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BST T

Progressive immunodeficiency in HIV infection is paralleled by a decrease in IL-
12 production, a cytokine crucial for cellular immune function. This thesis reports an
examination of the requirement for productive viral infection, the role of other cytokines,
and the intracellular molecular targets of HIV-mediated suppression of IL-12 p40
expression, with particular emphasis on regulation of the IL-12 p40 promoter, and LPS-
induced activation of MAP kinases.

The reduction in LPS-induced IL-12 p40 protein and mRNA following acute in
vitro HIV infection of THP-1 cells and monocyte-derived macrophages (MDM) was not
attributed to IL-10 or TGF-p activity, and was not restored by priming with IL-4, IL-13,
or IFN-y. Suppression of IL-12 was dependent upon productive viral infection, and was
due, at least in part, to impaired transcription of IL-12 p40. HIV infection of THP-1 cells
reduced nuclear factor binding to the NF-xB, AP-1, and Spl sites of the IL-12 p40
promoter. Nuclear factor binding to these sites, in addition to the Ets-2 element, was also
altered by HIV infection of MDM. By site-directed mutagenesis, each of these
transcription factor binding sites were determined to be necessary for IL-12 p40 promoter
activation. Binding of NF-xB p50, p65, c-Rel, c-Fos, c-Jun, Sp1 and Sp3 proteins to the
IL-12 p40 promoter was reduced by HIV infection of THP-1 cells, while p50, c-Rel, c-
Fos, c-Jun, IRF-1, ICSBP, and Ets-2 binding was altered by HIV in MDM. HIV infection
did not affect cellular levels of the nuclear factors, with exception of NF-xB p65 in THP-

1 cells, and c-Fos in MDM. HIV infection of myeloid cells decreased levels of

i



phosphorylated JNK MAPK, impaired phosphorylation of p38 MAPK, and suppressed
phosphorylation and degradation of IxBa, while ERK 1/2 MAPK was unaffected.

Taken together, these results suggest that impaired IL-12 production in HIV-
infected myeloid cells occurs, in part, via disruption of IL-12 p40 transcription, and is
dependent on productive infection, and independent of the activity of other cytokines.
Inhibition of IL-12 p40 transcription is associated with disruption of nuclear factor
binding to the NF-xB, AP-1, Spl, and Ets-2 elements of the human IL-12 p40 promoter,

which may be a consequence of altered MAPK activation.
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LINTRODUCTION

Interleukin (IL)-12 was first isolated from a human EBV-transformed B cell line
in 1989 by Kobayashi et al., and originally named natural killer cell stimulatory factor
(NKSF). The first description of NKSF was as a novel heterodimeric cytokine, which
when added to human peripheral blood leukocytes induced IFN-y production, enhanced
natural killer cell (NK) cytotoxicity, and enhanced mitogenic responses of T
lymphocytes treated with mitogenic lectins and phorbol diesters (1). Since its discovery,
IL-12 has been demonstrated to be a key immunoregulatory cytokine, produced by a
variety of antigen presenting cells (APC), and functioning to link innate and adaptive
immunity (reviewed in (2)). IL-12 can be elicited by early innate pathogen sensing
mechanisms of APC, or via interactions between APC and activated T lymphocytes via
the CD40/CD40 ligand interaction, and therefore, IL-12 is crucial for both initiation and
propagation of an appropriate adaptive immune response according to the nature of the
immunological challenge (3). As such, a broad array of roles for IL-12 has been
described in host defence against intracellular bacterial or parasitic challenge, viral
infection, tumour cells, and in regulation of autoimmune disease and allergic responses,
with implications for immunotherapy and vaccine design. Therefore, understanding IL-
12 regulation is essential for comprehension of numerous infectious and autoimmune

disorders, and may provide insight into novel approaches to regulate or circumvent these

disease states.
The immune dysfunction associated with HIV infection and disease is multi-
faceted. Among the defects in immune competence is a dramatic decline in cell-

mediated immunity, vital for control of many opportunistic infections and neoplasms in



parallel with a decline in stimulus-induced IL-12 production. This thesis provides an
evaluation of the inhibition of IL-12 in HIV-infected monocytes and the myeloid THP-1
cell line, the role of other cytokines in this inhibition, the requirement for productive
cellular infection in suppression of IL-12, and examines in detail the underlying
molecular mechanisms of regulation of IL-12, with emphasis on transcriptional control

and signalling in response to pathogen sensing.

A. Interleukin-12:

1. Biologically active IL-12 is a 70kDa heterodimer: Interleukin (IL)-12 is a 70 kDa
heterodimeric cytokine, and is the founding member of a novel class of heterodimeric
cytokines, which has recently expanded to include IL-23 and IL-27 (4, 5). The
biologically active form of IL-12 consists of p40 and p35 monomeric subunits
covalently linked by a disulfide bond (1, 6). Coordinated expression of both IL-12 p35
and p40 subunits is required for synthesis and release of the bioactive p70 molecule, yet
the two monomers are located on separate chromosomes (IL-12 p40 on chromosome 5,
IL-12 p35 on chromosome 3) and are differentially regulated (7). Expression of the p35
subunit is considered to be constitutive or only moderately regulated in many cell types,
some of which do not express IL-12 p70 (8), yet p35 production is rate limiting in the
formation of p70 (9). Conversely, expression of the p40 subunit is highly inducible in a
manner similar to that of p70, and is restricted to cell types capable of producing
bioactive IL-12 p70 (8, 10, 11).

