

o-phospho-Akt

Cell Signaling

a-total-Akt Cell Signaling
a-rabbit-HRPO Amersham Bioscience, Montreal, Canada
a-mouse-HRPO Sigma-Aldrich Canada Ltd., Oakville, ON

c-fos (EMSA) (Rabbita)

Upstate Biotechnology, lake placid, NY

c-jun (EMSA) (Rabbit)

Santa Cruz Biotechnology

a-p50 (EMSA) (Mouse)

Santa Cruz Biotechnology

a-p65 (EMSA) (Mousec)

Santa Cruz Biotechnology
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2.3. Isolation of Monocytes

Monocytes were purified from PBMC by a negative selection system. Briefly,
PBMCs from healthy donors were isolated by density gradient centrifugation over Ficoll-
Hypaque (Amersham Biosciences, Piscataway, NJ). Cells were incubated with magnetic
polystyrene Dynabeads (Dynal Biotech, Oslo, Norway) coated with Abs specific for CD2
(T cells) and CD19 (B cells) for 30 min on ice for depletion of T cells and B cells. Cells
were further incubated for 2 hr at 37° C to eliminate nonadherent cells. The monocytes
obtained contained <1% CD2+ T cells and CD19+ B cells as determined by flow-
cytometric analysis. Cells were further cultured in IMDM in the presence or absence of

specific stimuli.

2.4. Production of recombinant Nef- retroviruses in PT67 cells

Recombinant retroviral vector pPSRaMSVtkneo containing Nef gene (pSRa-Nef)
derived from HIV-1 SF2 strain (Gene Bank accession number K02007, nucleotide
position 8504-9573) was a gift from Dr. T. Smithgall (University of Pittsburgh, PA). The
control retrovirus was then prepared by using Klenow Fragment (NEB Biolabs). To
produce high-titer pSRa-Nef stocks, PT67 cells were employed. These cells are designed
not only for stably producing high-titer retrovirus, but also for efficiently infecting target
cells by virus since virus produced by these cells can enter target cells via two surface
molecules, the amphichroic retrovirus receptor RAM1 (Pit2) and the GALV (Pitl)
receptors. Briefly, 1.5 x 10° cells were plated in 6 well dishes (Falcon) one day prior to
transfection and transduced with 4ug of the Nef-retrovirus plus 12pg Fugen 6 (Roche,
German) in 2ml of IMDM-FCS (10%)-polybrene (4mg/ml). After 24 hr, the culture

medium was replaced with fresh IMDM-10% FCS and cells were selected by 300ug/ml
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of G418. Seven days post-transfection, genomic DNA was purified for determining
integration of the Nef gene by PCR (Primers - in Table 2.4.) and total proteins were
extracted for measuring the expression of the Nef protein by western blotting with anti-
Nef monoclonal antibody, EH-1 (NIH AIDS Research and Reference Reagent Program,
Rockville, MD). To collect pSRa-Nef containing supernatants, 2 x 10° of pSRo-Nef
producing PT67 cells were grown in 30 ml of IMDM plus 4ug/ml polybrene and 300
pug/ml of G418 for 48 hrs. The supernatants were collected, filtered to remove
contaminating cells and stored at -80°C. The viral load used for infection was optimized
for viral titer by employing NIH 3T3 cells according to the manufacturer’s protocol (BD

Bioscience Clontech).

2.5. Generation of pcDNA-Nef stably expressing THP-1 cells

The full-length HIV-1-Nef gene obtained from pclonsnefSN (NIH AIDS Research
and Reference Reagent Program) was subcloned into pcDNA3.1zeo+ expression vector
(Invitrogen) at EcoRI restriction site. THP-1 cells were transfected with pcDNA3.1zeo+
containing Nef gene (pcDNA-Nef) by LipofectAMINE Reagent (Life Technologies, Inc.)
according to the manufacturer’s instructions. Briefly, cells (2 x 10°%) were plated in 6-well
plates before transfection. 2ug of the pcDNA-Nef and 8 ul of LipofectAMINE reagent
were incubated with 200 pl of Opti-MEM I Reduced Serum Medium (Life Technologies)
for 30 min at room temperature to allow formation of DNA-liposome complexes. The
resulting complexes were added to the cell culture. Forty eight hours post-transfection,
the medium was replaced with fresh IMDM-10% FCS and cells were selected by
200pg/ml of zeocine. Seven days after transfection, cells were lysed and used for

measuring Nef mRNA by PCR (primers showed in Table 2.4.) and the expression of Nef
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protein by immunoblotting using a polyclonal anti-Nef antibody obtained from NIH

AIDS Research and Reference Reagent Program.

2.6. Cell stimulation, infection and ELISA analysis

Purified monocytes (106) and THP-1 cells (0.5 x 10°%) were incubated in 24-well
culture plates (Falcon; BD Biosciences, Franklin Lakes, NJ). Cells were left untreated or
stimulated with LPS (1 pg/ml) for 48 h in the presence or the absence of various
inhibitors. Cell supernatants were frozen at -70°C and thawed at the time of analysis for
IL-12p40 production by ELISA. To ensure Nef biological activity in THP-1 cells infected
with pSRa-Nef, I confirmed the expression of Nef mRNA and Nef protein by PCR and
immunoblotting. Infection of monocytes and THP-1 cells with pSRa-Nef was performed
at an MOI of 1 at 37°C. Cells were cultured in 3 ml of pSRa-Nef containing supernatant
collected from packaging cells in the presence of 4 mg/ml polybrene for 24 hr and
infected a second time under the identical condition for an additional 24 hr followed by
stimulation with LPS for various times. Cells were harvested for protein and RNA

extraction. The supernatants of 24 hr LPS stimulation were collected for measuring IL-

12p40 production by ELISA with anti-IL-12p40 mAb (Systems of R & D).
2.7. Transfection of p85 PI3K siRNA

Cells (10%) were transfected with siRNA SMARTpool PI3K p85c and non-

specific control pool (siRNA control) using DharmaFECT™ 2 transfection reagent as per
the manufacturer’s instructions (Dharmacon). Following transfection, cells were

stimulated with LPS (1 pg/ml) for 8 h for real-time PCR and for 24 h for Western

46



blotting for p85 PI3K. The supernatants were collected after 24 h of stimulation for IL-

12p40 ELISA.

2.8. RNA isolation and RT-PCR for IL-12p40 expression

Total RNA (1 pg) from LPS stimulated and/or virus infected monocytes and
THP-1 cells were extracted using the RNeasy Plus Mini Kit ® (Qiagen) and reverse
transcribed with Moloney murine leukemia virus reverse transcriptase (PerkinElmer,
Foster City, CA). Equal aliquots (5 ul) of ¢cDNA equivalent to 100 ng of RNA were
subsequently amplified by PCR for IL-12p40 and B-actin. PCR was performed for 25
cycles at 95°C for 30 s, 58°C for 30s, and 72°C for 2 min, followed by 72°C for 10 min.
The primers used for RT-PCR in this study for expression IL-12p40 were shown in Table
2.4.

2.9. Calcium influx Assay

THP-1 cells were infected with Nef-virus for 24 hr followed by second time
infection for addition 24 hr. Cells were then stimulated with LPS for 0 to 120 minutes.
The cells were washed twice with Ca®" free PBS for 5 min at RT and resuspended in
Buffer A (RPMI1640 containing 20 mM HEPES, pH 7.4 and 1mM Fluo-3/AM
(Molecular Prodes, Inc. Eugene, OR) in ImM Me2SO and 3.75% pluronic F-127 solution
(Sigma) followed by incubation in dark for 45 min in a 37°C shaking water bath. The
reaction was stopped by adding an equal volume of Buffer B (Buffer A containing 5%
fetal bovine serum, pH 7.4), followed by incubation for 15 min in a 37° C water bath. The
cells were washed and resuspended in Buffer B at a final concentration of 0.5 x 10°
cellssml. The cells were washed again, aliquoted, and analyzed for Ca?* levels by

FACScan flow cytometer (BD Biosciences) equipped with CellQuest software, version
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3.2.1 fl. Cell samples were maintained at 37° C during data acquisition. Intracellular Ca**
levels at base line and followed stimulation with LPS (1 pg/ml) were measured. Ca®'
ionophore A23187 (20 mM) and 5 mM EGTA (Sigma) were used as positive and

negative controls, respectively.

2.10. Western blotting analysis for kinases phosphorylation

Phosphorylation of MAPKs, CaMKII and Akt were determined by western
blotting analysis using the corresponding MAPKs, CaMKII and Akt-specific Abs.
Briefly, monocytes and THP-1 cells (2 x106) were infected with Retro-Nef or control
virus followed by LPS (1 pg/ml) stimulation for various times. Cells were harvested for
protein extraction. The equal amounts of the proteins were subjected to 8% SDS-PAGE
followed by transfer onto polyvinylidene difluoride membranes (Pall Gelman Laboratory,
Ann Arbor, MI). The membranes were probed with the anti-human phospho-MAPKs
followed by secondary polyclonal Abs conjugated to HRP (Bio-Rad). To determine
CaMKII and Akt phosphorylation, immunoblotting analysis was performed by using
specific anti-CaMKII and Akt Abs. For detection of even loading, the membranes were
stripped and reprobed with antibodies specific for the total protein content of each kinase.
The antibodies and their source used in this study are shown in Table 2.3. All
immunoblots were visualized by ECL (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
The subsequent densitometry analysis was preformed by CHEMIGENIUS2 XE Bio

Imaging System (PerkinElmer LAS Canada, Inc, Woodbrige ON, Canada)

2.11. Plasmid Constructs of IL-12p40 promoter-luciferas reporter
Luciferase reporter gene vectors containing IL-12p40 promoter fragments were

constructed as described earlier [100]. A series of hIL-12p40 promoter fragments (see
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Fig. 5A; fragment -880 to -108; GenBank accession no. U89323) were amplified from
genomic DNA by PCR. The primers with restriction sites used to amplify the hIL-12p40
promoter fragments from genomic DNA are shown in Fig. 3.1.4. The amplification
consisted of denaturation at 95°C for 2 min followed by 30 cycles of the following:
denaturation at 95°C for 30 s, annealing at 59°C for 2 min, and extension at 72°C for 2
min, and final elongation at 72°C for 10 min. The amplified promoter products were
subcloned into the Nhel/Ncol polylinker site of the basic luciferase reporter plasmid,
pGL3B, and sequences were confirmed again. To introduce mutations in various
transcription factor binding sites within hIL-12p40 promoter, site-directed mutagenesis
was performed by PCR using mutagenic primers. The substitutive (site-directed)
mutations (-232 to -108), including AP-1 binding sequence (wild type (wt), TTATTCC,

mutant (m), ttttcce), Ets-2 binding sequence (wt, TTTCCT; m, ggacct), PU.1 binding
sequence (wt, AAGGAA; m, ttcgaa), and NFxB binding sequence (wt, TTGAAATTCCC
C; m, tgggttttgcee), were generated (Table 2.4. and Fig. 3.1.6). The lowercase letters
indicate mutated oligonucleotides. The fragments containing these mutations then were
inserted into the pGL3B reporter vector. The DNA sequencing was performed by the

Biotechnology Research Institute, University of Ottawa.

2.12. Transient transfection of THP-1 cells and luciferase reporter assay

DNA transfection was performed by Fugene 6 reagent as explained early (Roche,
German). Briefly, 1pug of the test plasmid and 0.5ug of the pSV-p-galactosidase
(transfection efficiency control) (Promega, Madison, WI) were incubated for 5 min at RT
in 50 ul of IMDM with 10% FCS. The mixer was then incubated for 30 min at RT with

3ul of Fugene 6 reagent, which is in 50 pl of IMDM containing 10% FCS, to allow
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formation of DNA-liposome complexes. These complexes were added to the cell
suspension in each well. After 24hr of transfection, cells were stimulated with LPS for a
further 24hr. Cells were harvested and then assayed for luciferase and P-galactosidase
activity by using luciferase assay and P-galactosidase assay kits (Promega). Luciferase
activities were normalized by measuring [-galactosidase value. To determine the
involvement of calcium signaling in the activation of IL-12p40 promoter, THP-1 cells
were transiently transfected with the test plasmid/control vector with pSV-Bgalactosidase
for 48 hr and treated with the indicated concentration of inhibitors for 2 hr followed by
stimulation with LPS (1pg/ml) for 24 hr. Luciferase activity and normalization were

performed as above.

2.13. Electrophoretic mobility shift for NFkB and AP-1 activation

Gel mobility assays were performed as per the standard technique and as
described earlier [100]. Cells (107) were harvested in Tris-EDTA-saline buffer (pH 7.8)
and centrifuged at 200 pg for 5 min at 4°C. The cells were lysed for 10 min at 4°C with
buffer A (10 mM HEPES, 10 mM KCl, 1.5 mM MgCI2, 0.5 mM DTT, and 0.5 mM
PMSF (pH 7.9)) containing 0.1% Nonidet P-40. The lysates were centrifuged at 20,000
xg for 10 min at 4°C. The pellet containing the nuclei was suspended in buffer B (20 mM
HEPES, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, and 25% glycerol) at 4°C for
15 min. Both buffers A and B contained the proteolytic inhibitors including DTT, PMSF,
and spermidine at concentrations of 0.5 mM each, as well as 0.15 mM spermine, and 5
ng/ml each of aprotinin, leupeptin, and pepstatin. The supernatant containing the nuclear
proteins was collected and frozen at -80°C. Nuclear proteins (5 pg) were mixed for 20

min at room temperature with either 32p_labeled AP-1 or NFxB oligonucleotide probes,
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and the complexes were subjected to nondenaturing 5% PAGE for 90 min. The
oligonucleotide probes contained sequences corresponding to the AP-1 or NFxB in the
[L-12p40 promoter and have the following sequences (plus strand): NFkB, 5’-AGG AAC
TTC TTG AAA TTC CCC CAG AAG GTT TT-3" and AP-1, 5°-TCC TTC CTT ATT
CCC CAC CCA-3’. The mutant oligonucleotide sequences used as cold competitors
corresponding to the NFkB and AP-1 binding sites were as follows (plus strand): mNF«kB,
5’-AGG AAC TTC TTe eccA TTC CCC CAG AAG GTT TT-3; AP-1, 5>-TCC TTC
CTg AcT tgC CAC CCA-3’. The sequences of the probes used in this study are shown in
Table 2.4. To illustrate specificity of nuclear factor binding for NFxB and AP-1 probes,
ISarallel EMSA reactions were incubated with 50- to 200-fold excess of cold unlabelled
probe.  Subsequently, supershift analyses were also performed to identify the
transcription factors NFkB and AP-1 by using specific mouse anti-NFxB p50 and p65
mAbs and rabbit anti-c-fos and anti-c-jun polyclonal Abs, respectively (Table 2.3.).
Briefly, nuclear extracts were incubated with the NF«B oligonucleotides in the presence
of anti-NF«kB p50 or p65 Abs and anti-c-fos or -c-jun Abs, or control Abs at a final
concentration of 20 pg/ml. The antibodies used in this study are shown in Table 2.3. The
bound and unbound **P-labeled oligonucleotides were resolved by gel electrophoresis as

described above. The gel was dried and exposed to x-ray film (Kodak, Rochester, NY).

2.14. Antisense oligonucleotides
c-jun and c-fos antisense oligonucleotides were purchased from Synthegen
(Houston, TX). The oligonucleotide sequences are as follows: c-jun, 5’-TGC AGT
CAT AGA AC-3’; c-fos, 5’-GAA GCC CGA GAA CAT CAT-3’; and control, 5’-

ATG AGT GGC TTG-3’. The cells were incubated with the c-jun and c-fos antisense

51



Table 2.4: Sequence of primers used in PCR and oligonucliotides used in EM

Primer name

Primer sequence

Region

Aplified (bp) Lenglth (bp)

Product

Antisense Primer:

5-ATTCCATGGCTGCAGGCCCACAGGGAG-3'

For PCR

pSR} -Nef, sense 5-ATGGGTGGCAGTGGTCAAAACGTA-3' 237
pSRJ -Nef, antisense 5-GGAAAACCCACCTCTTCCTC-3"
pcDNA-Nef, sense 5AGGCTAGCCTTCTTGAAATTCCCCCAGAAGG-3' 639
pcDNA-Nef, anti sense 5'-ACCATGGGTGGCAAGTGGTCAAAACG-3'

For RT-PCR

IL-12p40, sense 5' GGACCAGAGCAGTGAGGTCTT-3' 373
IL-12p40, antisense 5-CTCCTTGTTGTCCCCTCTGA-3' .
) -actin, sense 5-TGACGGGGTCACCCACACTGTGCCCATCTA-3' 663
)-actin, antisense 5'-CTAGAAGCATTTGCGGTGGACGATGGA-3'

For IL-12p40 promoter

Sense Primers:

1L-12p40-C/EBP 5-AGGCTAGCCAATGTTGCAACAAGTCAG-3' -84 /+108 192
1L-1 2p40-thF) B 5-AGGCTAGCCTTCTTGAAATTCCCCCAGAAGG-3' -120/+108 228
IL-12p40-mNFkB 5“AGGCTAGCCTTCIgggIttg ccc CAGAAGG-3 -120/+108 228
IL-12p40-wtPU.1 NF/B S-CCTTCGAACTTICTTGGTTTTGCCCCAG-3 -131/+108 339
IL-12p40-mPU. 1/wtNF.)B 5S-CGTTCGAATTTTGTTTGTCTCTCTCTG-3' -131/+108 339
IL-12p40-wtAP-1 5-TGGCTAGCTTATTCCCCACCCAAAAG-3' -232/+108 340
IL-12p40-wtAP-1/mEst2,PU.1NF/B  5-AGGCTAGCTTATTCCCCACCCAAAAGTCAGGACCTCTT-3' -232/+108 340
IL-12p40-mAP-1,Est2, PU.1,NFKB 5-ACGCGTGCTAGCHHIICCC CCACCCAAAAG-3' -232/+108 340
IL-12p40-Sp-1 5-AAGCTAGCTGACCGCCCCTTGGCCTTC-3' -358/+108 466
IL-12p40-NF/IL-6 5-TGGCTAGCTGTTTCTGAAATTAAAGGAC-3' -621/+108 724
IL-12p40-IRF 5-AGGCTAGCGGGTATTICACTTTCTGCTCC-3' -733/+108 841
IL-12p40-"full length" 5. TGGCTAGCCCACGAGATATC-3' -880/+108 988

For EMSA

NE/ B, sense

NFE/ B, sense

NF/ B, antisense
mNE/ B, sense
mNF/ B, antisense
AP-1, sense
AP-1, antisense
mAP-1, sense
mAP-1, antisense

5’-AGG AAC TTC TTG AAA TTC CCC CAG AAG GTT TT-3°
5’-AGG AAC TTC TTG AAA TTC CCC CAG AAG GTT TT-3°
3'.TCC TTG AAG AAC TTT AAG GGG GTC TTC CAA AA-5'
5*-AGG AAC TTC TTc¢ ¢¢A TTC CCC CAG AAG GTT TT-3°
3'-TCC TTG AAG AAgE ggT AAG GGG GTC TTC CAA AA-5’
5*-TCC TTC CTT ATT CCC CAC CCA-3’,

5’-AGG AAG GAA TAA GGG GTG GGT-3’

5>.TCC TTC CTg AcT tgC CAC CCA-3".