The disparity in regulation between the two subunits is highlighted by the
observation that in response to numerous stimulatory and inhibitory factors, expression

of IL-12 p40 mRNA correlates closely with induction of p70 production, while p35



mRNA levels remain unchanged (12-16). In response to stimulation of PBMC with
Staphylococcus aureus (SAC), expression of p40 mRNA correlates closely with
induction of p70 production to a greater extent than p35 (12). TNF-a suppresses IL-12
p70 production in LPS- or S. aureus- stimulated human macrophages (15) in a manner
that decreases p40 without affecting p35 mRNA expression. CD40 ligand induction of
IL-12 in macrophages occurs in a manner that augments IL-12 p40 expression while p35
mRNA accumulation is CD40L-independent (13). Infection of macrophages with M.
leprae reduces p70 and p40 without a detectable effect on p35 mRNA expression.
Enhanced IL-12 p70 production in response to GM-CSF corresponds with increased p40
expression but not that of p35 (14). As IL-12 p40 protein and mRNA closely parallel
production of the p70 molecule, understanding regulation of the IL-12 p40 gene is of
paramount importance in understanding production of bioactive IL-12 p70.

2. Production of IL-12 p40 monomers, homodimers, and IL-12 p70 heterodimers:
Following stimulation of IL-12 producing cells (see below), the IL-12 p40 subunit is
produced in dramatic excess over the bioactive p70 heterodimer (8). This p40 is secreted
in monomeric form, or as disulfide-bonded homodimers. Both of these forms of the p40
subunit are devoid of IL-12-specific biological activity. The p40 homodimer can bind to
the IL-12 receptor, but is incapable of eliciting the signal transduction events and
downstream biological responses that occur following receptor ligation with p70 (17). In
the murine system, in vivo production of IL-12 p40 homodimers may function as an IL-
12 antagonist, via competition with p70 for binding to the IL-12 receptor (18, 19). No
biological function has been ascribed to free monomeric p40. While in vivo production

of p40 homodimers with an antagonistic function has not been described in humans,



both p40 monomers and p40 homodimers have in vitro inhibitory action for IL-12 p70
binding to the KIT225/K6 human T cell line expressing IL-12R, with the monomer
being a 20-fold less potent inhibitor of p70 binding than the p40 homodimer (20).
Secretion of the free p35 monomer has not been described to date.

Production and secretion of biologically active IL-12 p70 is tightly regulated,
likely a reflection of the need to control the magnitude and duration of production of this
potent proinflammatory and immunomodulatory cytokine. The p35 subunit is
extensively modified with sialic acid adducts to N-linked oligosaccharides, which is
essential for both correct assembly and secretion of IL-12 p70 heterodimers (21). On the
contrary, the p40 subunit is not posttranslationally modified by glycosylation, and its
secretion in monomeric or homodimeric form is not dependent upon such modifications
(21). Additional studies from this group illustrated that human IL-12 p70 exists
intracellularly in an immature form, which is glycosylated on the p35 chain upon
stimulation, allowing rapid secretion of mature p70 (21).

3. IL-12 binding to the IL-12 Receptor: The dimeric IL-12 receptor consists of IL-
12RB1 and B2 subunits, each a type I transmembrane glycoprotein and binds IL-12 p70
with high affinity in mice and humans (22, 23). While the majority of studies evaluating
expression and regulation of the IL-12 receptor have focused on T and NK cells, the
dimeric IL-12 receptor has also been reported to be expressed on dendritic cells (24) and
microglia (25). Recognition of p70 via the IL.-12 receptor occurs via binding of 1 to IL-
12 p35 subunit, while the B2 receptor binds IL-12 p40. In both murine and human cells,
the B2 subunit appears to be responsible for initiating intracellular signalling events

following receptor ligation (26), and as such, modulation of expression of the 2 subunit



plays a significant role in induction of IL-12 responses, and in physiological regulation
of IL-12 responsiveness. This is highlighted by the observation that IL-12R(2
expression is upregulated in the Thl phenotype of CD4+ T cells (27, 28), and may play
a role in perpetuation or exacerbation of Thl-driven autoimmune diseases such as
experimental autoimmune encephalomyelitis (EAE), the murine model of Multiple
Sclerosis (29, 30). Deficient expression of IL-12RB2 has been linked to impaired IFN-y
production in HIV infected patients (12) and impaired T lymphocyte responses to C.
neoformans in vitro (31).

Binding of IL-12 p70 to the IL-12 receptor induces tyrosine phosphorylation of
Janus-family kinases (JAKSs) and subsequent activation of STATSs (signal transducer and
activator of transcription). Specifically, IL-12 receptor ligation results in activation of
TYK2 and JAK2, which interact with the cytoplasmic domains of IL-12RB1 and B2,
respectively (23). Recruitment of JAKs to the IL-12R cytoplasmic domain and
subsequent phosphorylation of Rf32 residues leads to phosphorylation and binding of
numerous STATS (STAT 1, 3, 5, 4) to RB2 via their SH2 domains (22). Following
activation, STATs dimerize and translocate to the nucleus to activate transcription of IL-
12 responsive genes. Although STATs 1, 3, 4, and 5 are activated by IL-12 receptor
ligation, the majority of biological effects of IL-12 on NK cells and T lymphocytes are
mediated by STAT4 activation as demonstrated in STAT4-knockout mice which are
impaired in IFN-y production, and Th1 responses (32).

4. Cells that produce IL-12 p70: The main cell populations which produce the IL-12
p70 heterodimer in response to CD40 ligation or a broad range of pathogen-derived

stimuli (discussed below) are professional antigen presenting cells (APC), particularly



monocytes/macrophages and dendritic cells (33, 34). IL-12 production by APC at sites
of infection in the periphery, or in T cell areas of lymphoid tissues is vital for early
induction of innate immune responses to pathogenic challenge via induction of
interferon-y (35, 36), and for coordination of T-cell mediated adaptive immune
responses (discussed in detail in section A.9 of the Introduction).

In addition to professional APC, numerous reports have illustrated that
neutrophils represent an additional source of IL-12 production, which may be
particularly important in early pathogen sensing and innate immune responses.
Neutrophils in mice contain preformed stores of IL-12 (37) that are rapidly released
upon in vivo infection with 7. gondii (38). The presence of preformed intracellular stores
of IL-12 protein ready for rapid release following pathogen challenge contributes to the
role of IL-12 in early innate pathogen sensing in peripheral tissues, to initiate a rapid
immune response. Keratinocytes have also been demonstrated to produce IL-12, as
reported by Yawalkar et al, in an investigation of in situ IL-12 production in skin
biopsies from human patients during a contact hypersensitivity reaction (39). Microglia
are another source of IL-12 (25), and as such, likely play a role in cell-mediated immune
responses in the CNS (40). Although IL-12 was initially isolated from an EBV-
transformed B cell line, IL-12 production from primary B cells has not been confirmed.

5. Induction of IL-12 production: Interleukin-12 production can be induced
through one of two major routes. The first is through recognition of bacteria or bacterial
products or PAMPs (pathogen-associated molecular patterns) via TLR (Toll-like
receptor) family members with subsequent activation of a myriad of intracellular

signalling events, culminating in MAP kinase activation and activation of numerous



cellular transcription factors (see below). The second route of IL-12 induction is via
ligation of CD40 on the surface of APCs such as monocytes/macrophages and dendritic
cells following interaction with activated T lymphocytes expressing CD40 ligand
(CD40L) (13). IL-12 induction through either of these mechanisms is subject to
regulation by numerous factors, which will be discussed in detail in section A.6.

i. _Induction of IL-12 Biosynthesis: Lipopolysaccharide (LPS) is a major

constituent of the outer membrane of gram-negative bacteria such as E. coli, which can
cause systemic inflammatory reactions and septic shock following infection (41). IL-12
p70 protein production is induced by, and is required for immunological defence against
a broad array of pathogens. Intracellular bacteria including Mycobacterium tuberculosis
and Listeria monocytogenes, and intracellular parasites such as Leishmania major and
Toxoplasma gondii require IL-12 and/or IL-12-induced IFN-y production for eradication
of these infections. Although many of these organisms infect and reproduce in cells of
the monocyte/macrophage lineage, inducing IL-12 production in the process, pathogen
sensing and IL-12 synthesis by dendritic cells in the periphery, in the absence of
intracellular infection, play an important role in early immune detection of infectious
challenge, and aid in setting the stage for an adaptive immune response. Recognition of
pathogen-associated molecules or structures ‘including lipoteichoic acid (42),
lipoarabinomannan (43), and peptidoglycan (44), in addition to LPS, via CDI14,
contributes to induction of IL-12 from myeloid cells, yet until the discovery of
mammalian Toll-like receptors (TLR), the molecular mechanism of signalling

production of IL-12 or other proinflammatory cytokines was poorly understood.



ii. CDI4 is an LPS Receptor. CD14, present in soluble form in serum or

membrane-bound on monocytes, macrophages and dendritic cells has long been
recognized as an LPS receptor (45). However, CD14 is a glycosyl-phosphatidylinositol
(GPD)-anchored glycoprotein, and as such has no cytoplasmic domain and therefore
cannot transduce intracellular signals upon LPS recognition on its own (45). Earlier
studies indicated that the Src tyrosine kinase Lyn associated with CD14 following LPS
stimulation of monocytes, and along with other Src tyrosine kinases Fgr and Hck, might
be responsible for activation of myeloid cells in response to endotoxin (46). However,
the observation that peritoneal and bone-marrow derived macrophages from fgr'/ “/hek™
/lyn'/' mice exhibited normal nitrite production and IL-1, IL-6, and TNF-o expression
following LPS stimulation, indicated that LPS-induced activation of macrophages could
occur independently of Src family tyrosine kinases, eluding to the existence of other
LPS-signalling receptors (47].