3'-AGG AAG GAc TgA acG GTG GGT-5’
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oligonucleotides at different concentrations (1-10 uM) for 4 h followed by stimulation
with LPS (0.1-0.5 ug/ml). The culture supernatants were harvested 48 h after stimulation

for measurement of IL-10 and IL-12p40 production by ELISA.

2.15. Statistical analysis
Means were compared by two-tailed Student’s paired ¢ test. The results are

expressed as mean + SEM.
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Chapter 111

Signaling Pathways Involved in LPS-induced IL-12p40 in

Human Monocytic Cells
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3.1. Introduction

IL-12 plays a critical role in host defense, hence understanding the signaling
mechanisms involved in the regulation of IL-12 expression, especially which of the
inducible IL-12p40 component, may lead to the development of strategies for the
treatment of autoimmune diseases, cancers and viral infections. LPS is the best-
characterized monocytic mitogen and has been indicated as a potent inducer of I1L-12p40
[239]. However, there is little information known on the role of intracellular signaling
molecules that regulate IL-12p40 synthesis in human monocytic cells following LPS
stimulation. To investigate this, I focused on the role of the MAPKs and calcium
signaling pathways in LPS-induced IL-12 production, because these signaling pathways
play a key role in lymphocytic proliferation, differentiation, and apoptosis [240;241]. IL-
12 expression is known to be regulated at the level of transcription and multiple
transcription factors and their complexes have been suggested to regulate IL-12p40
transcription in monocytic cells [121;124]. NFxB has been shown to play a key role in
regulating IL-12p40 transcription in IFNy-stimulated murine and LPS-stimulated human
monocytic cells [119]. The C/EBP transcription factor, in co-operation with the Rel/
NF«xB complex, was also found to regulate the murine and human IL-12p40 gene [121].
Recently, several studies have also reported the key role for IRFs, NFxB, Ets-2, AP-1 and
PU.1 transcription factors in the regulation of murine and human IL-12p40 expression
[120;121;242].

There are several immunosuppressive drugs including dexamethasone (Dxm),
cyclosporine A (CyA), FK506 whose abilities are believed to inhibit cell-mediated Thl

immune responses. Dxm is a potent anti-inflammatory glucocorticoid and has been
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widely used in the treatment of inflammations, allergic diseases, and a number of
autoimmune disorders [243]. CyA and FK506 are also immunosuppressive drugs broadly
used in anti-rejection and treatment of‘autoimmune diseases [244].

The immunosuppressive properties of glucocorticoids have been ascribed for their
ability to suppress the synthesis of a number of cytokines including that of IL-12p40
[245]. The molecular mechanisms by which Dxm inhibits IL-12p40 production remain
unknown. Glucocorticoids have been shown to mediate their biological effects on
cytokine production primarily by down-regulating JNK MAPK activation [246;247],
whereas Dxm has also been shown to exert its biological effects by down-regulating the
NF«xB and AP-1 transcription factors [248;249]. Therefore, I investigated the intracellular
signaling pathways and transcription factors involved in LPS-mediated IL-12p40
production in human monocytic cells and the possible mechanisms for Dxm to suppress
Thl immune responses. I first investigated the role of signaling molecules involved in
MAPK pathways in LPS-stimulated normal human monocytic cells and in promonocytic
THP-1 cells following treatment with special inhibitors of MAPKSs. The results revealed
that p38 and ERK MAPKSs did not regulate IL-12p40 production, whereas Dxm treatment
significantly inhibited LPS-induced IL-12p40 production by monocytes and THP-1 cells,
suggesting a role for JINK MAPK in IL-12p40 regulation. This was confirmed by using
JNK specific inhibitor, SP600125 [250] and a dominant-negative (dn) mutant of the
SEK1 which is the upstream kinase of JNK. To understand the regulation of IL-12p40
transcription, I generated a series of IL-12p40 promoter deletion mutants linked to the
luciferase reporter gene and examined the ability of these promoter fragments to drive the

expression of the luciferase gene in LPS-stimulated THP-1 cells. The results of these
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analyses suggest a previously unrecognized role of AP-1 in addition to that of NFkB in
the regulation of the hIL-12p40 gene. The involvement of AP-1 in IL-12p40 transcription
was further confirmed by interfering with the IL-12p40 production in cells using
antisense c-fos and c-jun oligonucleotides. This data suggested the involvement of JNK
in IL-12p40 production through the activation of AP-1 and NF«B transcription factors in
LPS-stimulated human monocytic cells.

CyA and FK506 have been broadly used in a variety of disease conditions such as
clinical post-organ transplantations and autoimmune diseases with a view to suppress T
cell activation and cell-mediated Thl immune responses [244;251]. Both CyA and
FK506 are potent inhibitors of Ca** dependent T cell activation. CyA is a cyclic
polypeptide produced as a fungal metabolite and consists of 11 amino acids whereas
FK506 is a macrolide lactone [252]. CyA and FK506 bind to cyclophilin A and 12 kD
FK506-binding protein, FKBP12, respectively. CyA-cyclophilin A and FK506-FKBP12
complexes further bind to the same target calcineurin [90;91], thereby inhibiting
TcR/NFAT-signaling mediated T cell activation. CyA and FK506 not only affect T cells,
but also modulate the biological functions of antigen presenting cells such as B cells,
macrophages and dendritic cells. Recently, FK506 and CyA have been shown to inhibit
Th1 responses by interfering with cytokine production including IL-12 by dendritic cells
[253]. Thus, I investigated calcium signals and transcription factors involved in the
regulation of LPS-induced IL-12p40 production in human monocytes, which may
associate with CyA and FK506-mediated suppression of Thl cellular immunity. In
pretreated monocytes and THP-1 cells with CyA and FKS506 followed by LPS

stimulation, IL-12p40 production is significantely reduced. Of note, recent investigations
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have indicated the negative regulatory role of calcium and PI3K pathways in LPS-
induced IL-12p40 production in murine macrophages and dendritic cells [254;255].
However, in this study, I demonstrated that, in contrast to the regulation of murine IL-
12p40 production, LPS-induced IL-12p40 production in human monocytic cells is
positively regulated by the calcium-dependent PI3K pathways. Furthermore, CyA and
FK506 inhibited IL-12p40 production by inhibiting the NFxB and AP-1 transcription
factors through interfering with calmodulin and calmodulin-dependent kinase-II
(CaMKII) activated PI3K pathways.

Taking together, my results demonstrated for the first time that LPS-induced IL-
12p40 production is regulated by two distinct and independent signaling pathways, JNK
and CaM/CaMKII activated PI3K pathways in human monocytic cells [100;256].

3.2. Results

3.2.1. JNK, NFkB and AP-1 in Dxm-mediated IL-12p40 production in LPS-

stimulated human monocytes
3.2.1-1 LPS-induced IL-12p40 production by normal human monocytes does not
involve the activation of either p38 or p42/44 ERK MAPKSs

I first confirmed and show that purified normal human monocytes secrete IL-
12p40 in response to LPS stimulation (Fig. 3.2.1-1.B). To investigate the role of MAPKs
in LPS-induced IL-12p40 production, I examined the activation of ERK and p38 MAPKs
in normal human monocytes. Purified monocytes isolated from healthy individuals were
stimulated with LPS for 15 min and subjected to Western immunoblotting for p38 and
ERK activation by using anti-phospho-p38 and anti-phospho-p42/44 ERK specific
antibodies, respectively. The same blots were stripped and reprobed with anti-p38 and

anti-42/44 Abs to ensure equal protein loading. The results showed that LPS stimulation
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Fig. 3.2.1-1 p38 and p42/44 MAPK inhibitors do not affect LPS-induced IL-
12p40 production in human monocytes:

A, Purified normal human monocytes (1 x 10%ml) were pretreated with either
SB202190 or PD98059 at varying concentrations ranging from 0 to 50 uM for 2 h
before LPS (1 pg/ml) stimulation for 10 min. Total proteins (50 pg) were
subjected to SDS-PAGE followed by Western blot analysis using either
antiphospho-p38 (pp38) or anti-phospho-p42/44 (indicated by arrows as pp42/44)
Abs. To control for equal loading of proteins, the membranes were stripped and
reprobed with either anti-p38 or anti-p42/44 Abs, respectively (indicated by
arrows as p38 and p42/44).

B, Cells were treated with varying concentrations of inhibitors ranging from 0 to
50 uM for 2 h before stimulation with LPS (1 pg/ml). The supernatants were
harvested after 48 h and analyzed by ELISA for IL-12p40 production. The results
shown are representative of five independent experiments performed
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induced the phosphorylation of both p38 and p42/44 ERKs (Fig. 3.2.1-1.A). To define the
role of MAPKs involved in the regulation of LPS-induced IL-12p40 production,
moﬁocytes were treated with specific inhibitors of p38 (SB202190) and p42/44 ERKs
(PD98059) at varying concentrations ranging from 0 to 50 uM for 2 h followed by
stimulation with LPS for 10 min. The results confirmed our earlier observations that both
SB202190 and PD98059, at concentrations of 10 uM, inhibited the phosphorylation of
p38 and ERKs, respectively (Fig. 3.2.1-1.A).

To determine the role of p38 and p42/44 MAPKs, I analyzed IL-12p40 production
in LPS-stimulated monocytes treated with the specific inhibitors of p38 and p42/44
ERKs. For this, purified monocytes were treated with SB202190 and PD98059 for 2 h
before stimulation with LPS for 48 h. IL-12p40 production was not inhibited by either
SB202190 or PD‘98059 at any concentration (Fig. 3.2.1-1.B). These results suggested that
LPS-induced IL-12p40 production in normal monocytes does not involve the activation of
either p38 or p42/44 ERKs. In fact, SB202190 enhanced IL-12p40 production (Fig. 3.2.1-
1.B). I have previously shown that treatment of monocytes with SB202190 inhibits LPS-
induced IL-10 production [100]. The modest but reproducible increase in IL-12p40
production following treatment of monocytes with SB202190 may be attributed to the

decreased endogenous production of IL-10.

3.2.1-2 Dxm inhibits IL-12p40 production in LPS-stimulated monocytes and THP-
1/CD14 cells

The lack of involvement of p38 and p42/44 ERKs in LPS-induced IL-12p40
production prompted me to examine the role of JNK, the third major member of the

MAPK family. To determine whether the JNK signaling pathway was involved in IL-
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12p40 production, I took advantage of the fact that glucocorticoids inhibit the activation
of JNK [100;247;252]. I examined whether LPS could induce JNK phosphorylation in
normal human monocytes, and whether Dxm could inhibit this phosphorylation.
Monocytes were treated with Dxm at varying concentrations for 2 h before stimulation
with LPS. The results supported my earlier observations and showed that LPS-induced
JNK phosphorylation in normal monocytes was inhibited by Dxm in a dose-dependent
manner (Fig. 3.2.1-2A). LPS-induced IL-12p40 production was inhibited by Dxm at very
low concentrations of 15 nM (Fig. 3.2.1-2A). To understand the molecular mechanism,
and specifically the role of JNK in LPS-induced IL-12p40 production in human
monocytic cells, I used the promoocytic THP-1/CD14 cell line which constitutively
expressed the LPS receptor, CD14, on their surface membrane [100] (data not shown).
Stimulation of THP-1/CD14 cells with LPS induced high levels of IL-12p40 production
as determined by ELISA and RT-PCR (Fig.3.2.1-2B and C). To assess the involvement
of JNK, I examined whether LPS could induce JNK phosphorylation in THP-1/CD14
cells in a manner similar to normal monocytes, and whether Dxm could inhibit its
phosphorylation. LPS induced phosphorylation of JNK, and this activation was inhibited
in a dose-dependent manner by Dxm (Fig.3.2.1-2C). LPS-induced IL-12p40 production
in THP-1/CD14 cells was also highly sensitive to Dxm in a manner similar to that of

monocytes (Fig. 3.2.1-2C).

3.2.1-3 JNK MAPK plays a distinct role in LPS-induced IL-12p40 production in
THP-1 cells

JNK is a cellular target of the SEKI kinase and expression of the dnSEKI

interferes with JNK phosphorylation by competing out endogenous SEK1 [254;255]. To
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Fig. 3.2.1-2 Dxm inhibits LPS-induced IL.-12p40 production in normal monocytes
and THP-1/CD14 cells:

A, Left panel, Normal monocytes (1.0 x 106/ml) were pretreated with Dxm at
concentrations ranging from 0 to 50 nM for 2 h before LPS (1 pg/ml) stimulation
for 15 min. Total proteins (50 pg) were subjected to SDS-PAGE followed by
Western blot analysis using anti-phospho-JNK1 Abs. Control protein levels were
probed with anti-total JNK to verify equivalent protein loading. Right panel,
Monocytes were pretreated with Dxm at concentrations ranging from 0 to 62.5
nM for 2 h before LPS stimulation for 48 h. Cell supernatants were harvested and
analyzed for IL-12p40 production. The effects of Dxm on IL-12p40 production
were qualitatively similar in seven different donors.

B, THP-1/CD14 cells were stimulated with LPS for various times ranging from 2
to 12 h. Cells were harvested for mRNA isolation, and IL-12p40 expression was
determined by semiquantitative RT-PCR analysis using [B-actin as a standard
control. The results shown are representative of three independent experiments
performed.

C, Left panel, THP-1/CD14 cells were pretreated with Dxm at concentrations
ranging from 0 to 50 nM for 2 h before LPS stimulation for 15 min. Total
proteins (50 pg) were subjected to SDS-PAGE followed by Western blot analysis.
The membranes were blotted with anti-phospho-JNK1 Ab, and to control for
protein loading, the membrane was stripped and reprobed with anti-JNK Ab.
Right panel, THP-1/CD14 cells were pretreated with Dxm at concentrations
ranging from 0 to 100 nM for 2 h before LPS stimulation for 48 h, following
which cell supernatants were harvested and analyzed for IL-12p40 production.
The results shown are representative of three independent experiments performed.
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confirm the role of the JNK pathway in IL-12p40 production, THP-1/CD14 cells were
transfected with either a plasmid expressing a dnSEK1 kinase mutant or with a control
plasmid (pcDNA3). Cells transfected for 12 h with either the dnSEK1 or the control
plasmids were stimulated with LPS and analyzed by ELISA for IL-12p40 production.
The period of 12 h posttransfection before LPS stimulation was identified as the optimal
time following cell stimulation with LPS for different time periods (data not shown). IL-
12p40 production was significantly reduced in dnSEK1-transfected cells compared with
the cells transfected with the control plasmid (Fig. 3.2.1-3A; p < 0.05). The effect of
transfection of THP-1/CD14 cells with dnSEK1 on IL-12p40 production was selective,
because the expression of CD14 and the IL-10 production following LPS stimulation
remained unaffected [257] (data not shown). Recently, a specific JNK inhibitor,
SP600125, has become commercially available. To confirm the involvement of JNK,
THP-1/CD14 cells were pretreated with varying concentrations of SP600125 before
stimulation with LPS. SP600125 inhibited JNK phosphorylation induced by LPS in a
dose-dependent manner (Fig. 3.2.1-3B). To confirm the specificity of SP600125, the
same blots were stripped and probed with either Anti-phospho p38 or anti-phospho
p42/44 Abs. The results show that SP600125 did not inhibit the phosphorylation of either
p38 or p42/44 MAPKs (Fig. 3.2.1-3B). Analysis of the IL-12p40 promoter region
required for IL-12p40 transcription results obtained with Dxm, SP600125 inhibited LPS-
induced IL-12p40 production in a dose-dependent manner (Fig. 3.2.1-3B). Furthermore,
both Dxm (data not shown) and SP600125 did not affect LPS-induced IL-10 production
(263 + 11 vs. 235 £ 54 pg/ml). These results suggest that JNK MAPK activation may be

involved in LPS-induced IL-12p40 production in normal human monocytic cells.
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Fig. 3.2.1-3 JNK signal involved in LPS-induced IL-12p40 prodicton in THP-1
cells:

A, Left panel, JNK phosphorylation is inhibited by LPS stimulation in dnSEK1-
transfected THP-1 cells. Cells were transfected with either a dnSEK1 kinase
mutant or with control vector followed by stimulation with LPS for 10 min. Total
proteins (50 ng) were subjected to SDS-PAGE analysis followed by Western blot
analysis. The membranes were blotted with an anti-phospho JNK rabbit
polyclonal Ab, and to control for equal loading of proteins, the membranes were
stripped and reprobed with anti-JNK rabbit polyclonal Ab. Right panel, dnSEK1
kinase mutant inhibits LPS-induced IL-12p40 production. THP- /CD14 cells were
transfected with a dnSEK 1 construct. After 12 h of transfection, cells were treated
with LPS (1 pg/ml) for 48 h, following which IL-12p40 production was analyzed
in the cell supernatants by ELISA. The results shown are a mean of three
experiments performed.