iii. Toll-like Receptors: The Toll-like receptor (TLR) family of receptors

represents an evolutionarily conserved superfamily of pattern-recognition receptors
(PRRs) that contribute to innate immune defence against pathogen challenge. Members
of this family are represented in organisms as diverse as Drosophila (48), and tobacco
plants (49). The first mammalian homologue of Toll was first characterized in 1997 (50),
and was quickly followed by the identification of TLR4 as an endotoxin receptor, with
the observation that defective LPS signalling in C3H/Hel] mice was associated with a
mutation in the tir4 gene locus (51). Since this discovery, the TLR family has expanded
to include at least 10 members (TLR1 through 10). The description of multiple TLR

family members with discreet, albeit possibly overlapping ligands, with differential TLR



expression on different leukocyte classes (52, 53), suggests that the innate immune
system is in fact selective, and capable of discriminating among specific categories of
pathogens (3, 54). This property of the innate immune system suggests that the innate
immune system is capable of discriminating among pathogens, allowing tailoring of
adaptive immune responses according to the nature of the pathogenic challenge.

iv. TLRs and TLR ligands: Of the 10 mammalian TLRs identified to date,

pathogen-associated ligands have only been reported for five. TLR2 recognizes and
elicits a biological response following exposure to lipoproteins of gram positive and
gram negative bacteria (55, 56), glycolipids from M. tuberculosis (57), lipoteichoic acid
from S. pneumoniae and S. aureus (42), and bacterial peptidoglycan from gram-positive
bacteria (56, 58). Bacterial flagellin from flagellated bacteria such as S. typhimurium or
L. monocytogenes is recognized by TLRS (59), while CpG DNA is recognized by TLR9
in lysosomal compartments (60). Double-stranded RNA, a common molecular pattern
observed in viral infections, may be the ligand for TLR3 (61). In the mammalian system,
TLR4 has been demonstrated to be an LPS receptor, and unlike other TLRs, TLR4 must
be co-expressed with the MD-2 adaptor protein in order to elicit LPS-induced biological
responses (62-64). Recently, it has been described that interactions between different
TLRs upon substrate recognition may confer additional specificity of cellular responses
upon pathogen challenge. When transfected into HEK293 cells, TLR2 and TLR6
cooperate to enhance responsiveness to stimulation with modulin from Staphylococcus
epidermidis, and this stimulation was inhibited in the presence of TLR1 (65). Although
ligands for all TLRs have not yet been assigned, recent evidence suggests that heat-

shock proteins and fibronectin proinflammatory extradomain A may elicit inflammatory



responses through TLR4-mediated recognition (66, 67), providing an additional danger

recognition mechanism for the innate immune system.

v. Signal transduction via TLR4 in response to LPS: The TLR family shares

homology in the cytoplasmic domain with the IL-1 receptor, and as such, shares much of
its intracellular signalling machinery, and imparts overlapping effector outcomes
following receptor ligation, including proinflammatory cytokine synthesis, maturation of
dendritic cells and upregulation of costimulatory molecules on APCs. The signal
transduction events propagated by recognition of LPS by TLR4 are depicted in figure 1.
LPS bound by the serum protein LBP (LPS-binding protein) interacts with
soluble or membrane-associated CD14, which acts as a shuttle for the physical transfer
of LPS to TLR4 in complex with MD-2 on the APC surface (62). Following TLR4/MD-
2 ligation by LPS, the adaptor molecule MyD88 (myeloid differentiation factor 88) is
recruited to the cytoplasmic domain of TLR4 via homologous TIR (Toll/IL-1 receptor)
domains, facilitated by Tollip (toll interacting protein) (68). Subsequently the
serine/threonine kinase IRAK (IL-1 receptor associated kinase) is recruited to MyD88
via interactions between death domains (69), IRAK 1is autophosphorylated and
dissociates from MyD88 (70). Phosphorylated IRAK associates with TRAF6 (TNF
receptor associated factor), which promotes activation of all three classes of mitogen
activated protein kinase (MAPK) and activates the IxB kinase (IKK) complex and
downstream NF-«B activation (reviewed in (71)). Intracellular signalling events initiated
by MyD88 recruitment to TLR are largely responsible for proinflammatory cytokine
production, including production of IL-12 (72). However, LPS stimulation of myeloid

cells also activates protein kinase C (PKC), Src tyrosine kinases, small G proteins, and
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FIGURE 1: LPS-Mediated Sienalling via Toll-Like Receptor (TLR) 4:

Lipopolysaccharide (LPS) bound by the serum LPS-binding protein (LBP) is
recognized by soluble or membrane-associated CD14, and is shuttled to TLR4. LPS in
complex with TLR4 and MD-2 on the myeloid cell surface initiates a series of
intracellular events leading to MAP kinase and NF-xB activation, by both MyD&8-
dependent and —independent mechanisms. Adapted from M. Guha et. al. (71).
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PI3 kinase (73-75), which may contribute to MyD88-independent TLR signalling and
downstream biological outcomes, including IFN-inducible gene expression, caspase
activation, and induction of costimulatory molecules (72, 76, 77).