B, SP600125 inhibits LPS-induced IL-12p40 production in THP-1/CD14 cells.
Left panel, THP-1/CD14 cells (1 x 10°/ml) were treated with SP600125 at
concentrations ranging from 0 to 50 uM for 2 h before LPS stimulation (1 pg/ml)
for 15 min. Total proteins were analyzed for JNK phosphorylation using an anti-
phospho-JNK rabbit polyclonal Ab. The same membranes were stripped and
reprobed for the phosphorylation of p38 and p42/44 ERK MAPKs using the anti-
phospho-p38 (pp38) or antiphospho-p42/44 (pp42/44) Abs. To control for protein
loading, the membranes were stripped and reprobed with anti-JNK rabbit
polyclonal Abs. Right panel, Cells (0.5 x 10%ml) were treated with SP600125 at
concentrations ranging from 0 to 50 pM for 2 h before stimulation with LPS
followed by analysis of I1.-12p40 production by ELISA. The experiment shown is
representative of two different experiments
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3.2.1-4 Analysis of the IL-12p40 promoter region required for IL-12p40

transctiption

The hIL-12p40 promoter has been characterized [120;121;124]. To understand the
regulation of IL-12p40 gene transcription in LPS-stimulated THP-1/CD14 cells, I PCR
cloned the IL-12p40 promoter fragment from 5°-880 to 3° +108 bp relative to the +1
transcription start site (Fig. 3.2.1-4.). The amplified promoter fragment was subcloned
into the Nhel/Ncol polylinker sites of the basic luciferase reporter plasmid, pGL3B. THP-
1 and THP-1/CD14 cells were transiently transfected with the IL-12p40
promoter/luciferase  reporter construct (pIL-12Pr-GL3B). Twenty-four hours
posttransfection, cells were stimulated with LPS for periods of time ranging from 6 to 36
h, following which relative luciferase activity was assessed. The results showed that
luciferase activity could be detected by 12 h and peaked at 24 h following LPS
stimulation (Fig. 3.2.1-5A). The maximum increase in luciferase activity ranged from 6-
to 8-fold relative to the unstimulated cells and the cells transfected with the control
plasmid pGL3B. (Fig. 3.2.1-5B). Similar results were obtained for THP-1 cells, although
the increase in luciferase activity was relatively lower than for the THP-1/CD14 cells
transfected with pIL-12Pr-GL3B (Fig. 3.2.1-5B). To identify the DNA sequences
required for IL-12p40 transcription, I cloned a series of hIL-12p40 promoter fragments
(from 5°-880 to 3°+108 bp) by chopping up from the 5’ end and linked with pGL3B. The
exact size of the amplified product and the location of consensus sequences for different
transcription factors identified within the IL-12p40 promoter are depicted in Figs. 3.1.4.
and 3.1.6. Transfection of THP-1/CD14 cells with pGL3B cantaining various deletions of

the IL-12p40 promoter revealed that deletion of sequences from -880 to -120 bp did not
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Fig. 3.2.1-4 Nucleotide sequence of the first exon and 5’-flanking promoter
region of the hIL-12p40 gene (GenBank accession no. U89323.):

Putative cis-regulatory elements are boxed. The first exon is underlined and in
bold type.
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-880 CCACCACGAGAGATATC T TTATTCCGCT AT TCCT GT GCATCT GCACG GA GCCCCTAGG GCCATAGATTTG

-810 TG TGCAAATGAAAT GAGGATGTAGTCTGGGTGCCCAAGGGGGGGT GCCTT GAGT GT GGTT GTCTGTATGC
IRF -730/-719
740 CT CCCT GAGGG T GCTCCCATCCG CCCCTAT GAGCGAGTACCTATGAGCACAGGATGTG

-670 CACATATTT GAGTCTTATTAGT GGTACACGCAGTTTTATCATCTCCCCAG GTCT GTGTCT GTAT GAAATGTG

-600 CAT GGGT GTGT GT GT GCACGCGT GT GT TCCCACTCGGGG AAT GT GGGGAGAG GTGCATGGAGCCAAGA
NF/IL-6 -512/-505
-530 TGGGT GGTAAATAGTATGT TTAAA GGACTAAT GTGGAGGAAGGCGCCCCAGATGTACTAAAC

460 CCTTT GCC TTCATCTCATCCTCTCTGACTT GGG AAG AACCAGGATTTT GTTTTTAAGCCCTTGGGCATACAG
SP-1 -353/-347
-390 TT GT TCCATCCC GACAT GA ACTCAGCCTCCC GTCT GA|ICCGCCOC T TG G CCT TCCT TCTTC CT CGATCT

320 GT GGAACCCAGGG AATCTGCCTAGT GCT GTCTCCAA GCACCTT GGCCATGATG TAAACCCAGAGAAATTA
AP-1 -232/-226 Ets-2 -211/-206
2250 GCATCTCCATCTCCT TCC CCACCC AAAAGTCA CT TAG TCAT T ACCT GGG ATTTT GA
PU.1 -128/-123 NF-kB
-180 TGTCTAT GTT CCCT CCTCGTTATTGATACACACACAGAGAGAGACAAACAAAA TTCTT
-116/-106 C/EBP -80/-72
-110 [TCCACC AGAAGGT TTT GAGAGTT GTTTTCAATGTTGCAAICAAGTCAGTTTCTAGT T TAAGT T TCCATCAG
TATA box I ®  Transcription Start
40 AAAGGAGTAGAGITATATAAGTTCCAGTACCAGCAACAGCAGCAGAAGAAACAACATCTGTTTCAGGGCCA
exon 1
+30 TTGGACTCTCCGTCCTGCCCAGAGCAAGGTAAGCACTTCCCAAGCCCCTACC TCCCTCCCCTCCCT GTGGGC
intron 1

+100 CTGCAG



Fig. 3.2.1-5 Luciferase activity in LPS-stimulated THP-1 and THP-1/CD14 cells
transfected with a hIL-12p40 promoter/luciferase construct:

THP-1 and THP-1/CD14 cells (1.5 x 10°) were transiently cotransfected with 6 g
of either pIL-12pr-GL3B or vector control, and with 3 pg of B-galactosidase
control plasmid, and allowed to grow for 24 h. A, THP-1 cells were treated with 1
pg/ml LPS for 6, 12, 18, 24, and 36 h. B, The transfected THP-1 and THP-
1/CD14 cells were treated with 1 pg/ml LPS for 24 h. Following stimulation with
LPS, luciferase and B-galactosidase activities were determined in the cell lysates.
Cells transfected with vector pGL3B alone served as a negative control.
Luciferase activity was normalized for B-galactosidase activity to give relative
luciferase units (RLU). The results shown are the mean £ SD of four experiments
performed in triplicate and normalized for [3-galactosidase activity.
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affect luciferase activity compared with the cells transcripted with the entire promoter
sequence. However, deletion of sequences upstream of -84 bp abrogated luciferase
activity (Fig. 3.2.1-6). Similar results were obtained for THP-1 cells (data not shown).
These results suggest that DNA sequences located between -120 and -84 bp are necessary

for IL-12p40 gene transcription in LPS-stimulated THP-1/CD14 cells.

3.2.1-5 The AP-1 and NF«xB binding sites within the hIL-12p40 promoter are

required for LPS-induced IL-12p40 production

IL-12p40 gene transcription has been shown to be regulated by multiple
transcription factors including NFkB, PU.1, and Ets-2 [121;124]. A computer-aided
analysis of the hIL-12p40 promoter sequence between -120 and -84 bp revealed the
existence of a consensus sequence for NFxB (Fig. 3.2.1-4). To examine the role of NFxB
in LPS-induced hIL-12p40 gene transcription, I generated site-directed mutagenesis in
the NFkB sequence by PCR (Fig. 3.2.1-7A) and cloned into pGL3B. THP-1/CD14 cells
transfected with this plasmid showed marked reduction in luciferase activity when
compared with cells containing the plasmid encoding the wild-type NFkB sequence (Fig.
3.2.1-7B). To determine the role of PU.1, I cloned IL-12p40 fragment from -131 to -108
bp with the mutant PU.1 binding sequences and wtNFxB dinding site, designated as IL-
12p40PtNmGL3B. Transfection of THP-1/CD14 cells with IL-12p40PrNmGL3B
significantly reduced the luciferase activity compared with the cells transfected with the
plasmid containing wild-type NFxB and PU.1 sequences. Furthermore, transfection of
cells with the IL-12p40 promoter (-131 bp) containing mutations only in the PU.1
binding site did not reduce luciferase activity as compared with the cells transfected with

the promoter containing wtNFkB and PU.1 binding sites (data not shown). These results
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Fig. 3.2.1-6 Transcriptional activities of deletion mutants of IL-12p40 promoter in
LPS-stimulated THP-1/CD14 cells:

Top, The line diagram summarizes the position of otential regulatory elements
relative to the structure of eight deletion constructs used in the experiment. The
putative binding sites for the transcription factors IFN regulatory factor (IRF),
NF/IL-6, Sp-1, AP-1, Ets-2, PU.1, NF-xB, and C/EBP are shown.

Bottom, THP-1/CD14 cells were cotransfected with 10 pg of either IL-12p40
promoter deletion mutant construct or vector control, and with 5 pg of f-
galactosidase control plasmid. After 24 h, cells were stimulated with LPS (1
ug/ml) for another 24 h. Cell lysates from unstimulated and LPS-stimulated cells
were assayed for luciferase and [3-galactosidase activities. Luciferase activity was
normalized for (-galactosidase activity to give relative luciferase units (RLU).
The results shown are the mean + SD of four experiments performed in triplicate.
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Fig. 3.2.1-7 The NFkB and AP-1 binding site within the IL-12p40 promoter
isrequired for LPS-induced IL-12p40 production:

A, Line diagram depicts wild-type sequences and the mutations introduced in the
binding sites of transcription factors NFxB, PU.1, Ets-2, and AP-1 in the IL-
12p40 promoter fragment. The IL-12p40 fragment (-120 to -108 bp) with a
mutation in the NFxB site is designated as NFxB mutant; the IL-12p40 fragment
(-131 to -108 bp) with a mutation in the NFxB site is designated as PU.1wt -
NF«xB mutant; the IL-12p40 fragment (-232 to -108 bp) with mutations in the AP-
1, Ets-2, PU.1, and NF«B sites is designated as A/E/P/N mutant; and the IL-
12p40 fragment (-232 to -108 bp) with mutations in the Ets-2, PU.1, and NFxB
sites is designated as E/P/N mutant.

B, THP-1/CD14 cells were cotransfected with either 10 pg of wild-type or mutant
constructs A/E/P/N mutant, E/P/N mutant, PU.IwtNFxB mutant, and NFxB
mutant, and with 5 pg of B-galactosidase control vector. The transfected cells
were stimulated with LPS (1 pg/ml) for 24 h. Luciferase activity following
normalization of PB-galactosidase activity is shown as the mean + SD of three
experiments performed in triplicate.
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suggested that, in the promoter fragment between -131 and -84 bp, NFxB plays a major
role in LPS-induced IL-12p40 gene transcription. I have demonstrated that LPS-induced
IL-12p40 production is highly sensitive to Dxm (Fig. 3.2.1-2). Because Dxm has been
shown to exert its biological effects by down-regulating the AP-1 transcription factor
[258] I hypothesized that, in addition to NFxB, AP-1 may also play a role in LPS-
induced IL-12p40 gene transcription. To investigate the role of AP-1, I cloned a fragment
ranged from -232 to -108 bp and linked to pGL3B. This fragment encodes, in addition to
AP-1, the binding sites for NFkB, PU.1, and Ets-2 transcription factors that have been
shown to be involved in IL-12p40 gene transcription [121;142]. To delineate the role of
AP-1, I introduced mutations within the NFkB, PU.1, and Ets-2 sequences in the -232- to
-108 bp promoter fragment and inserted into pGL3B (pIL-12Pr-E/P/Nm-GL3B).
Surprisingly, transfection of THP-1/CD14 cells with pIL-12Pr-E/P/Nm-GL3B exhibited
luciferase activity comparable with the cells transfected with the entire plasmid
(Fig.3.2.1-7A and B). These results of the mutational analysis of the promoter region
between -232 and -108 bp suggested the presence of DNA sequences other than those of
NFxB, PU.1, and Ets-2 that are required for transcription of the IL-12p40 gene. Because
this promoter fragment also encodes a binding site for AP-1, I investigated a role for AP-
1 in LPS-induced IL-12p40 gene transcription. For this, I introduced a mutation in the
consensus sequence of the AP-1 binding site, in addition to the mutations introduced
earlier for the NF«B, PU.1, and Ets-2 binding sites. This fragment was cloned into
pGL3B and designated as pIL-12Pr-A/E/P/Nm-GL3B. Transfection of THP-1/CD14 cells
with pIL-12Pr-A/E/P/Nm-GL3B abrogated the luciferase activity compared with the

plasmid containing the wtAP-1, PU.1, Ets-2, and NFxB sequences (Fig. 3.2.1-7B).
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However, transfection of cells with IL-12p40 promoter (-232 bp) containing mutations
only in the AP-1 binding site did not significantly reduce luciferase activity compared
with the cells transfected with the promoter containing wtNFxB, PU.1, and Ets-2 binding
sites (data not shown). These results suggested that AP-1, in addition to NFkB, may play

arole in IL-12p40 gene transcription in LPS-stimulated human monocytic cells.

3.2.1-6 Antisense c-jun and c-fos (AP-1) oligonucleotides inhibit IL-12p40
production in LPS-stimulated THP-1/CD14 cells

To confirm the role of AP-1 in IL-12p40 expression, the antisense
oligonucleotides for c-jun and c-fos, the AP-1 components, along with the control
oligonucleotide containing equal number of base pairs were employed. Cells were treated
with antisense
oligonucleotides for 4 h before stimulation with LPS (0.1 pg/ml in experiments 1 and 2,
and 0.5 pg/ml in experiment 3) for 48 h. The results revealed that antisense c-jun and c-
fos oligonucleotides significantly reduced IL-12p40 production. The c-fos and c-jun
antisense oligonucleotides seemed to selectively inhibit IL-12p40 production, because IL-
10 production (Fig. 3.2.1-8) and expression of CD44, CD80, or CD86 were not aftected

(data not shown).

3.2.1-7 Dxm and JNK inhibitor SP600125 down-regulate IL-12p40 expression by
inhibiting AP-1 and NFkB activity

To investigate whether LPS-induced IL-12p40 expression is regulated by AP-1
through JNK activation, we used Dxm, and SP600125, a specific inhibitor of JNK
MAPK. THP-1/CD14 cells were transfected with pGL3B containing a series of

successive 5’deletions derived from -880 to -108 bp of the hIL-12p40 promoter as
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Fig. 3.2.1-8 Antisense c-jun and c-fos oligonucleotides inhibit LPS-induced IL-
12p40 production in THP-1/CD14 cells.

Cells were treated with the c-jun and c-fos antisense oligonucleotides (10 pg/ml)
for 4 h followed by stimulation with LPS (0.1 pg/ml for experiments 1 and 2, and
0.5 pg/ml for experiment 3) for 48 h. The supernatants were analyzed for IL-
12p40 and IL-10 production.
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described above. The transfected cells were cultured for 2 h in the presence or the
absence of either Dxm or SP600125. As a control, I treated transfected cells with
PD98059, the ERK MAPK inhibitor, before stimulation with LPS. Luciferase activity
was measured after 24 h. As observed above, transfection of THP-1/CD14 cells with
plasmids containing deletion of sequences spanning -880 to -131 bp from the hIL-12 p40
promoter region revealed a 6- to 8-fold increase in the luciferase activity in LPS-
stimulated cells, compared with the unstimulated cells or cells transfected with the
control plasmid (Fig. 3.2.1-9A). Pretreatment of same cells with Dxm or SP600125
abrogated the luciferase activity (Fig. 3.2.1-9A). Similar results were observed in cells
transfected with a plasmid (pIL-12Pr-E/P/Nm-GL3B) containing I1L-12p40 promoter
sequences (-232 to -108 bp) showing mutations in the binding sites for NFxB, PU.1, and

Ets-2. Both Dxm and SP600125 inhibited the luciferase activity in THP-1/CD14 cells
transfected with pIL-12Pr-E/P/Nm-GL3B following LPS stimulation (Fig.3.2.1-9A). As
observed above, transfection of THP-1/CD14 cells with the plasmid, pIL-12-A/E/P/Nm-
GL3B, containing mutations in the consensus sequences for AP-1, Ets-2, PU.1, and
NFkB binding sites, did not increase the luciferase activity upon LPS stimulation. Our
deletion analyses also demonstrated the sensitivity of NF«kB activation to Dxm. Cells
transfected with the constructs spanning from -131 to -108 bp that included a NFxB but
not an AP-1 sequence, exhibited luciferase activity following LPS stimulation, and this
activity was lost upon prior treatment with Dxm or SP600125 (Fig. 3.2.1-9A). Under the
same experimental conditibns, pretreatment of cells with PD98059 did not have any
effect (Fig. 3.2.1-9A). To confirm that PD98059 can inhibit the luciferase activity of the

reporter gene linked to the promoter of an Erk-responsive gene in our THP-1/CD14 cells
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Fig. 3.2.1-9 JNK is involved in activation of AP-1 and NFxB in THP-1/CD14
cells:

A, Dxm and SP600125 inhibit IL.-12p40 expression by inhibiting AP-1 and NFkB
activity. THP-1/CD14 cells (1.5 x 10%) were cotransfected with either 10 ug of
wild-type or mutant constructs A/E/P/N mutant, E/P/N mutant, and PU.1wt NFkB
mutant, and with 5 pg of B-galactosidase control vector. The transfected cells
were pretreated with either 25 nM Dxm, 25 uM SP600125, or 15 pM PD98059 as
a control for 2 h followed by stimulation with 1 pg/ml LPS for 24 h.
Unstimulated, LPS-stimulated (LPS), LPS plus Dxm (Dxm)-, LPS plus SP600125
(SP600125)-, or LPS plus PD98059 (PD98059)-treated cells were harvested, and
their lysates were assessed for luciferase and P-galactosidase activities. The
results shown are the mean * SD of three experiments performed in triplicate and
normalized by B-galactosidase activity.

B, PD98059 can inhibit an ERK-responsive gene, TNF-a, in THP-1/CD14 cells.
THP-1/CD14 cells transfected with the TNF-o promoter linked to the luciferase
reporter gene were stimulated with LPS for 24 h followed by the assessment of
luciferase activity as described above. The results shown are the mean £ SD of

two experiments performed in triplicate following normalization for f-
galactosidase activity.
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system, I transfected cells with TNF-a promoter linked to pGL3B (kindly provided by
Dr. D. Wilkinson (Ottawa Health Research Institute, Ottawa, Ontario, Canada). I have
previously shown that PD98059 inhibited LPS-induced TNF-a production in THP-1 cells
in a dose-dependent manner [259]. In this study, T show that PD98059 inhibited LPS-
induced luciferase activity in cells transfected with the plasmid containing TNF-o

promoter compared with the cells transfected with the control plasmid (Fig. 3.2.1-9B).
Taken together, these results suggest that both Dxm and SP600125 inhibited IL-12p40

transcription by inhibiting AP-1 activation in addition to that of NFxB.

3.2.1-8 Dxm and SP600125 inhibit NFkB and AP-1 binding to the IL-12p40

promoter in LPS-stimulated THP-1/CD14 clls and mormal monocytes

To confirm the role of AP-1 and NF«B in the regulation of hIL-12p40 gene |
transcription, I investigated whether LPS stimulation of THP-1/CD14 cells and normal
monocytes induced the binding of NF«kB and AP-1 to their respective NFxB and AP-1-
binding sites present in the hIL-12p40 promoter. THP-1/CD14 cells and normal
monocytes were stimulated with LPS over a period of time ranging from 0 to 60 min, and
the nuclear extracts were analyzed in a gel shift assay for binding to AP-1 and NFkB
oligonucleotide probes corresponding to the AP-1 and NFkB binding sites, respectively,
in the IL-12p40 promoter. Because it was difficult to obtain sufficient numbers of
monocytes from one donor, cells were stimulated for only 30 and 45 min. The results
show that significant binding of AP-1 and NF«B to the AP-1 and NF«B oligonucleotides,
respectively, occurred 30—45 min following stimulation of THP-1/CD14 cells (Fig. 3.2.1-

10A) and normal monocytes (B) with LPS [257]. This binding was completely blocked
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by competition with their respective cold AP-1 and NFkB oligonucleotides indicating
their specificity (Fig. 3.2.1-10A). In contrast, mutant oligonucleotides (mNFkB and
mAP-1), unlike their counterpart unmutated ligonucleotides, failed to compete for
binding of NFxB and AP-1 transcription factors to their respective NFkB- and AP-1-
labeled oligonucleotide probes (Fig. 3.2.1-10A). The mutations in the mNFxB and mAP-
1 oligonucleotides corresponded to the mutations in the IL-12p40 promoter construct,
pIL-12Pr-A/E/P/Nm-GL3B, used in the luciferase reporter assays as shown in Fig. 3.2.1-
7. In addition, gel supershift analyses were performed to confirm the identity of the
transcription factors NFkB and AP-1 by using specific mouse anti-NFxB p50 and p65
mADbs and rabbit anti-c-fos and rabbit anti-c-jun polyclonal Abs, respectively. Incubation
of nuclear extracts obtained from both THP-1/CD14 cells and monocytes with
oligonucleotide probes and either anti-p50 or p65 NFxB Abs, or anti-c-fos or anti-c-jun
Abs revealed bands of higher molecular mass (Fig. 3.2.1-10). To determine whether Dxm
and SP600125 inhibited binding of AP-1 and NF«xB to their binding sites in the IL-12p40
promoter, THP-1/CD14 cells and normal monocytes were treated with Dxm or SP600125
for 2 h before LPS stimulation for 30 or 45 min followed by the analysis of AP-1 and
NF«xB binding to their corresponding oligonucleotide probes. The results show that both
Dxm and SP600125 inhibited the binding of AP-1 and NF«B transcription factors to the
AP-1 and NF«B probes, respectively, in both LPS-stimulated normal monocytes and THP-
1/CD14 cells (Fig. 3.2.1-10). Taken together, the results suggest that IL-12p40 gene
transcription may be regulated by AP-1 in addition to that of NFxB transcription factors

through JNK activation.
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Fig. 3.2.1-10 DXM and SP600125 inhibit NFkB and AP-1 binding to the IL
12p40 promoter in LPS-stimulated THP-1/CD14 cells (4) and normal human
monocytes (B).

THP-1/CD14 cells and monocytes were stimulated with LPS (1 pg/ml) for times
ranging from 0 to 60 min. To determine the effects of Dxm and SP600125 on
LPS-induced NFkB and AP-1 activation, cells were treated with either Dxm (25
nM) or SP600125 (25uM) or 2 h before stimulation with LPS. Nuclear extracts
containing 5 pg of proteins were incubated for 1 h with *’P-labeled
oligonucleotides corresponding to the AP-1 or NFkB sequences derived from the
IL-12p40 promoter. To determine the specificity of AP-1 and NF«xB transcription
factor binding, the nuclear extracts were incubated with unlabeled wild-type or
mutant oligonucleotides (100-200x) corresponding to the AP-1 and NFxB
sequences, respectively. The supershift analysis for the NFxB transcription factor
was performed by treating the nuclear extracts obtained from both THP-1/CD14
cells (4) and monocytes (B) with oligonucleotide probes and either anti-p50 or -
p6S NFxB Abs, or the isotype control Abs. Similarly, for the AP-1 transcription
factor, the nuclear extracts were incubated with oligonucleotide probes and anti-c-
fos, anti-c-jun polyclonal Abs, or the control Abs. The supershift bands for NFxB
and AP-1 are indicated by arrows.
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3.2.2. CaMKIl/Calcineurin/PI3K signals in CyA and FKS506-regulated IL-

12p40 Production in LPS-activated Human Monocytic Cells

3.2.2-1 K506 and CyA inhibit LPS-induced IL-12p40 production by inhibiting a

calcium-regulated pathway in human monocytic cells

LPS stimulation of primary human monocytes and THP-1 cells induced maximum
expression of IL-12p40 at 6 hr post stimulation. Treatment of cells with either CyA or
FKS506 for 2 hr prior to stimulation with LPS significantly inhibited IL-12p40 expression
as determined by semi-quantitative RT-PCR (Fig. 3.2.2-1A) and ELISA (Fig 3.2.2-1B) in
both primary monocytes and THP-1 cells. Since FK506 and CyA exert their biological
effects by inhibiting the calcium-dependent signalling pathway [90;91], I determined the
role of calcium signalling in LPS-induced IL-12p40 production. Stimulation of
monocytes and THP-1 cells with LPS increased the levels of intracellular calcium after 4
min that was inhibited following treatment of cells with EGTA (Fig 3.2.2-2A). FK506
and CyA inhibited LPS-induced increases in intracellular calcium in both monocytes
(from a MCF of 128 to the basal levels of 32) and THP-1 cells (from a MCF of 64 to the
basal levels of 32) in a dose dependent manner (Fig. 3.2.2-2A). To confirm that FK506
and CyA are biologically active, Jurkat cells were treated with these agents for 2 hr prior
to stimulation with PMA/ionomycin for another 5 min followed by analysis of NFAT-4
expression by Western blotting. NFAT-4 is constitutively expressed in resting Jurkat
cells. PMA/ionomycin stimulation induces its translocation into the nuclei that is
inhibited by prior treatment of cells with CyA/FK506. PMA and ionomycin treatment
caused disappearance of the NFAT-4 band which was restored by pretreatment of cells

with FK506 and CyA (Fig.3.2.2-2B). To determine a direct link for LPS-induced
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Fig. 3.2.2-1 FK506 and CyA inhibit LPS-induced IL-12p40 expression in human
monocytes and THP-1 cells:

A, monocytes and THP-1 cells (1 x 10%) were treated with 1 uM FK506 and 2 uM
CyA for 2 h and stimulated with 1 pg/ml LPS for 0 —12 h for analysis of IL-12p40
mRNA expression by semiquantitative RT-PCR. The results shown are from one
of three independent experiments with similar results.

B, monocytes and THP-1 cells pretreated with CyA and FK506 at various
concentrations for 2 h were stimulated with LPS for 24 h followed by analysis of
[L-12p40 production by ELISA. The results shown are a mean + S.D. of three
experiments.
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Fig. 3.2.2-2 Inhibition of IL-12p40 production by FK506 and CyA is calcium-
dependent in LPS-activated monocytes and THP-1 cells:

A, FK506 and CyA inhibit LPS-induced increase in the levels of intracellular
calcium in monocytes and THP-1 cells. Cells (0.5 x106) were pretreated with
varying doses of K506 (2-5 pM) and CyA (2-5uM) for 2 h and loaded with Fluo-
3/AM followed by LPS stimulation for 0-15 min. The levels of intracellular
calcium were then measured by flow cytometric analysis.

B, the biological activity of FK506 and CyA was confirmed by their effect on
NFAT-4 expression in Jurkat T cells. Jurkat T cells (2 x 106/ml) were treated with
FK506 and CyA for 2 h and stimulated withPMAplus ionomycin for 5 min. Cell
lysats were analyzed for NFAT-4 expression by Western blotting using anti-
NFAT-4 antibody (fop panel). To ensure equal protein loading, membranes were
stripped and reprobed with anti-CaMK-II Abs (bottom panel).

C, THP-1 cells and monocytes were pretreated with EGTA at concentrations
ranging from 5 to 25mM for 2 h followed by LPS stimulation for another 24 h.
IL-12p40 production in the supernatant was measured by ELISA. Results shown
are a mean * S.D. of three experiments.

D, IL-12p40 mRNA expression is regulated by CaM/CaMKII and PI3K pathways.
Monocytes and THP-1 cells (5 x 10°ml) were treated with various inhibitors at
indicted concentrations for 2 h prior to stimulation with 1pg/ml LPS for 4 h
followed by analysis for IL-12p40mRNAexpression by semiquantitative RT-PCR
analysis using B-actin as an internal control. The results shown are representative
of three independent experiments.

81



Fluorescence Intensity

FL1-H

FL1-H

FL1-H

FL1-H

FL1-H

FL1-H

FL1-H

32

ionophore

64
Time (512.00 sec.)

54
Time (512.00 sec.)

9%

64
Time (512.00 sec.)

96

< B4
Time (512.00 sec.)

32

64

3
Time (512.00 sec.)

128

Monocytes

64 .
media
0 e
u] 64 128 192 256
Time (512.00 sec.)
{ionophore { EGTA
media

128 192
Time (512.00 sec.)

64 FK (2 uM)
0 L
128 192 2586
Time (512.00 sec.)
LPS
FK (5 uM)
128 1892
Time (512.00 zec.)
CyA (2 M)
128 182
Time (512.00 sec.)
LPS
CyA (5 uM)

o] 64 128 182 256
Time (512.00 sec.)

>

>

Time stimulation



P+1

FK + P+I
CyA + P+l

8
il
O
p

NF-AT4

-— CaMKII

C.
= THP-1 Monocytes
g 40000 3000
)
& 30000 2500
5 2000
g 20000 1500
3
£ 10000/ 1000
o,
= 500
2
& ol 0
—~ Media LPS 5 10 25 Media LPS 5 10 25
= LPS + EGTA (mM) LPS + EGTA (mM)
D. LPS
S § §._.,5 § s
352 1,383 2.3
E B2 ¥&8 22 g8 »8 %%
THP-1 el «— [B-actin (663 bp)
~<—11,12p40 (237 bp)
Monocytes B-actin (663 bp)

11-12p40 (237 bp)




increases in intracellular free calcium and IL-12p40 production, cells were incubated with
EGTA prior to LPS stimulation for 24 hr. EGTA inhibited LPS-induced IL-12p40
production in both cell types as measured by ELISA (Fig. 3.2.2-2C) and semi-

quantitative RT-PCR analysis (Fig 3.2.2-2D).

3.2.2-2 Calmodulin/CaMK-II regulates LPS-induced IL-12p40 production

To further delineate the role of calcium signalling, I used pharmacological
inhibitors specific for members of the calcium signaling pathway. Increases in
cytoplasmic calcium concentrations occurs by stimuli that activate voltage or ligand-
gated calcium channels in the plasma membrane or following release of calcium present
in intracellular stores, mainly in the endoplasmic reticulum (ER) [260;261]. The role of
receptor-mediated entry of extracellular Ca** was studied by using SKF-96365 [262]. To
determine if calcium release from the ER regulates IL-12p40 expression, we employed 2-
APB, an inhibitor of the IP3 receptor which blocks calcium release from the ER by
blocking IP3 receptor-gated channels [263]. Prior treatment of cells with either SKF-
96365 or 2-APB significantly inhibited LPS-induced IL-12p40 production in both cell
types as determined by ELISA (Fig. 3.2.2-3A) and semi-quantitative RT-PCR analysis
(Fig 3.2.2-2D). It may be noted that monocytes were more sensitive to the effects of
EGTA, SKF-96365 and 2-APB than were THP-1 cells. These results suggest that
receptor-mediated Ca** entry as well as the Ca®" release from the ER may be involved in
LPS-induced IL-12p40 expression.

CaM, a major calcium receptor, is present in both cytoplasmic and nuclear

compartments. The calcium/CaM complex regulates several downstream targets
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including protein kinases and phosphatases [264;265]. To determine the role of CaM, I
used a specific calmodulin inhibitor, W-7 [266;267]. W-7 inhibited LPS-induced IL-
12p40 production in both cell types as determined by ELISA (Fig. 3.2.2-3B) and semi-
quantitative RT-PCR analysis (Fig 3.2.2-2D). One major family of CaM effectors is the
calmodulin-dependent protein kinase (CaMK), which includes a multifunctional kinase,
CaMK-II. To gain further insight into the role of calcium/CaM, I examined the role of
CaMK-II by employing the CaMK-II-specific inhibitor, KN93 [268;269] which
significantly inhibited LPS-induced IL-12p40 production in both cell types as determined
by ELISA (Fig. 3.2.2-3B) and semi-quantitative RT-PCR analysis (Fig. 3.2.2-2D). I also
confirmed that LPS induced CaMK-II phosphorylation was inhibited by W-7 and KN93

in both cell types (Fig 3.2.2-3C).

3.2.2-3 The p110a isoform of class I, PI3K positively regulates LPS-induced

IL-12p40 expression

The PI3K pathway negatively regulates IL-12p40 expression in murine DCs and
monocytic cells [254;255]. Therefore, it was of interest to determine if PI3K regulates
human IL-12p40 production in a manner similar to the calcium pathway. Therefore, I
first demonstrated that LPS induced phosphorylation of Akt, a downstream substrate for
PI3K, and LY294002 inhibited this phosphorylation in both monocytes and THP-1 cells
(Fig. 3.2.2-4A). Interestingly, Ly294002 significantly inhibited LPS-induced IL-12p40
expression in both cell types (Fig. 3.2.2-2D, and 3.2.2-4B).

Mammalian class-Io PI3K are heterodimers consisting of a regulatory subunit

(p85a., p85P, p55 or other splice variants) and a p110 (o, B, or y isoforms) catalytic unit

[270-272}. Herein, we investigated the role of the p110a isoform by employing THP-1
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Fig. 3.2.2-3 LPS-induced IL-12p40 expression in monocytes and THP-1 cells is
egulated by the CaM/CaMK-II pathway:

A & B, Monocytes (left panel) and THP-1 cells (right panel) at a concentration of
1x10%ml were treated with varying concentrations of SKF, 2-APB (A), W7, or
KN-93 (B) for 2 h prior to stimulation with LPS (1ug/ml) for 24 h. The cell
supernatants were analyzed for IL-12p40 production by ELISA. Results shown
are a mean = S.D. of three experiments.