Due to the severity of consequences of excessive inflammatory responses and
proinflammatory cytokine synthesis, signalling via TLR and TLR expression itself are
likely subject to tight regulation. The monocyte/macrophage-specific IRAK homologue
IRAK-M is a negative regulator or LPS-induced activation. IRAK-M is recruited to
MyD88 upon LPS activation and prevents dissociation from MyD88 and subsequent
interaction with TRAF6 (78). The physiological relevance of IRAK-M is illustrated by
reduced endotoxin tolerance observed in IRAK-M deficient mice (78). Additional
evidence suggests that SOCS-1 (suppressor of cytokine signalling-1) that is induced in
murine macrophages by LPS, functions as a negative regulator of TLR4 signalling,
conferring protection from endotoxic shock (79). Endotoxin tolerized mice exhibit
impaired MAP kinase, NF-kB, and AP-1 activation and deficient upregulation of TLR4
mRNA during subsequent LPS exposure, indicating that TLR expression itself may be a
potential target of regulation of inflammatory responses (80).

Finally, while different TLR family members share their cytoplasmic domains
and to some extent, intracellular signalling machinery, there appears to be some degree
of unique signalling components distinguishing intracellular responses elicited by TLRs.
THP-1 cells tolerized with lipoteichoic acid (LTA) from S. aureus are hyporesponsive to
a secondary challenge with LTA but not to LPS. On the contrary, THP-1 cells tolerized
with LPS are hyporesponsive to subsequent challenge with either LPS or LTA,

indicating some disparity between TLR2- versus TLR4-mediated intracellular signalling
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events (81). This may reflect a greater breadth in recognition of pathogens, and a greater
degree of adaptability of this innate immune response mechanism.

vi. CD40/CD40L interaction: In addition to stimulation of APC (monocytes,

macrophages, dendritic cells) via recognition of PAMPs by TLR family members, IL-12
is also induced by the ligation of CD40 by CD40L on activated T lymphocytes during
antigen presentation (13). In this regard, IL-12 production by CD40-engaged APCs aids
in enhancement of IFN-y production and proliferation of T lymphocytes, and
subsequently promotes Thl-biased adaptive immune responses (82, 83), and provides
positive feedback for IL-12 production and additional APC activation.

Ligation of CD40 on dendritic cells promotes receptor trimerization, and
association of CD40 with the Src tyrosine kinase Lyn in membrane rafts (84).
Recruitment of Src tyrosine kinases leads to downstream activation of MEK 1/2 and
ERK 1/2 activation, and activation of transcription of proinflammatory cytokines (84).
In addition, receptor oligomerization promotes recruitment of TRAF to CD40 and with
subsequent activation of p38 MAPK and IL-12 p40 synthesis (84).

While IL-12 induction in APCs following detection of pathogens via TLRs is
vital for initiation of adaptive immune responses and enhancement of innate immune
responses, CD40/CD40L-dependent IL-12 production lends further protection for hosts
from infection by intracellular pathogens including M. tuberculosis (85, 86) or T. gondii
(87). CD40L engagement of CD40 on APC synergizes with bacterial stimuli to enhance
protective immune responses to intracellular pathogens (88, 89), and exogenous addition
of CD40L to PBMC in vitro can augment or restore defective IL-12 production in HIV

seropositive individuals (83, 90). Due to the potency of CD40L in eliciting IL-12
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production and supporting cell-mediated immunity, CD40L along with microbial
products or IL-12 itself, may be exploited as an adjuvant to enhance vaccine efficacy
and host protection against tumours (91) or infectious diseases (92).

6. Regulation of Interleukin-12 Expression: While interleukin-12 is induced by
microbial stimulation or CD40 ligation by CD40 ligand on activated T cells, production
of IL-12 is regulated or influenced by numerous factors, most importantly, other
cytokines. Although cytokines elicit a potent positive or negative regulatory influence
over IL-12 production, cytokines alone are insufficient for induction of IL-12.

i. Positive IL-12 regulation by cytokines: One of the most potent cytokines

eliciting a positive regulatory role over IL-12 production and which plays a vital role in
the downstream biological effects of IL-12 (discussed in section A.9) is IFN-y. While
bacterial stimuli such as LPS induce IL-12 p40/p70 synthesis in PBMC or monocytes,
IFN-y dramatically enhances this production (8, 10). IFN-y functions in a positive
feedback loop with IL-12: IL-12 induced from an APC following pathogen challenge or
CD40 ligation elicits IFN-y production from NK cells or T lymphocytes, which
enhances APC activation and IL-12 production. Numerous studies evaluating the
priming effect of IFN-y production have demonstrated that IFN-y enhances IL-12p70
expression via enhancing transcription of both p35 and p40 subunit mRNAs (10). In
addition to this priming effect, IFN-y also enhances IL-12 responsiveness via
augmenting and maintaining expression of IL-12R32 on Thl cells (93).