C, Cells (1 x 10% were treated with W-7 and KN93 for 2 h prior to stimulation
with LPS for 12 min. Cells were harvested for determining the phosphorylation of
CaMKII by Western blot analysis using anti-phospho-CaMKII antibody (top
panel). To ensure equal protein loading, the membrane were stripped and
reprobed with anti-CaMKII Abs (bottom panel).
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Fig. 3.2.2-4 LPS-induced IL-12p40 expression is positively regulated by the
p110a isoform of PI3K in human monocytic cells:

A, monocytes and THP-1 cells (1 x 10%ml) were stimulated with LPS for 0-60
min (left panel). Monocytes and THP-1 cells (1 x 10%ml) were cultured with
various cconcentrations of Ly294002 ranging from 0 to 50 uM for 2 h followed
by stimulation with LPS for 60 min. Total proteins were subjected to Western blot
analysis for Akt phosphorylation using anti-phospho-Akt Abs. The equal loading
of protein was confirmed with anti-Akt Abs. The blot shown is a representative of
three independent experiments.

B, monocyes and THP-1 cells were pretreated with Ly294002 at indicated

concentrations for 2 h followed by LPS (1 pg/ml) stimulation for 24 h, IL-12p40
production in the supernatants was measured by ELISA. Results shown are a
mean + S.D. of three experiments.

C, normal THP-1 cells and THP-1 cells transduced with HR-p110a3 or HR-
pl10al (1 x 10%ml) were stimulated with LPS (1 pg/ml) for 24 h followed by
analysis for IL-12p40 production by ELISA. The expression of PI3K p110a and
p85 isoforms in the above cells was determined by Western blotting by employing
anti-pl10o and anti-p85 antibodies, respectively (inset). The results shown are
representative of three independent experiments
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cells stably deficient in the p110a isoform [273]. Cells were stably transduced with a
lentiviral vector expressing short hairpin RNA (shRNA) for the p110a subunit (HR-
pl10a3). These cells exhibited complete inhibition of the PI3K pllOa isoform
expression without affecting the expression of p85 (Fig 3.2.2-4C) or that of p110p and
p110y isoforms [273] and data not shown. Cells transduced with the control lentiviral
vector HRp110al exhibited normal levels of the pl10a isoform (Fig. 3.2.2-4C) and
[274]. To determine the involvement of the PI3K p110a isoform, normal THP-1 cells,
and THP-1 cells stably expressing HR-p110a3 and HR-p110al were stimulated with
LPS for 24 hr and analyzed for IL-12p40 expression. The results show that IL-12p40
production was significantly reduced in THP-1 cells transfected with HR-p110a3
compared to the control (Fig. 3.2.2-4C) suggesting a key role for p110a isoform of PI3K

in LPS-induced IL-12p40 production. The role of p85 subunit of PI3K was confirmed by
transfecting THP-1 cells with vectors containing p85-specific or a control siRNA.
Transfection with p85-specific siRNA significantly reduced LPS-induced p85
phophorylation (Fig 3.2.2-5A) and IL-12p40 expression as determined by RT-PCR (Fig.

3.2.2-5B) and ELISA (Fig. 3.2.2-5C).

3.2.2-4 FK506 and CyA inhibit LPS-induced IL-12p40 production by inhibiting
CaM/CaMKII-activated PI3K independent of the JNK pathway

I have previously demonstrated a key role for JNK in LPS-induced IL-12p40
production [113]. Since PI3K is involved in TLR-4-mediated signalling and Akt has been
shown to regulate c-Raf (ERK), p38 and JINK MAPKs [275;276], I examined if
activation of calmodulin/CaMKII, PI3K, and JNK by LPS constitute distinct pathways in

IL-12p40 regulation. This was accomplished by pretreating cells for 2 hr with various
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Fig. 3.2.2-5 LPS-induced IL-12p40 expression is positively regulated by p85 PI3K
in human monocytic cells:

THP-1 cells were transfected with the vectors containing either the p85 or the
control siRNA for 24 h followed by stimulation with LPS (1 pg/ml) either for 30
min for the determination of phosphorylated p85 by Western blot analysis (4), for 4
h for measurement of IL-12p40 RNA by real-time RT-PCR (B), or for 24 h for
measurement of 1L-12p40 by ELISA (C).
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concentrations of inhibitors specific for calcium-dependent signalling followed by LPS
stimulation and analysis of Akt and JNK phosphorylation. EGTA, 2-APB, SKF, KN93,
W7, FK506, and CyA suppressed phosphorylation of Akt without any effect on JNK
phosphorylation in THP-1 cells and monocytes (Fig. 3.2.2-6). These results suggest that
LPS-induced IL-12p40 production is regulated by two distinct pathways namely PI3K
activated upstream by CaM/CaMKII, and the JNK pathway, independent of the latter.
Moreover, CyA and FK506 inhibited LPS-induced IL-12p40 production through the
selective inhibition of pathways involving calcium (Fig. 3.2.2-2A) and PI3K without

affecting the INK pathway (Fig 3.2.2-6A and 6B).

3.2.2-5 FK506 and CyA regulate LPS-induced IL-12p40 expression by NFxB and
AP-1 through the activation of CaM/CaMKII and PI3K pathways

I have previously shown that LPS-induced IL-12p40 production is regulated by
JNK through the activation of NFkB and AP-1 [100]. To determine if LPS-induced IL-
12p40 production is regulated by CaM/CaMKlI-activated NFxkB and/or AP-1, I
confirmed my earlier results by transfecting cells with a series of 5’-deletion constructs
containing IL-12p40 promoter (-880/+118 bp) sequences (Fig. 3.2.1-4) linked with the
luciferase reporter plasmid, pGL3B. Subsequent LPS-induced luciferase activity analysis
showed that transfection with the -880 to +118 construct induced significant luciferase
activity compared to the cells transfected with the control vector whereas transfection
with the -116 vector abrogated luciferase activity (Fig. 3.2.2-7). Transfection with vectors
containing mutant NFxB in the presence of PU.1 binding sequence (-128, pIL-
12p40/wtPU.1, mNF«B) abrogated the luciferase activity while transfection with vectors

containing wild type AP-1 and mutant NF«B sites (-232, pIL-12p40/wtAP-1.Ets-2.PU.1,
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Fig. 3.2.2-6 LPS-induced Akt phosphorylation is regulated by the calcium
signaling pathway: '

THP-1 cells (A) and monocytes (B) (2 x 10%ml) were treated with EGTA, 2-
APB, SKF, W-7, CyA, or FK506 at indicated concentrations for 2 h prior to
stimulation with LPS (1 pg/ml) for 30 min. Total proteins were subjected to SDS-
PAGE analyzed for the phosphorylation of Akt and JNK using anti-phospho-Akt
and anti-phospho-JNK Abs, respectively. For determining equal protein loading,
membranes were reprobed with anti-Akt Abs. The results shown are representative
of three independent experiments.
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Fig. 3.2.2-7 LPS-induced expression of IL-12p40 is regulated by NFxB and AP-1
transcription factors through the activation of calcium and PI3K pathways:

Pharmacological inhibitors specific for either calcium- or PI3K-regulated
signaling inhibit LPS-induced activation of NFxB and AP-1 in THP-1 cells. THP-
1 cells (2 x 10%) were pretreated with various inhibitors specific for either calcium
(EGTA, SKF, 2-APB, W7, KN-93, CyA, and FK-506) or PI3K (Ly294002) at
indicated concentrations for 2 h followed by transient transfection with 6 pg of
various hIL-12p40 promoter constructs containing either wild type or mutant AP-
1 and NF«B binding sequences, or control reporter vector, plus 3 pg of B-
galactosidase plasmid for 24 h. Cells were then stimulated with LPS for another
24 h and harvested for measuring luciferase and B-galactosidase activity.
Luciferase activity was normalized with the B-galactosidase activity. The results
shown are mean + S.D. of four experiments each performed in triplicate.
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mNFxB) still exhibited an induction of luciferase activity after LPS stimulation.
However, when both AP-1 and NF«xB sites were mutated (-232, pIL-12p40/mAP-1.Ets-
2.PU.1.NFxB), LPS-induced luciferase activity was significantly decreased (Fig. 3.2.2-7,
left panel). These results suggest that both AP-1 and NF«kB regulate LPS-induced IL-
12p40 production and that either one or the other are required inducing IL-12p40
transcription.

CaMKII has been shown to act as a mediator of IkB kinase activation in response
to CD3/T cell receptor stimulation [255]. To determine if CaM/CaMKII regulated LPS-
induced IL-12p40 expression through NFkB activation, cells transfected with the full
length IL-12p40 promoter and the deletion constructs were treated with various
pharmacological inhibitors of the calcium and PI3K pathways (EGTA, W7, 2-APB, SKF-
96365, KN-93, CyA, FK506, and Ly294002) prior to LPS stimulation followed by
measurement of luciferase activity. All these agents significantly decreased the LPS-
induced luciferase activity in cells transfected with the full length (-880 to +112), the —
232 (pIL-12p40/wtAP-1.Ets-2.PU.1, mNF«B), and —128 (pIL-12p40/wtPU.1.NFxB)
promoter constructs (Fig. 3.2.2-7B). These results suggest that LPS-induced IL-12p40
transcription in human monocytic cells involves CaM/CaMKII- and PI3K-dependent

activation of NFxB and/or AP-1.

3.2.2-6 FKS06 and CyA inhibit binding of NFxB and AP-1 to their binding sites in
the IL-12p40 promoter through the CaM/CaMKII and PI3K pathways

I confirmed my earlier results showing that NFkB and AP-1 regulate LPS-
induced IL-12p40 transcription [100]. LPS stimulation induced significant binding of

NFxB and AP-1. The specificity of NFkB and AP-1 binding was demonstrated by
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competition with specific and non-specific oligonucleotides and by supershift analysis
with anti-p50 and anti-p65 NFkB, and anti-c-jun and anti-c-fos antibodies for AP-1 (Fig.
3.2.2-8A, 8B). To determine whether binding of NFkB and AP-1 to their respective
binding sites in the IL-12p40 promoter was regulated by CaM/CaMK-II and/or PI3-K,
cells were treated with inhibitors of the calcium and PI3K signalling pathways before
stimulation with LPS. As before, EGTA, W7, SKF-96365, KN-93, FK506, CyA,
LY294002 inhibited the binding of NFkB and AP-1 to their respective probes in LPS-
stimulated cells (Fig. 3.2.2-8A, 8B). These results suggest that LPS-induced IL-12p40

transcription is regulated by CaM/CaMKII as well as PI3K through NFkB and AP-1
activation. Moreover, CyA and FK506 inhibited IL-12p40 transcription by inhibiting AP-

1 and NF«B activity.

3.3. Discussion

IL-12 is a potent mediator of Th1 immune responses. This makes it an ideal target
of immunosuppressive drugs in the treatment of Thl cell mediated diseases. In this
study, I utilized immunosuppressive agents, Dxm, FK506 and CyA, to investigate their
role in signaling pathways that control IL-12p40 production in response to LPS in human
monocytic cells. I demonstrated that all three drugs inhibit IL-12p40 production in
monocytic cells responsive to LPS stimulation in distinct signaling pathways: Dxm was
JNK MAPK pathway-dependent whereas FK506 and CyA were through their inhibitory
effect on CaM/CaMKII and IP3K pathways. However, both pathways are through the
same transcription factors, AP-1 and NFkB. The role of Dxm and FK506/CyA in the

regulation of IL-12p40 will be discussed separately in the text.
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Fig. 3.2.2-8 Binding of AP-1 and NF«B to their binding sites in the human IL-
12p40 promoter is inhibited by pharmacological inhibitors specific for calcium and
PI3K-regulated pathways in LPS-stimulated THP-1 cells:

THP-1 cells were stimulated with LPS for 0 — 60 min. Nuclear proteins (5 pg) were
incubated for 1 h with *2P-labled oligonucleotide corresponding to the NFkB or AP-
1 sequences located in the IL-12p40 promoter. To determine the specificity of
NF«B or AP-1 transcription factor binding, the nuclear extracts were incubated
with 100 fold excess of unlabeled specific (CC) or nonspecific (NS CC) probes for
30 min before addition of labeled probes (A and B, left panel). The nuclear extracts
were also incubated with anti-p50 and anti-p65 NFxB antibodies (A, left panel) or
anti-c-Jun and anti-c-Fos antibodies along with their respective oligonucleotide
probes for supershift analysis. THP-1 cells were incubated with various inhibitors
specific for the calcium (EGTA, SKF, 2-APB, W7, KN-93, CyA, and FK-506) and
PI3K (Ly294002) pathways at the indicated concentrations for 2 h followed by
stimulation with LPS for 30 min (middle and right panels, A and B). Nuclear
extracts were analyzed for binding to 32P-labled oligonucleotide probes
corresponding to the NFxB (A) and AP-1 (B) binding sites in IL.-12p40 promoter.
The results shown are representative of three independent experiments.
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JNK MAPK, NF«B and AP-1 transcription factors are involved in Dxm inhibiting
IL-12p40 production in human monocytic cells and THP-1 cells

Dxm is an anti-inflammatory and immunosuppressive glucocorticoid that is
widely used in the treatment of inflammation and a number of autoimmune disorders
[274]. Dxm has been shown to inhibit the synthesis of LPS-induced IL-12 production by
human monocytes [277;278]. However, the molecular mechanisms involved in this
cellular event are not clear. In this study, I investigated the molecular mechanism by
which Dxm inhibits IL-12p40 production and in particular the role of MAPK and the
transcription factors involved in IL-12p40 regulation. I show that Dxm inhibited LPS-
induced IL-12p40 production, suggesting an involvement of JNK. The role of JNK was
confirmed by using specific inhibitors of JNK activation, SP600125 and a dnSEK-1
kinase mutant.

It has been shown that IL-10 produced endogenously by LPS-stimulated
monocytes inhibits IL-12 production [279]. To avoid negative feedback regulation by the
endogenous IL-10, I used THP-1/CD14 cells that exhibited enhanced LPS-mediated
responses by constitutively expressed CD14 and are refractory to the IL-10-mediated
biological effects [100]. Transfection of THP-1/CD14 cells with the IL-12p40 promoter
linked to a luciferase gene revealed higher luciferase activity following LPS stimulation
as compared with THP-1 cells transfected with the same constructs, and hence were used
throughout this study.

Multiple transcription factors, including Ets-2, AP-1, NFxB, and PU.1 have been
implicated in IL-12p40 gene transcription [121] . By cloning and mutagenesis of the IL-

12p40 promoter, I provide evidence for the previously unrecognized role of AP-1 in
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addition to that of NFkB in the regulation of LPS-induced IL-12p40 production. I show
that mutation of the NFkB binding site in the IL.-12p40 promoter constructs (-120bp and -
131bp; pIL-12p40Pr-Nm-GL3B) reduced the luciferase activity, thereby confirming a
role for NFxB. Because the IL-12p40 promoter construct (-131bp; pIL-12p40Pr-Nm-
GL3B) also contains wtPU.1 in addition to mutant NFkB sequences, loss of luciferase
activity following LPS stimulation suggest that PU.1 may not be involved in IL-12p40
gene activation in our model system. However, mutagenesis of NFxB, PU.1 and Ets-2
binding sites in the IL-12p40 promoter construct (-232bp; plL-12Pr-E/P/Nm-GL3B)
failed to reduce luciferase activity, suggesting the presence of binding sites for other
transcription factors present in the IL-12p40 promoter that may cooperate with NFxB or
may substitute for NF«xB activity. Introduction of mutations in the AP-1 binding site, in
addition to those of NFxB, PU.1 and Ets-2 (-232bp; plL-12Pr-A/E/P/Nm-GL3B),
abrogated the luciferase activity, thereby suggesting a role for AP-1 in IL-12p40 gene
transcription. Conversely, mutagenesis of the AP-1 site alone in this IL-12p40 promoter
construct failed to abrogate luciferase activity (data not shown). These results are
contrary to the observations provided by Becker et al. [124] whereby mutations of NFxB,
Ets and C/EBP sites reduced IL-12p40 promoter activity even though the AP-1 site was
left intact. Although the reasons for this discrepancy are not clear, it appears that IL-
12p40 gene transcription may be subject to differential regulation depending on the cell
type and the nature of the external stimuli used. In contrast to our studies, Becker et al.
have analyzed the IL-12p40 promoter by using murine RAW264 macrophage cells

stimulated with LPS and NF«B. It is likely that stimulation of cells with IFNy in addition
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to LPS may activate a distinct set of transcription factors required for IL-12p40 gene
activation, thereby revealing complex mechanisms involved in IL-12p40 gene regulation.

The role of AP-1 in IL-12p40 regulation was confirmed by an alternative
approach using antisense oligonucleotides specific for c-jun and c-fos, which
significantly inhibited IL-12p40 production in LPS-stimulated THP-1/CD14 cells. This
inhibition was specific, because these oligonucleotides failed to inhibit IL-10 production
under the same experimental conditions. While this work was in progress, Zhu et al.
[280] demonstrated the involvement of an AP-1 sequence in murine IL-12p40 expression
using RAW264.7. Although the human and murine IL-12p40 promoter sequences are
distinct, results suggest that the AP-1 transcription factor may play a critical role in both
human and murine IL-12p40 gene transcription.

AP-1 is a heterodimeric transcription factor comprised of members of the Jun (c-
Jun, JunB, and JunD) and Fos (c-Fos, Fra-1, Dra-2, FosB, and FosB2) proto-oncogene
families. Members of the Fos and Jun families have been shown to dimerize via their
leucine zipper domain with a variety of transcription factors including CREB/activating
transcription factor, Maf, NFAT, and glucocorticoid receptor. Various Fos and Jun
proteins interact with the promoters of cytokine genes either individually as AP-1 dimers,
or in cooperation with other transcription factors such as NFkB, NFAT, CREB/activating
transcription factor, etc. [281;282]. For example, the regulation of IL-4, IL-5, and GM-
CSF requires the formation of NFAT/AP-1 complexes in T cells [283;284]. Similarly, in
LPS-stimulated THP-1 cells, c-Jun-containing complexes have been shown to interact

with NFxB proteins p50/p65, and synergistically enhance the TNFa promoter activity

[285]. The results of this study reveal the involvement of NFkB and AP-1 in IL-12p40
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regulation. It is not clear whether both of these transcription factors can cooperate in IL-
12p40 gene transcription in vivo. It is likely that the level of this putative cooperation is
modulated by interaction with other cellular signaling molecules activated by different
external stimuli depending on the cell type. Further studies are needed to understand the
interaction of NFxB and AP-1 and possibly other transcription factors necessary for IL-
12p40 regulation.

The role of JNK in the regulation of IL-12p40 production was initially studied
with Dxm, which mediates its effects by interfering with JNK phosphorylation and AP-1
activation [246;247]. I provide evidence for the role of INK MAPK in the regulation of
LPS-induced IL-12p40 production, by using the specific JNK inhibitor, SP600125, and
by dnSEK1 kinase. SEK1 is immediately upstream of JNK and has been shown to
phosphorylate JNK. Disruption of the SEK1 gene specifically blocks JNK activity
[286;287]. The data presented here also suggest the involvement of JNK in IL-12p40
production through the activation of AP-1 and NFkB transcription factors since both
Dxm and SP600125 significantly decreased the activity of IL-12p40 promoter containing
mutations in the binding sites for NFxB and AP-1. In addition, by using gel shift assays, I
show that both Dxm and SP600125 inhibited the binding of AP-1 and NFkB to their
respective oligonucleotides in LPS-stimulated THP-1/CD14 cells. Although it is not
known whether JNK directly interacts with the members of the NFkB transcription
factors, JNK has been shown to influence the NFkB pathway by regulating IxBo
activation [282]. Furthermore, c-Jun-containing complexes have been shown to interact

with NFkB proteins p50/p65 [288]. Keeping in view these observations, my results may
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suggest a potential cooperation between AP-1 and NFxB pathways in the regulation of
IL-12p40 production in human monocytic cells.

Taken together, my results suggést for the first time a role for JNK in hIL-12p40
production via the activation of AP-1. These results also suggest the involvement of JNK
in the NFkB pathway leading to IL.-12p40 production.

CaM/CaMKII /PI3K involved in CyA and FK506 downregulaiton of IL-12p40
production in human monocytes and THP-1 cells

CyA and FKS506 are potent inhibitors of calcium-regulated signalling and exert
their biological effects through calcineurin [90;91]. PI3K and calcium pathways were
shown to negatively regulate LPS-induced IL-12p40 expression in murine macrophages
and DCs [254;255]. In contrast, my results show that calcium signalling through CaM
and CaMK-II, as well as through PI3K positively regulated LPS-induced IL-12p40
production in human monocytic cells. Moreover, both CyA and FK506 inhibited LPS-
induced IL-12p40 production by inhibiting NF«B and AP-1 activity through the upstream
CaM/CaMKII-activated PI3K and independent of the JNK pathway.

Inhibition of calcium signalling has been shown to enhance IL-12p40 production
in LPS-stimulated murine monocytic cells. Ligation of Fc receptors on murine monocytic
cells inhibited LPS-induced IL-12p40 production that was reversed by pretreatment with
the calcium ion chelator, EGTA [289;290]. In contrast, my results show that inhibition of
LPS-induced intracellular free calcium by EGTA significantly reduced IL-12p40
production in human monocytic cells. A positive role for calcium was further supported
by employing specific inhibitors for CaM/CaMKII. CaM is a key signalling protein

responsible for integrating Ca®* signals to transcription factors. Two important
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downstream targets of CaM are calcineurin and CaMK-II [291]. As with other kinases,
CaMK-II undergoes autophosphorylation on a threonine residue contained in a
phosphopeptide common to its o and P subunits thereby converting it into a Ca*"CaM
independent enzyme [292]. The results obtained by employing specific inhibitors for
CaM, calcineurin, and CaMKII, suggested that LPS-induced IL-12p40 production is
regulated by the CaM/CaMKII pathway. The observation that both FK506 and CyA
inhibited the LPS-induced increase in intracellular free calcium, CaMKII
phosphorylation, and IL-12p40 production in monocytic cells suggest that this may be a
mechanism by which these agents inhibit Th1 type responses by these cells. The observed
enhanced sensitivity of primary monocytes to the calcium inhibitors compared to the
THP-1 cells may be due to inherent differences between the primary versus the leukemic
cells.

Class Ia PI3K consist of a 85-kDa regulatory subunit (o, p and y isoforms) and a
110-kDa catalytic unit (o,  and &, isoforms). Interaction of the p85 subunit with
phosphorylated YxxM motifs in transmembrane receptors or adaptor molecules results in
the recruitment of p85-pl110 heterodimers to its substrate PI-4,5-P2 that leads to the
release of PI-3,4,5-P3 triphosphates and eventual phosphorylation of a number of
substrates including Akt, protein kinase A, and protein kinase C isoforms [270;293].
There is considerable evidence to suggest that PI3K plays a key role in the negative
feedback regulation of IL-12p40 production by murine DCs and monocytic cells [255].
PI3K was shown to negatively regulate IL-12p40 production by human monocytic cells
stimulated by the TLR-2 ligand, Porphyromonas gingivalis LPS (34) and following

ligation of complement receptors Clq and C5a in LPS-stimulated human and murine
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monocytic cells and DCs [294;295]. In contrast, we show that LPS-induced IL-12p40
production by primary human monocytes as well as THP-1 cells is regulated positively
through PI3K activation.

Understanding the role and functions of PI3K family members has been difficult
because of their resistance to genetic manipulation, broad biological activity of PI3K
inhibitors to inhibit nearly all classes of PI3K isoforms [296], and embryonically lethal
PI3K pl110a or pl10p gene knockouts [297]. There is evidence to suggest that the p85
subunit independent of the p110a can regulate the expression of several genes including
IL-2 [298]. Recently, using an RNAi-based approach, the pl10a subunit of PI3K was
shown to regulate vitamin D3-induced adherence and upregulation of CDI1b in
monocytic cells [299] Interestingly, herein, we have demonstrated that THP-1 cells
deficient in the expression of the pl10a catalytic unit of PI3K produced significantly
reduced levels of IL-12p40 in response to LPS without any effect on the expression of
IL-10, CD44, B7.1, B7.2 and CD11b (data not shown). These results suggest that
p85/p110aPI3K selectively regulates LPS-induced IL-12p40 production.

The results of this study in concert with our earlier observations showing the
regulation of LPS-induced IL-12p40 production through the JNK pathway suggest that
LPS-induced IL-12p40 production is regulated by two distinct signalling pathways
namely the CaM/CaMKII-activated PI3K pathway and the JNK pathway. Interestingly,
both pathways regulated IL-12p40 production through the activation of NFxB and AP-1
transcription factors. It is not clear why the JNK pathway failed to compensate for LPS-
induced IL-12p40 production in the presence of inhibitors specific for the calcium

pathway. In addition to signal transduction pathways, molecular mechanisms controlling

100



gene expression involve chromatin remodelling and DNA methylation [300].
Understanding the status of promoter methylation, and chromatin remodelling may
elucidate the mechanisms underlying the involvement of distinct signalling pathways
controlling IL-12p40 transcription.

Here, I have shown that IL-12p40 production is regulated by NFkB and AP-1
through the activation of upstream calcium and PI3K pathways. NFkB and AP-1 are
known to be activated by the calcium/CaMKs [301;302] although it is not clear if Akt
and CaM/CaMKII can directly interact with the members of the NFxB and AP-1 family
members. It is also not clear that in the presence of an intact promoter whether both of
these transcription factors can synergize to induce IL-12p40 transcription. Although
deletion mutation studies conducted to define the role of individual transcription factors
did not reveal a synergistic effect at the level of luciferase activity, the potential
cooperation between these two transcription factors cannot be ruled out. It is possible that
the level of cooperation between these transcription factors is modulated following
interaction with other signalling molecules activated by different external stimuli. Further
studies are needed to elucidate the precise cooperation between NFxB and AP-1 and
possibly other factors involved in IL-12p40 transcription.

The unique role of IL-12p40 in the regulation of IL-12 and IL-23 suggest that it
may be critically involved in the immunopathogenesis of Thl-mediated inflammatory
and autoimmune disorders. Our investigations regarding the molecular mechanism
underlying the inhibitory effects of CyA and FK506 on IL-12p40 production have
revealed for the first time a positive role of calcium and PI3K and in particular a selective

involvement of pl10a subunit of PI3K in regulating IL-12 production by human
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monocytes. These findings raise the possibility of developing novel agents capable of
inhibiting calcium and PI3K pathways as potential therapeutics for disorders related to
excessive IL-12 production. The observations that calcium and PI3K signalling pathways
positively regulate human IL-12p40 production in contrast to their negative regulatory
role in murine IL-12p40 production highlight the importance of understanding in detail
the mechanism involved in regulating the production of this critical cytokine.

In conclusion, the results of this study in concert with my earlier observations
showing the regulation of LPS-induced IL-12p40 production through the JNK pathway
suggest that LPS-induced IL-12p40 production is regulated by two distinct signaling
pathways namely the CaM/CaMKIl-activated PI3K pathway and the JNK pathway.
Interestingly, both pathways regulated IL-12p40 production through the activation of
NFxB and AP-1 transcription factors. It is not clear why the JNK pathway failed to
compensate for LPS-induced IL-12p40 production in the presence of inhibitors specific
for the calcium pathway. In addition to signal transduction pathways, molecular
mechanisms controlling gene expression involve chromatin remodelling and DNA
methylation [300]. Understanding the status of promoter methylation, and chromatin
remodelling may elucidate the mechanisms underlying the involvement of distinct
signalling pathways controlling IL-12p40 transcription. These findings raise the
possibility of the development of novel active analogs of Dxm, CyA and FK506 with
more efficient inhibition of IL-12 production without side effects that may provide new

therapeutic tools for the treatment of inflammation and autoimmune diseases.
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Chapter 1V

Conclusion Regulation of LPS-induced IL-12p40 Expression

by Intracellular HI'V-Nef
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4.1. Introduction

HIV infection results in a 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 Thl cytokines, such as IL-12. IL-12
plays a critical role in the development of cell mediated immunity and in the
immunopathogenesis of various diseases including HIV infection, inflammation and
autoimmune disorders [13;74] IL-12 promotes Thl responses by inducing IFN-y from
NK cells and T cells and enhancing cytotoxity of NK cells and CTL. IL-12 is mainly
produced by monocytes/macrophages, dendritic cells and B cells. It is a 70 kD
heterodimer composed of p35 and p40 subunits, which are disulfide linked together to
form biological active IL-12. The p35 and p40 are encoded by two distinct genes and
they are differentialy regulated: the p40 gene is tightly regulated at the transcriptional
level and detected only in biologically active IL-12 producing cells whereas the p35 gene
is constitutively expressed in various cell types. IL-12 p40, therefore constitutes an
indicator for IL-12 production [15;303].

Monocytes/macrophages play a key role in host defense against invading
pathogens by coordinating and directing innate and adaptive immune responses. It is well
established that monocytic cells serve as long term reservoirs in chronically infected HIV
patients [390]. There is ample evidence to indicate that [L-12, and in particular, IL-12p40
production is impaired in HIV-infected individuals and in monocytic cells infected in
vitro with HIV [398]. Results from our laboratory and others have shown that IL-12
production by peripheral blood mononuclear cells (PBMC) is decreased in HIV-infected

patients. Furthermore, treatment of HIV-infected individuals with potent anti-retroviral
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therapy enhanced IL-12 production [305]. We and others have also shown that exogenous
addition of IL-12 enhances IL-2 production, cell proliferation and the development of cell
mediated cytotoxicity of HIV-antigen stimulated PBMC from HIV positive individuals
[306;307]

At present, there is a little information regarding the regulation and expression of
IL-12 and in particular IL-12p40 in monocytic cells following HIV infection.

Recently, the role of intra-cellular signaling molecules that regulate IL-12p40
synthesis in human monocytic cells following LPS stimulation has been investigated.
Multiple transcription factors including IFN-y regulatory factors, NFkB, Ets-2, AP-1,
C/EBP, and PU.1 transcription factors and their complexes have been suggested to
regulate IL-12p40 transcription in LPS-stimulated murine and human monocytic cells
[100;308]. We and others have previously demonstrated the involvement of c-Jun-N-
terminal kinase (JNK) in IL-12p40 production in LPS-stimulated human monocytic cells
[100]. Recently, we have also demonstrated that LPS-induced IL-12p40 production is
regulated by two distinct signaling pathways namely the CaM/CaMKII-activated PI3K
pathway and the JNK pathways. Interestingly, both pathways regulated IL-12p40
production through the activation of NFxB and AP-1 transcription factors.

In our study, IL-12p40 production was shown to be suppressed following
infection of monocytic cells with wt-SIV compared to the cells infected with Nef-
deficient strains [23]. Nef is a 27 kD myristoylated protein expressed early in HIV
infection. In addition to the well known down-regulation of the cell surface molecules
CD4 and MHCI molecules, Nef uniquely can interact with numbers of intracellular

signaling molecules through its myristoyl moiety, leading to the dysregulation of host
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immune responses. For example, by interfering with MAPK signaling molecules and
transcription factors, NFkB and AP-1, Nef gene products downregulate IL-2 and IFNy in
T cells, resulting in T cell dysfunction [156;309] In this study, I have demonstrated that
intracellular expression of HIV-Nef in human monocytic cells resulted in inhibition of
LPS-induced IL-12 p40 production. Furthermore, HIV-Nef inhibited IL-12p40
transcription by effectively inhibiting LPS-activated INK without affecting the activation
of p38 and ERK MAPK and calcium signalling including calcium influx and CaMKII. In
addition, HIV-Nef inhibited JNK-activated NFkB without affecting the AP-1 activity.
Taken together, my results suggest for the first time that intracellular HIV-Nef down
regulates LPS-induced IL-12p40 expression in human monocytic cells by selective
inhibition of the JNK-activated NFxB without affecting the CaMKII-activated PI3K

pathway.
4.2, Results

4.2.1. Intracellular HIV-Nef inhibits LPS-induced IL-12p40 expression in primary
monocytes and THP-1 cells

To determine the effect of intracellular HIV-Nef on the expression of IL-12p40 in
human monocytic cells, HIV-Nef retroviruses were generated by transfecting
amphotrophic packaging cell line PT-67 with either pSRa-Nef-retrovirus (pSRa-Nef) or
the retrovirus containing the empty vector pSRa. The integration of pSRa-Nef in the
transduced PT67 cells was verified by subjecting the genomic DNA purified from PT67
cells 7 days after transduction to PCR. The intracellular expression of Nef protein in

PT67 cells was simultaneously determined by Western blot analysis. PT67 cells
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transfected with pSRa-Nef exhibited Nef expression as determined by PCR (237 bp) and
Western blot analysis (27 kD) (Fig. 4.2-1A). The PT67 cells stably transfected with
pSRa-Nef were cultured for 3 days and the culture supernatants were used as a source of
Nef containing retroviruses. The culture supernatants were assayed for determination of
viral titers by infecting NIH 3T3 cells. Monocytes and THP-1cells were infected with
pSRa-Nef at a multiplicity of infection (MOI) of 1 for 24 hr. In order to obtain the
maximal viral infectivity, cells were infected for a second time for another 24 hr.
Monocytes and THP-1 cells infected with pSRa-Nef at MOI of 1 did not induce
morphological changes and this level of infectivity was found to be optimal for
influencing IL-12p40 expression (data not shown). Moreover, THP-1 cells and
monocytes infected with pSRo-Nef at MOI of 1 expressed HIV-Nef as determined by
PCR and Western blotting (Fig. 4.2-1B).

To determine whether intracellularly expressed Nef affects IL-12p40 production
in response to LPS-stimulation, I performed ELISA analysis. Monocytes and THP-1cells
were infected twice with pSRo-Nef or pSRa at a MOI of 1 followed by stimulation with
LPS for another 24 hr. LPS-induced IL-12p40 production was significantly reduced by
approximately 80% in in pSRa-Nef infected monocytes compared to the control virus-
infected monocytes as determined by ELISA (Fig. 4.2-1B). Similarly, intracellular Nef
expression in THP-1 cells significantly inhibited LPS-induced IL-12p40 production
compared to the cells infected with control virus (Fig. 4.2-1C). To determine if
intracellularly expressed Nef inhibits LPS-induced IL-12p40 at the transcriptional level,
total RNA was prepared from pSRa-Nef- or pSRa-infected monocytes and THP-1 cells

stimulated with LPS for 4 hr followed by determination of IL-12p40 mRNA by semi-
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Fig. 4.2-1 IL-12p40 expression is reduced in Nef-infected monocytes and THP-1
cells:

A, Verification of Nef expression in pSRa.-Nef transduced PT67 cells and THP-1
cells. Genomic DNA was purified from PT67 cells and THP-1 cells 7 days after
transduction and subjected to PCR. The intracellular expression of Nef proteins in
these cells were simultaneously determined by immunoblotting analysis using
monoclonal anti-Nef antibody.