Other cytokines that prime microbe-induced IL-12 production include IL-4 and
IL-13. These are typically considered to be Th2-type cytokines, and if administered to

PBMC in the short-term prior to stimulation with LPS or S. aureus, IL-4 and IL-13 are
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inhibitory for IL-12 production (94). However, with prolonged exposure to either
cytokine (greater that 20 hours) prior to addition of microbial stimulus, IL-12 production
is enhanced (8, 95). This priming effect in PBMC corresponds to enhanced transcription
of both p35 and p40 subunit mRNAs (95).

ii. Negative Regulation of IL-12 by Cytokines: Interleukin-10 is a potent and

particularly physiologically relevant negative regulator of IL-12 expression, and of
inflammatory responses in general. IL-10, like IL-12, is induced by microbial stimuli
such as LPS, and feeds back to downregulate IL-12 production, thus limiting the
production of IFN-y induced by IL-12. Inhibition of IL-12 by IL-10 occurs at the level of
transcription of the IL-12 p40 and p35 subunits, and is cycloheximide-sensitive
indicating that IL-12-mediated inhibition occurs indirectly via the synthesis of an
additional protein intermediate (96). While IL-10 is a potent regulator of IL-12 and is
induced by overlapping stimuli, induction of IL-10 does not always result in decreased
IL-12 production. For example, butyrate impairs IL-12 p40 and p35 mRNA expression
in parallel with augmented IL-10 production in S. aureus-stimulated monocytes, yet IL-
12 inhibition by butyrate is IL-10-independent (97). However, in IL-10-deficient mice
challenged with avirulent 7. gondii, augmented IL-12 production and deleterious
inflammatory responses occurred, highlighting the importance of IL-10 in physiological
control of IL-12 synthesis (98).

TGF-B is another potent inhibitor of IL-12 synthesis, and does so by reducing
transcription and stability of the p40 subunit mRNA (99). TNF-a, which is also induced
by diverse microbial stimuli, is also inhibitory for IL-12 production. TNF-o-mediated

suppression of IL-12 production in LPS- or §. aureus-treated human monocyte-derived
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macrophages is IL-10-independent (15). IFN-a/B are other cytokines involved in the
innate immune response to pathogen challenge and facilitate cell-mediated immune
responses, which are also inhibitors of IL-12 production by monocytes (100) and murine
splenocytes treated with S. aureus (101) via inhibition of transcription of the IL-12 p40
subunit.

iti. Negative regulation of IL-12 Induction by Receptor Ligation: Aside from

regulation of IL-12 production by cytokines, ligation of Fc receptors and G-protein
coupled receptors are an additional mechanism of IL-12 downregulation. FcyR ligation
on bone marrow derived monocytes with IgG-opsonized erythrocytes impairs
transcription of IL-12 p35 and p40 subunits (102). Similarly, treatment of murine
splenocytes with S. aureus and IFN-y or CpG DNA in the presence of the G-protein
inhibitor pertussis toxin augments IL-12 production (103). Accordingly, Balb/c mice
infected with L. major which normally results in a non-healing phenotype marked by
insufficient IL-12 production, revert to a healing phenotype with inclusion of pertussis
toxin (103). Other examples of ligands of G-protein coupled receptors that impair IL-12
production include vasoactive intestinal peptide (VIP) or pituitary adenylate cyclase
activating peptide (PACAP) binding to the VPAC-1 receptor (104). However, ligation of
G-protein coupled receptors does not exclusively result in inhibition of IL-12. For
example, during 7. gondii infection, binding of STAg-induced MIP-1p to CCRS is
required for IL-12 induction and I1.-12-dependent pathogen control (105).

iv. Inhibition of IL-12 production by prostaglandin E2: Another important

soluble mediator of inflammation is prostaglandin E2 (PGE2), a lipid by-product of

arachidonic acid. PGE2 is a potent inhibitor of IL-12, acting in part via the induction of
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inhibitory signals following PGE2 binding to its cognate G-protein coupled receptors
EP1, 2, 3, or 4 (106). PGE2 production from LPS-stimulated bone marrow dendritic
cells inhibits IL-12 indirectly by induction of IL-10 synthesis (107). Another study
suggests that addition of PGE2 to TNF-o-treated immature human dendritic cells
enhances the ratio of p40/p70, thereby increasing the presence of antagonistic free p40
monomer or homodimer to compete with p70 for IL-12 receptor occupancy (108),
although in LPS- or CD40L-treated dendritic cells both p40 and p70 protein production
was inhibited.

The control mechanisms in place for regulation of IL-12 expression are vital for
ensuring limitation of proinflammatory responses to microbial challenge or during a
downstream antigen-specific immune response. Dysregulation of any of these control
elements directly at the level of intracellular regulation of IL-12 synthesis or indirectly
via alterations in IL-12 receptor expression or production of other cytokines, may lead to
deleterious Thl- or IL-12-mediated autoimmunity, or may allow immunological escape
of microbes that require IL-12 for pathogen control. Elevated levels of IL-12 production
in macrophages from nonobese diabetic (NOD) mice are thought to predispose this
mouse strain to the development of diabetes (109), and mice susceptible to autoimmune
myocarditis deficient in IL-12 p40 resist development of disease (110). In addition, IL-
12 deficient mice exhibit impaired IFN-y production in response to LPS, and reduced
antigen-specific Thl responses (111).