B, Nef inhibits LPS-induced IL-12p40 production in monocytes and THP-1 cells.
2x10° of monocytes (left panel) and THP-1 cells (right panel) were infected with
either pSRa-Nef or control virus at a MOI of 1 at 37°C for 24 hr and infected
second time. After 24 hr, cells were stimulated with 1ug/ml LPS for further 24 hr.

The cell culture supernatants were collected and assayed for IL-12p40 production
by ELISA.

C, The suppressed IL-12p40 mRNA expression in pSRa-Nef treated monocytes
(left panel) and THP-1 cells (middle panel) is shown with their basal level in
control virus infected cells. Cells (3x10°) were infected with pSRa-Nef, twice, 24
hr for each infection followed by stimulation with 1ug/ml LPS for 4 hr. Total
RNA was isolated and subject to RT-PCR. In the right panel, 3x10° pcDNA-Nef
expressing THP-1 cells were treated with LPS (1pg/ml) for 4 hr. Total RNA was
extracted and used for determine IL-12p40 mRNA by RT-PCR. B-actin is as a
loading control.
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quantitative RT-PCR analysis. As shown in Fig. 4.2-1C, LPS-induced IL-12p40 mRNA
expression was significantly reduced in pSRa-Nef-infected monocytes as well as THP-1
cells. I also confirmed that intracellular expression of HIV-Nef in human monocytic cells
inhibits LPS-induced IL-12p40 production by stable transfection of THP-1 cells with Nef
plasmid from another HIV strain (pcDNA-Nef). THP-1 cells transfected with pcDNA-
Nef expressed Nef mRNA as well as Nef protein (Fig. 4.2-1A). Similar to the results
obtained with pSRa-Nef-infected monocytic cells, LPS-induced IL-12p40 expression
was significantly reduced in pcDNA-Nef transfected THP-1 cells compared to the cells
transfected with the control pcDNA vector alone as determined by ELISA as well as

semi-quantitative RT-PCR analysis (Fig. 4.2-1B and C).

4.2.2, Intracellular Nef downregulates IL-12p40 production through selective
inhibition of JNK MAPK in human monocytic cells

I have previously demonstrated that LPS-induced IL-12p40 production in human
monocytic cells is regulated by two distinct signaling pathways namely the c-Jun amino-
terminal kinase (JNK) and the calmodulin-dependent protein kinase-II (CaMKII)
pathways. Recently, Angle, et al [32] demonstrated the involvement of the p3 8> and JNK
MAPKSs in the impaired IL-12p40 production following infection of human monocytic
cells with HIV (ref). It is also known that HIV-1 Nef interferes with the MAPKs in a
variety of cell types [33,34]. Therefore, it is likely that HIV-Nef inhibits LPS-induced IL-
12p40 expression through the inhibition of LPS-activated JNK or CaMKII alone or both
JNK and CaMKII together. Therefore, we first confirmed our earlier findings that LPS-
induced IL-12p40 expression is regulated by JNK as well as CaMKII in pSR infected

THP-1 cells and primary monocytes by employing specific pharmacological inhibitors.
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To ensure that the activity of JNK and Ca2+/CaM/CaMKII is not influenced by empty
retroviral vectors, primary monocytes and THP-1 cells were infected twice with empty
retrovirus vectors and two hr before LPS stimulation, cells were treated with various
concentrations of either JNK inhibitor SP600125, calcium chelating agent EGTA,
SKF96365, an inhibitor of receptor-mediated calcium entry, Calmodulin (CaM)
antagonist W-7, and CaMKII inhibitor KN-93. After 24 hr, cell supernatants were
analyzed for IL-12p40 production by ELISA. As expected, JNK and all calcium signaling
inhibitors significantly reduced LPS-induced IL-12p40 production in a dose dependent
manner (Fig. 4.2-2). As before, the biological activities of SP600125 were confirmed by
demonstrating inhibition of LPS-activated JNK whereas W7 and KN-93 inhibited LPS-
activated CaMKII phosphorylation (data not shown).

To determine if HIV-Nef affects activation of JNK and/or calcium signaling
pathways following stimulation of monocytic cells with LPS, primary monocytes and
THP-1 cells were infected twice with either pSRa-Nef or pSRa containing retroviruses
followed by stimulation with LPS for 0 to 120 minutes. A five-fold reduction in activity
of JNK phosphorylation was observed in pSRa-Nef-infected THP-1 cells compared to
the cells infected with the control virus (Fig. 4.2-3A, left panel). Similarly, a seven-fold
reduction was observed in pSRo-Nef-infected monocytes compared to the cells infected
with the control virus (Fig. 4.2-3A, right panel). Because ERK MAPK was reported to be
involved in reduced IL-12p40 production in HIV-infected monocytes, and because p38
phosphorylation has been implicated in IL-12p40 production in various cell types,
I examined ERK and p38 phosphorylation following stripping of the same blots.

The results show that the neither phosphorylation of ERK (Fig. 4.2-3B) or p38 (data not
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Fig. 4.2-2 Inhibition of JNK and calcium signals is Nef-specific in monocytes
and THP-1 cells:

SP600125 (A), EGTA, SKF96365, W-7 and KN-93 (B) inhibit IL-12p40
production in control viral vector-infected monocytes and THP-1 cells in a dose
dependent manner. Monocytes (left panel) and THP-1 cells (right panel) were
infected with control virus vector for 24 hr. Two hr before second infection, cells
were treated with various inhibitors at indicated concentration followed by
simulation with 1pug/ml of LPS for 24 hr. The supernatant were then used for
measuring IL-12p40 production by ELISA. The results are representative of four
independent experiments, each performed in triplicate.
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Fig. 4.2-3 Nef inhibits phosphorylation of JNK MAPK in LPS-activated
monocytic cells:

Nef inhibits LPS-induced phosphorylation of JNK, but not ERK in monocytes and
THP-1 cells. 2x10° of THP-1 cells (left panels) and monocytes (right panels)
were infected twice with pSRa-Nef followed by stimulation with 1 pg/ml LPS for
the indicated time. Cells were lysed and analyzed for JNK (A) and ERK1/2 (B)
phosphorylations by Western blot with anti-phospho-JNK and EEK1/2 Abs. The
equal loading of protein were confirmed with anti-total JNK or ERK1/2 Abs.
Quantitation and normalization as mean densitometry units to the kinase’s content
are shown at the bottom of each panel. Results are from three independent
experiments.
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shown) was significantly affected in pSRa-Nef-infected THP-1 cells or monocytes.

Stress-activated protein kinase/extracellular signal-regulated kinase 1 (SEK1) is a
dual kinase immediately upstream of JNK, which phosphorylates JNK and p38 on
threonine-183 and tyrosine-185 residues. I have previously demonstrated a critical role
for SEK1 in the regulation of IL-12p40 by LPS-activated human monocytes (28). To
further understand the role of intracellular Nef on the JNK signaling pathway, we
determined if infection of cells with pSRa-Nef down regulated SEK-1 activity. LPS-
induced activation of SEK-1 in pSRa-Nef infected monocytes and THP-1 cells was
significantly reduced compared to the cells infected with the control pSRa-infected cells
(Fig. 4.2-4). These results suggest that intracellular Nef downregulates LPS-induced IL-
12p40 production by inhibiting LPS-activated SEK1 and JNK signaling pathway.

4.2.3. Intracellular Nef-mediated downregulation of LPS-induced IL-12p40
production does not involve calcium signaling and CaMK-II activity in human
monocytic cells

As mentioned earlier, LPS-induced IL-12p40 production is also regulated by the
calcium signaling pathway [256]. Based on the evidence that specific inhibitors for the
calcium signaling including Ca®" influx, CaM and CaMKII suppressed LPS-induced IL-
12p40 production in pSRa control retrovirus-infected primary monocytes and THP-1
cells (Fig. 4.2-2 & 4.2-5), I determined if intracellular Nef inhibited LPS-induced calcium
influx, and/or CaM/CaMKII activity. Since the function of CaMKII is calcium-
dependent, we first investigated the effect of pSRa-Nef retrovirus infection on LPS-
induced calcium influx in primary monocytes and THP-1 cells by flow cytometry using
Fluo-3 as a calcium binding dye. LPS induced an increase in the levels of intracellular

calcium at 12 min
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Fig. 4.2-4 Nef inhibits SEK1 phosphorylation in LPS-activated monocytes and
THP-1 cells:

Twice infection of THP-1 cells (left panel) and monocytes (right panel) with
pSRa-Nef were stimulated with 1 pg/ml LPS for 0 to 60 minutes. Total proteins
were subjected to Western blot analysis for SEK1 phosphorylation using anti-
phospho-SEK1 Abs. Total levels of SEK1 expression were determined with anti-
total SEK. The entire experiments were repeated twice with comparable results.
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Fig. 4.2-5 Ca**/CaM/CaMKII signals are not involved in Nef-mediated IL.-12p40
downregulation:

A, Calcium entry was not influenced by pSRa-Nef. THP-1 cells (5 x 10°) were
infected twice with pSRa-Nef or control vector, 24 hr for each infection and
loaded with Fluo-3/AM followed by LPS stimulation for 0-15 min. The levels of
intracellular calcium were then measured by flow cytometric analysis. These
results represent three indepedent experiments.

B, The activity of CaMKII phosphorylation is not affected by pSRa-Nef. THP-1
cells (left panel) and monocytes (right penal) were infected with either pSRa-
Nef or control virus followed by LPS stimulation for various times ranging from 0
to 120 minutes. Cells were then harvested for analysis of CaMKII
phosphorylation by immunoblotting with anti-phospho-CaMKII antibody. The
total CaMKII protein was detected with anti-total- t CaMKII antibody. Results are
two separate experiments.
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post-stimulation in primary monocytes and THP-1 cells infected with pSRa-Nef that was
very similar to that observed in cells infected with the control retroviruses (Fig.4.2-5A).
Similarly, similar levels of LPS-induced phosphorylation of CaM/CaMKII were observed
in both monocytes and THP-1 cells infected with either pSRa-Nef or control retroviruses
(Fig. 4.2-5B). These results suggested that the intracellular Nef may not affect LPS-
induced calcium influx or CAMKII activity in primary monocytes and THP-1 cells.
Taken together, our results further suggest that intracellular Nef down-regulates LPS-
induced IL-12p40 production by selectively inhibiting the JNK pathway in human

monocytic cells.

4.2.4. Involvement of IL-12p40 promoter region in Nef-mediated downregulation of

IL-12p40 expression in LPS-stimulated THP-1 cells

I have previously demonstrated that LPS-induced IL-12p40 is regulated by NFkB
and AP-1 transcription factors in human monocytic cells [100]. To determine if
intracellular expression of Nef inhibits LPS-induced IL-12p40 transcription by inhibiting
the activity of NFkB or AP-1, the transcriptional activity of the IL-12p40 promoter in
response to intracellular Nef was measured by performing luciferase reporter assays.
Therefore, we first confirmed our earlier observations by transfecting THP-1 cells
infected with the control retroviruses with a series of 5’-deletion constructs containing the
IL-12p40 promoter (full length, -880/+118 bp) sequences linked with the luciferase
reporter plasmid, pGL3B. Cells infected with the control retrovirus were transfected with
the promoter constructs for 24 hr prior to LPS stimulation. Subsequent luciferase activity
analysis showed that ‘transfection of cells with the -880 to +118 construct induced

significant luciferase activity compared to the cells transfecetd with the control vector. In
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contrast, transfection with the vector containing mutant NFxB in the presence of wtPU.1
binding sequence (-128, pIL-12p40/wtPU.1,mNFkB), abrogated luciferase activity [100]
and data not shown. Transfection of cells with vectors containing wild type AP-1 and
mutant NF«B sites (-232, pIL-12p40/wtAP-1,m(Ets-2,PU.1,NFxB) still exhibited an
induction of lucoferase activity after LPS stimulation (Fig4). However, when both AP-1
and NFxB sites were mutated (-232, IL-12p40/wtAp-1, m(Ets-2,PU.1NF«kB), LPS-
induced luciferase activity was significantly decreased (datanot shown). These results
suggest that both AP-1 and NFxB regulate LPS-induced IL-12p40 production in THP-1
cells infected with the control retroviruses and that either one or the other are required to
drive IL-12p40 transcription [100].

To investigate if intracellular Nef affected LPS-induced IL-12p40 transcription
through the inhibition of NFkB and/or AP-1 activity, THP-1 cells infected with pSRa-
Nef retroviruses were transiently transfected with either the full length IL-12p40
promoter/luciferase reporter constructs (-880/+118 bp), wild types of AP-1(-232, pIL-
12p40/wtAP-1,m(Ets-2,PU.1,NFkB) and NFxB containing constructs (-116). LPS-
induced luciferase activity was significantly reduced in Nef-infected cells compared to
the cells infected with control virus (Fig. 4.2-6, bottom panel). Similar results were
obtained by cotransfecting THP-1 cells with the pcDNA-Nef and IL-12p40 promoter (-
880/+118 bp). THP-1 cells cotransfected with the pcDNA-Nef and full length IL-12p40
promoter exhibited a significantly reduced LPS-induced luciferase activity compared to
the cells transfected with the control pcDNA vector and the full length IL-12p40

promoter (Fig. 4.2- 6B).
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Fig. 4.2-6 Nef inhibits 1L-12p40 promoter activity through NF«xB and AP-1
binding motifs in LPS-stimulated THP-1 cells:

A, Top panel shows the sequences of 5’-terminal truncated human IL-12p40
promoter. Numbers indicate nucleotide positions relative to the NFxB, AP-1 and
other transcription factors, whose binding motifs are shown in capitals whereas
the coordinated mutants are shown in lowercase. The sequences in the boxes are
used as probes for EMSA. Bottom panel shows a decreased IL-12p40 promoter
activity by pSRa-Nef through NF«B binding motif. 2 x 10° THP-1 cells were
cultured with pSRa-Nef twice, 24 hr for each and transiently tranfcected with 4
pg of IL-12p40 promoter/luciferase constructs containing either AP-1 or NF«xB
binding motif plus 2 pg of f-galactosidas, an internal control for 24 hr. Cells were
harvested following LPS (pg/ml) stimulation for addition 24 hr and lysed for
analysis of lucifetase activity. Luciferase activities were normalized with the
base-line activity of control vector and B-galactosidase.

B, pcDNA-Nef inhibits IL-12p40 promoter transcription by suppression NF«B
activity. Nef (driven by pcDNA plasmid) expressing THP-1 were transiently
transfected with IL-12p40 promoter/luciferase constructs containing either AP-1
or NFxB binding motifs for 24 hr and treated with LPS for 24 hr. Cells were then
harvested for luciferase and P-galactosidas activity assay in the same procedure
explained above. Data shown in A and B are means (= S.D.) of six separate
experiments.
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4.2.5. Nef inhibits IL-12p40 transcription through the selective suppression of NFkB
in LPS-stimulated THP-1 cells

The above promoter analysis suggested that intracellular expression of Nef in
human monocytic cells may be mediated through the down regulation of both NFkB and
AP-1 activities. The involvement of NFkB and AP-1 activities in Nef-mediated down
regulation of IL-12p40 transcription was further elucidated by determining the binding of
NFxB and AP-1 transcription factors to their respective binding sites in the IL-12p40
promoter by gel shift assays. THP-1 cells were infected with either pSRa-Nef or control
vector containing retroviruses followed by LPS stimulation for various periods of time
and subsequent analysis of nuclear extracts for binding of NFxB and AP-1 to their
binding sites on the yP*? labelled oligonucleotide probes containing NFxB or AP-1
sequences corresponding to the IL-12p40 promoter. Stimulation of pSRa-Nef
retroviruses infected THP-1 cells with LPS failed to induce NFxB activity compared to
the LPS-stimulated cells infected with the control retroviruses (Fig. 4.2-7A). The
specificity of NFkB binding was demonstrated by competition with specific and
nonspecific oligonucleotides and by supershift analysis with mouse anti-NFxB p50 and
p65 antibodies (Fig. 4.2-7A). In contrast to NFxB, THP-1 cells infected with the pSRa-
Nef did not show any decrease in the binding of AP-1 to its binding site on the IL-12p40
promoter compared to the cells infected with the control retroviruses following LPS
stimulation (Fig. 4.2-7B). These results clearly suggest that intracellular expression of
Nef selectively inhibits the binding of NFkB without affecting the binding of AP-1.
Furthermore, Nef may induce inhibition of IL-12p40 transcription in human monocytic

cells by selectively inhibiting the JNK-mediated activation of NFxB.
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Fig. 4.2-7 Nef inhibits binding of NFxB to its binding motif on IL-12p40
promoter in LPS-stimulated THP-1 cells:

A, Top panel, the binding activity of NF«B is inhibited by pSRa-Nefin a time
course determined by gel-shift assay using the NFkB probes. THP-1 cells were (5
x 10%) were infected with either pSRa-Nef or control virus twice followed by
stimulation with LPS for various times ran%ing from 30 to 120 minutes. Nuclear
extracts (5 pg) were incubated with *2P-labeled oligonucleotides probes
corresponding to NFkB binding sequences derived from IL-12p40promoter for
the indicated time. The binding activity of NF-kB was shown in parental THP-1
cells (lanes 1-5), control viral infected THP-1 cells (lanes 6-10) and pSRa-Nef
infected THP-1 cells (lanes 11- 15). Bottom panes, the specificity of NF-kxB
binding is interfered with pSRa-Nef by supershift assay. Cells were stimulated
with 1 pg/ml LPS for 30 min. 5 ug of nuclear proteins were incubated with **P-
labeled oligonucleotide probes corresponding to NFkB. The specificity of NFxB
binding was determined by incubating nuclear proteins with unlabeled NFkB
(lanes 3-4) and non-specific oligonucleotides (lanes 5). The supershift analysis
was performed by treating the nuclear proteins with oligonucleotide probes in the
presence or the absence of anti-p50 or anti-p65 NF«B antibodies and supershifted
bands are indicated by arrows. The inhibitory effect of Nef on NF-«B biding
activity was shown in lanes 8-9. The experiments shown in A and B are
representative of three different experiments.

B, AP-1 binding activity is not influenced by pSRa-Nef in a time course of gel
shift assay. In the same experimental procedures, gel-shift assay was performed
by incubating the nuclear extracts (5 pg) with **P-labeled oligonucleotides probes
corresponding to AP-1 binding sequences derived from IL-12p40 promoter for the
indicated time. The binding activity for AP-1 was shown in parental THP-1 cells
(lanes 1-5), control viral infected THP-1 cells (lanes 6-10), and pSRa-Nef
infected THP-1 cells (lanes 11-15). Results indicated two independent
experiments. The specificity of NF-kB binding is interfered with pSRa-Nef by
supershift assay (lanes 16-20).
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4.3. Disscusion

A severely decreased IL-12 by monocytes/macrophages after HIV-1 infection has been
identified as a potential factor responsible for impaired innate and Thl cell-mediated
responses observed in AIDS patients. However, the mechanism by which HIV-1
infection downregulates IL-12 expression remains poorly understood. We have
previously demonstrated that LPS-induced IL-12p40 production in human monocytic
cells is regulated by NFxB and AP-1 transcription factors through the activation of two
distinct and independent upstream signaling pathways namely the JNK- and the CaMKII-
activated pathways. In this study, I demonstrate for the first time that intracellularly
expressed Nef inhibits IL-12p40 production by LPS-stimulated primary human
monocytes and THP-1 cells through the selective inhibition of JNK-activated NFxB
pathway.

HIV regulatory proteins such as Tat, Nef and Vpr have been shown to modulate
the production of cytokines including IL-12 [310]. Variable effects of Tat and Nef on IL-
12 expression in B cells and monocytes have been observed possibly due to different cell
types and model systems used to deliver these genes/gene products into the cells and the
presence of endotoxin in the preparations. For example, Tat has been shown to suppress
as well as enhance IL-12 production in human PBMCs and dendritic cells [311]. I have
previously demonstrated that intracellular as well as recombinant tat did not affect IL-
12p40 production in either unstimulated or LPS-stimulated monocytic cells (ref and data
not shown). On the other hand, HIV Vpr protein was shown to inhibit IL-12 production
by down regulating IL-12p35 subunit without affecting the synthesis of IL-12p40 subunit

[310]. Our unpublished results also suggest that treatment of THP-1 cells with Vpr
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peptides did not affect LPS-induced IL-12p40 production in human monocytic cells.
Similarly, there are reports that HIV Nef protein did not affect IL-12 expression in
dendritic cells [312]. In contrast, IL-12p40 production was shown to be suppressed
following infection of monocytic cells with HIV compared to infection with Nef-
deficient HIV strains [313]. Our results suggest that intracellular expression utilizing
infection with retroviral Nef constructs in THP-1 cells and primary monocytes inhibited
LPS-induced IL-12p40 production.

My results suggest that intracellular Nef interferes with the LPS-activated
signaling molecules to inhibit IL-12p40 production. LPS mediates its biological effects
through the CD14/ TLR4 receptor complex [314] involving activation of tyrosine and
serine/threonine protein kinases including PKC, calcium signaling and the MAPKs
pathways. Nef has been shown to modulate cytokine expression in T cells and
monocytes/macrophages by altering the activation of a variety of host cell signling
molecues. For example, IL-2 and IFNy production was decreased in Nef-transduced
Jurkat cells by inhibiting ERK and p38 MAPKs and NFkB and NFAT transcription
factors [24;315]. In this study, we show that HIV-Nef inhibits LPS-induced IL-12p40
expression by specifically inhibiting the LPS-activated INK pathway.

JNK has been shown to play a critical role in Th1/Th2 cell differentiation, HIV
Vpr-induced apoptosis of human monocytic cells, and LPS-induced production of
proinflammatory cytokines [316;317]. JNK contains three members, JNKI1, 2 and 3.
JNK3 is selectively expressed in neuronal and cardiac tissues and associated with neuron
cell apoptosis, whereas JNK1/2 are highly inducible in T cells and monocytic cells

[318;319]. It is not clear whether INK1 or JNK2 regulate IL-12p40 expression. JNK1 or
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JNK2 specific siRNA and dnSEK1 employed previously in our laboratory inhibited both
JNK1 and JNK2 isoforms making it difficlt to pinpoint the role of JNK1 or JNK2 in IL-
12p40 regulation [256]. My results in theis study suggest that intracellular HIV Nef
expression inhibited LPS-induced activation of both JNK1 and JNK?2 isoforms while
ERK and p38 MAPKs were not affected in either monocytes or THP-1 cells. JNK is
activated by SEK1, a dual kinase upstream of JNK which phosphorylates both JNK and
p38 MAPKSs on threonine-183 and tyrosine-185 residues [255]. By employing a dominant
negative SEK-1 construct, I previously demonstrated a critical role for SEK1 in IL-12p40
regulation by LPS-activated monocytes [100]. Here, my results also suggest that
intracellular expression of Nef inhibited LPS-activated SEK-1 that may be responsible
for inhibition of JNK activation and subsequent IL.-12p40 transcription in both primary
monocytes and THP-1 cells.

JNK is a serine/threonine kinase which activates various transcription factors
including c-Jun, AP1, Sp-1, and NFkB in different cell types. Since LPS induced IL-
12p40 transcription through JNK-activated NFkB and AP-1 [100], I investigated if
intracellular Nef inhibited LPS-induced activation of NFxB and/or AP-1 transcription
factors in the IL-12p40 production. My results suggest that in contrast to AP-1,
intracellular nef selectively inhibited NFkB activation. Although it is not clear if Nef
inhibited NFxB activity by directly inhibiting NFkB-JNK interactions, JNK has been
shown to influence the NFkB pathway by regulating IxBa activation [320]. Since JNK
can also activate c-Jun and c-Fos members of the AP-1 transcription factors and Nef did
not affect AP-1 activation, it is likely that Nef may have inhibited NFxB activity

independent of its interactions with the upstream JNK/SEK-1 kinases.
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My previous results suggest that LPS-induced 1L-12p40 production is regulated
by two distinct signalling pathways namely the CaM/CaMKII and the JNK pathways.
Interestingly, both pathways regulated IL-12p40 production through the activation of
NF«B and AP-1 transcription factors. Since c-Jun-containing complexes have been
shown to interact with NFkB proteins p50/p65 [321] it is likely that a potential co-
operation between AP-1 and NFkB pathways regulates LPS-induced IL-12p40
transcription in human monocyﬁc cells. In this study, I showed that although
intracellularly expressed Nef did not inhibit AP-1 activity, Nef-mediated inhibition of
NF«B abrogated LPS-induced IL-12p40 transcription. These results suggest that AP-1 in
the presence of dysfunctional NFkB may not able to drive LPS-induced IL-12p40
transcription.

How Nef inhibits JNK or NF«B to reduce LPS-induced IL-12p40 transcription is
not clear at present. It is possiple that Nef interferes with vacuolar ATPase which is
important in phosphorylation of a number of protein kinases including JNK [165]. Nef
could also interact with the regulatory domain of JNK leading to JNK phosphorylation.
Glucocorticoids are highly associated with activation of JNK and IkB/NF«B signals.
Glucocorticoids are also known to target HIV Vpr to suppress IL-12 in human monocytic

cells [310]. Considering my earlier observation of a critical role for glucocorticoids in IL-
12p40 expresion through JNK activating NFxB, Nef could interact with glucocorticoid
receptors that in turn increase the synthesis of IkB and block the nuclear translocation of
NF«B. Interation of Nef with glucocorticoid receptors could also inhibit activation of
NFxB through a direct protein-protein interaction at the N-terminal Rel homology

domain of NFxB, which mediates DNA binding, dimerization and interaction with IxB .

124



In addition, Nef could inhibit the formation of the p50-p50 homodimer or p50-p65
heterodimer that has been associated with transcription of 1L.-12 [322]. Besides signal
transduction pathways, molecular mechanisms controll gene expression involve
chromatin remodelling and DNA methylation [300]. In addition to Nef-mediated
inhibition of JNK and NF«kB activity, intracellular Nef may inhibit IL-12p40 transcription
by altering the status of promoter methylation and chromatin remodeling. Further studies
are necessary to elucidate the mechanisms underlying Nef-mediated down regulation of
IL-12p40 transcription.

NFkB plays a key role in the development of innate and adaptive immunity and is
involved in the pathogenesis of a number of diseases including cancer, AIDS, and
inflammatory disorders [323] The biological significance of JNK-mediated activation of
NF«kB signaling has been documented in cytokine production (IL-6, TNF-c;, MIP-1«) and
susceptibility to bacterial and viral infection in animal models. In addition, NFkB is a
molecular basis for the aberrant growth and cytokine gene expression observed in AIDS
[324-326]. Therefore, intracellular expression of Nef may not only down regulate 1L-12
but may also be implicated in the down regulation of Th1 cytokines, Thl responses and

development of immunodeficiency.
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Chapter V

Conclusion and Future Perspectives
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IL-12 is a critical Thl mediator mainly produced by monocytic cells in response
to various pathogenic stimuli including LPS. IL-12 has been associated with the
induction of strong cellular immune responses early in bacterial and viral infections and
is critical for their clearance. Thus, its therapeutic potential has caused great attention. IL-
12 production is found severely reduced in monocytic cells from HIV-1 infected
individuals. The mechanisms by which IL-12p40 induced by LPS and its downregulation
in HIV infection are not clear. Recent studies using infection with Nef-deficient HIV
strains have shown that the HIV-1 regulatory protein Nef is involved in downregulation
of Thl cytokines in monocytes. Whether the impaired 1L-12 production in HIV infected
monocytes/macrophages is regulated by intracellular Nef and the molecular mechanisms
involved in this regulation are both investigated in my thesis research.

LPS is a well known potent inducer of IL-12p40 from monocytes/macrophages.
The molecular mechanism by which LPS induced IL-12p40 production is unknown. LPS
is known to activate monocytic cells by binding to CD14/TLR4 receptor on the cell
surface and by activating the entire three MAPKs and other protein kinase signaling
pathways. In order to understand the signaling molecules involved in IL-12p40
production, I investigated the possible role of MAPKs in LPS-activated monocytes.
Interestingly, only the JNK signaling pathway was required for IL-12p40 production.
Since the JNK signaling pathway has been shown to be implicated in the regulation of
Thl responses and numbers of cytokine expression in the pathogenesis of infection
diseases, autoimmune disorders and neurological disorders it is interesting to observe that

INK signaling is also involved in IL-12p40 production. In addition, | demonstrated for
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the first time transcription factor AP-1 is a downstream target of JNK in addition to those
previously established for the transcription factor NFkB.

The role of MAPKs in T cell differentiation and cytokine expression has been
investigated. This has been associated with the immunosuppressive activity of
antinflammatory drugs, glucocorticoids such as Dxm. Indeed, the glucocorticoids have
been shown to mediate their biological effects on cytokine production primarily by down-
regulating activation of JNK MAPK as well as AP-1 and NFkB. In this study, I
investigated the role of MAPKs and the transcription factors controlling IL-12p40
production in Dxm’s biological activity. I showed for the first time that Dxm exerts its
immunosuppressive ability by inhibition of IL-12p40 production via blocking the
activation of JNK, AP-1 and NFkB. However, the mechanism by which Dxm inhibits
JNK signaling is not well understood. The glucocorticoids regulate many biological
processes through their intracellular glucocorticoid receptors which interact with specific
DNA sequences termed glucocorticoid response elements (GREs) for transcription of
glucocorticoid-responsive genes. Recently, the glucocorticoids have been shown to
repress transcription by inhibiting the activity of a number of transcription factors
including AP-1 and NFkB, independent of binding through the GREs. Whether Dxm
inhibits IL-12p40 production through AP-1 and NFkB independent of GREs needs
further investigation.

Two other immunosuppressive agents CyA and FK506 widely used in post-organ
transplantation and autoimmune diseases are potent inhibitors of Ca>* dependent T cell
activation and have been shown to inhibit Thl responses by interfering with cytokine

production including IL-12. Since both FK506 and CyA are also inhibitors of calcineurin,
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I investigated Ca?®* signaling in regulation of IL-12p40 production by CyA and FK506
and I demonstrated that calcineurin is a key factor in the downregulation of IL-12p40 by
CyA and FK506. Calcineurin is tightly controlled by the Ca**/CaM complex. CaM is a
major Ca”* receptor existing in both the cytoplasm and nucleus. Ca**/CaM also activate
CaMKII that I further illustrated as an important kinase in IL-12p40 regulation by using
its pharmacological inhibitor. CaMKII has been shown to act as a mediator of kB kinase
activation in response to CD3/TcR stimulation. In concert with my earlier observation
showing the role of AP-1 in IL-12p40 transcription, I showed that CyA and FKS506
inhibit binding of NFkB and AP-1 to the IL-12p40 promoter through the CaM/CaMKII
signaling. Since the Ca**/CaM complex highly controls the PI3K/Akt signaling pathway,
I investigated the role of PI3K/Akt pathway to further understand Ca**/CaM signaling
pathways involved in IL-12p40 induction. In contrast to the observation by others that
PI3K signaling pathways negatively regulate L.PS-induced murine 1L.-12p40 production,
my results suggested that PI3K is a positive regulator in human IL-12p40 production.
Futhermore, PI3K is CaM/CaMKII-dependent and JNK-independent in CyA and FK506-
mediated IL-12p40 expression. Yet again, both AP-1 and NFkB are involved in this
event. These results suggested that LPS-induced IL-12p40 production is regulated by two
independent pathways of CaM/CaMKII activated PI3K and JNK MAPK (Fig. 5.1).
However, it is not clear why JNK pathway failed to compensate for LPS-induced IL-
12p40 production in the presence of inhibitors specific for the calcium pathway.
Moreover, since both pathways regulating IL-12p40 production are mediated through the
same transcription factors, the molecular mechanisms controlling the activation of both

AP-1 and NFkB by these distinct pathways need further examination both vitro and vivo.
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TLRs are key mediator of the immune response to mycobacterial and viral infections. In
addition to TLR4, other TLRs are also implicated in IL-12 regulation in different cell
types in response to different stimuli. For instance, TLR2 is required for IL-12 production
in human macrophages and DCs in response to M. tuberculosis, whereas TLR11 is
required for parasite-induced IL-12 production in DCs. It would be of interest to further
study the signaling mechanism involved in the regulatory effects of these TLRs on IL-12
production by human macrophages and dendritic cells. Furthermore, CpG/TLR9
signaling triggers both B cell and DC producing IL-12. TLRY as well as TLR7 are also
known as viral ligands involved in regulation of various immune mediators by human
macrophages and DCs. Future studies should identify which viral ligands and their TLRs
are involved in HIV-mediated inhibition of IL-12 production by monocytic cells, DCs
and B cells. In addition to signal transduction pathways, the mechanisms by which
regulating gene expression involved in chromatin remodeling and DNA methylation
remain to be clarified.

Nef is an early gene product and an AIDS factor that has been shown to be
implicated in impaired Thl immune responses and dysregulated cytokine expression. As
I demonstrated earlier the critical role for INK MAPK and CaM/CaMLII activated PI3K
in IL-12p40 regulation, I then investigated the MAPKs and Ca** signals to understand the
possible role of Nef in impaired IL-12p40 production from HIV-infected human
monocytic cells. I demonstrated that intracellular Nef inhibits IL-12p40 production
through JNK signaling by human monocytic cells and this is solely dependent on NFkB
without affecting AP-1 activation (Fig. 5.1.). These results support the possibility of the

role of Nef in damaged Thl cellular immunity in the early stage of HIV infection.

130



However, several questions remain: 1) whether Nef directly interact with the signaling
component mentioned above? What are other immune regulators that are possibly
invoved in Nef-mediated downregulation of IL-12p40? Since HIV-Vpr has also shown
its inhibitory effect on 1L-12p40 production, what is the possible relatiohship between
these two proteins? Accordingly, future studies should focus on investigating how
intracellular Nef and Vpr manipulate the activation of these signaling components in
monocytes responsive to HIV infection. In addition, whether the IL-12p40 subunit is a
key regulatory molecule in the immune remodeling observed in HIV infection needs to
be further studied.

Overall, my results from these studies will provide a broad basic understanding of
HIV-Nef mediated 11-12 expression and may suggest potential approaches for
controlling immune deficiency in AIDS. Since it is difficult to eliminate HIV infection
from the tissue reservoirs in patients when they receive anti-retroviral therapy, molecular
approaches to understand the regulation of IL-12 by HIV may be helpful in designing
novel strategies to eliminate virus from the body and enhance cellular immune responses

to facilitate immune reconstitution.

131



Fig. 5-1 Signaling pathways involved in regulation of LPS-induced 12p40
production by HIV-1Nef in human monocytes:

LPS-induced IL-12p40 production in human monocytic cells is regulated by
NF«xB and AP-1 transcription factors through the activation of two distinct
upstream signaling pathways namely JNK and CaMKII-activated PI3K pathway.
Futhermore, retroviral-mediated Nef gene inhibited LPS-induced IL-12-p40
expression through the inhibition of JNK-activated NF«xB without affecting the
AP-1 activity.
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