7. Transcriptional Control of IL-12 p40: The human IL-12 p40 promoter contains at
least eight putative transcription factor binding sites, including C/EBP, NF-xB, PU.1,

AP-1, Ets-2, Spl, IRF-1, and NF-IL-6, depicted in figure 2 (2). An additional control
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FIGURE 2: Proximal Human Interleukin-12 p40 Promoter:

Schematic representation of the proximal human IL-12 p40 promoter, indicating
the positions of eight putative transcription factor binding sites (C/EBP, NF-kB, PU.1,
AP-1, Ets-2, Spl, NF-IL-6, IRF-1) and a recently identified repressor element (GA-12).
Adapted from G. Trinchieri (2).
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element has been recently identified, termed GA-12 (GATA sequence in the IL-12
promoter) (112). This element is located at —~155 in the human IL-12 p40 promoter
between the Ets-2 and NF-«B binding sites, and negatively regulates promoter activation
by IL-4 and PGE2 (112). The protein binding to the GA-12 element following IL-4 or
PGE2 treatment has not been identified. The relative contribution of each of the
transcription factor binding sites in promoter activation remains poorly understood and
most studies are limited to the murine model.

In murine macrophages, the C/EBP and NF-kB elements exhibit a functional
synergy, without cooperative binding, in response to heat-killed Listeria monocytogenes
(113). In addition, stimulation of RAW264.7 murine macrophages with CpG DNA
regulates IL-12 p40 transcription in a manner requiring C/EBP and NF-kB (114).
Presence of the NF-xB element in murine macrophages is essential for pathogen-
induced promoter activation (115), and both p50/p65 and p50/c-Rel NF-kB heterodimers
bind to the NF-xB site following LPS stimulation (116). While both NF-«xB
heterodimers bind to the NF-xB site with similar affinity, c-rel” murine macrophages
are deficient in IL-12 p40 expression, while p65™ macrophages are not (116). This
selective requirement for c-Rel in IL-12 p40 transcription is independent of the TLR-
dependent nucleosome remodeling events necessary for transcriptional activation of IL-
12 p40 (117). A large multiprotein complex forms at the Ets-2 site in response to LPS
stimulation in RAW264.7 cells (118, 119), comprising p50, c-Rel, ICSBP (interferon

consensus sequence binding protein), IRF-1 (interferon regulatory factor-1), PU.1 and

Ets-2.

19



Numerous pharmacological inhibitors of IL-12 production do so by impairing
nuclear factor binding to the NF-xB element (eg. VIP/PACAP, retinoids, ASA, and
1,25-dihydroxyvitamin Ds)(104, 120-122), while FcRy-mediated suppression of IL-12
p40 expression is due, in part to diminished binding of nuclear protein to the Ets-2
element (102). IRF-1-/- and ICSBP-/- mice have impaired IL-12 production, however
the role of the IRF-1 site in IL-12 p40 promoter activation has not been determined
(123-125). In addition, the contributions of the NF-IL-6, Sp1, and AP-1 sites in IL-12
p40 transcription have not been evaluated.

8. MAP kinases and IL-12: Signalling through TLRs in response to pathogen-
associated molecular patterns, such as LPS, initiates numerous intracellular signalling
events culminating in activation of MAP kinases and phosphorylation and degradation
of IxBo., with subsequent activation of NF-kB (reviewed in (71)). Several recent reports
have implicated MAPK activation in regulation of production of cytokines, including
IL-12 (126). Activation of p38 MAPK following treatment of murine macrophages with
berberine (127) or LPS (128) is required for IL-12 p40 transcription (127). Similarly,
treatment of RAW264.7 murine macrophages with CpG DNA activates IL-12 p40
expression via p38 MAPK (129). A strict requirement for p38 in LPS-induced IL-12 p40
expression is evident from studies of mice deficient in the p38 activator Mkk3, which
are deficient in p40 expression (130). Activation of p38 by LPS may be dependent on
the dsRNA-dependent kinase PKR, as PKR-/- mice have impaired IL-12 production in
response to in vitro or in vivo LPS challenge (131).

On the contrary, activation of ERK MAPK is inhibitory for IL-12 production

(132). Treatment of murine spleen-derived dendritic cells with TNF-o to induce
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maturation inhibits IL-12 via ERK activation (133). Activation of ERK via pathogen
challenge and subsequent impairment in IL-12 production may reflect an additional level
of regulation to maintain tight control to limit deleterious endotoxic responses.
Unfortunately, regulation of IL-12 via MAPKs, particularly ERK, provides an
opportunity for invading pathogens to evade an immune response. Leishmania
phosphoglycans, which promote parasite survival, do so via activation of ERK MAPK,
thereby limiting IL-12 production (128). Although the roles of p38 and ERK MAPK in
pathogen-mediated regulation of IL-12 production have been described in murine APCs,
studies of MAPK involvement in IL-12 regulation in the human system, and studies of
the role of JNK in IL-12 induction specifically, are lacking.

9. Biological Functions of Interleukin-12: Interleukin-12 is a potent inducer of cell-
mediated immune responses, important in immunological control of infections with
intracellular pathogens, and in anti-tumour immunity. The majority of the biological
function of IL-12 is mediated via its ability to elicit IFN-y production from T and NK
cells, and to induce polarization of CD4+ T cells into the Thl subset of IFN-y producing
T lymphocytes, either directly or in synergy with other cytokines or APC costimulatory
molecules.

Early pathogen sensing by APCs elicits IL.-12 production, which in turn evokes
IFN-y production from NK cells and T lymphocytes (134, 135). IFN-y produced in this
manner is responsible for several of the biological effects of IL-12. IFN-y feeds back to
the APC and further augments IL-12 production, and activates the APC. IFN-y enhances
costimulatory molecule expression and MHC expression (136), increasing the efficacy

of APC to stimulate naive T lymphocytes. IFN-y also enhances IL-12-mediated effects
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on IL-12 receptor-expressing cells by augmenting and maintaining expression of the IL-
12 receptor (123). While IL-12 is integral for induction of IFN-y, IL-18 synergizes with
IL-12 to maximize IFN-y production (137). Interleukin-12 is also a potent and critical
inducer of the differentiation of the Thl phenotype of CD4+ T cells (138-142), which
produces IL-2 and IFN-y and supports cell-mediated immune responses. In this manner,
IL-12 and IL-12-induced IFN-y aid in promoting proliferation of activated T cells (143)
and NK cells (144). The cell-mediated/Thl response also promotes cytotoxicity of
CD8+ cytotoxic T lymphocytes and NK cells (145-147), thereby aiding in antiviral and
anti-tumour antigen-specific immune responses (148-150). One of the key functions of
IL-12-elicited IFN-y from NK cells and Th1 cells is activation of microbicidal functions
necessary for eradication of intracellular infections within phagocytes, such as L. major,
T. gondii, and M. tuberculosis (139, 151-153). These antimicrobial activities include
production of nitric oxide via iNOS induction, production of superoxide and other
oxygen-derived products that are directly toxic for bacteria, enhancing lysosomal fusion
with phagosomes, and increase in costimulatory molecule expression to render cells
better APCs for directing adaptive immune responses (reviewed in (154)).

A role for IL-12 in viral infections is less clear. Inclusion of IL-12 in vaccine
regimens or during antigenic priming improves anti-viral and anti-tumour immunity and
antigen-specific CTL generation (155-159). IL-12 also enhances expression of granzyme
B and perforin in CTL (160). However, in many instances viral infection does not
induce or require IL-12 for viral clearance, including infection with influenza or
lymphocytic choriomenigitis virus (LCMV) (148, 161). On the contrary, infection of

mice with murine cytomegalovirus (MCMYV), or patients in the acute phase of varicella
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zoster infection show elevated levels of IL-12 production (148, 149, 162), which may
play a role in eliciting early IFN-y production from NK cells, aiding in control of viral
replication (148, 149, 163). It appears that generation of CTL effector cells is not
dependent on IL-12, but is augmented both at the level of precursor frequency and
cytotoxic activity, and therefore the role of IL-12 in viral infection may primarily be to
induce early IFN-y production and elicit Thl development to supply help during
secondary immune responses.

Due to the potent capacity of interleukin-12 to elicit Thl development and IFN-y
production, IL-12 is vital for host resistance to a variety of infectious challenges.
Intracellular bacteria and intracellular parasites are strong inducers of IL-12 production,
and IL-12 and IL-12-induced IFN-y production/Thl cell development is critical for
eradication of infection with these pathogens. The potent proinflammatory and Thl-
inducing capacity of IL-12 has recently been exploited via application of 1L-12 as a
vaccine adjuvant to improve cell-mediated immunity, for use against a wide variety of
pathogens and anti-tumour immune reactions. The deficiency in stimulus-induced IL-12
production which occurs in HIV infection may contribute to reduced cellular immune

responses and enhanced susceptibility to opportunistic infections that accompany HIV

disease.

B. HIV Immunopathogenesis:

HIV disease is characterized by severe immune suppression, which advances
with disease progression. A hallmark of HIV infection is a gradual loss of CD4+ T cell

number (164), and eventual susceptibility to opportunistic infections and neoplasms. As
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CD4+ T cells are vital components of the adaptive immune response, and coordinate
humoral and cellular immune responses in an antigen-specific manner, loss of the CD4+
T cell population and the influence of this loss on the immune response are central to the
immune defects observed with HIV infection. Although the hallmark of HIV infection is
a loss of CD4+ T cell numbers, impaired CD4+ T cell function can be observed prior to
a decline in number (165), highlighting the importance of understanding early aspects of
immune dysfunction that may contribute to a loss of virologic control and impaired cell-
mediated immunity and immune competence despite an intact CD4+ T cell count.

1. T cell defects in HIV infection: CD4+ T cells provide help for the differentiation
of antigen-specific effector CD8+ cytotoxic T lymphocytes (CTL), probably via
activation of APC to upregulate costimulatory molecules (166). The loss of the CD4+ T
cell compartment may therefore contribute to the decline in CTL function against a
variety of pathogens, including a decline in HIV-specific CTL-mediated immunity. In
addition, during late-stage disease with low CD4+ T cell counts, IFN-y levels are
reduced, which may contribute to the reduced cell-mediated immunity observed in HIV
disease (167).

During progressive HIV infection and disease CD4+ T cells may be lost via
numerous mechanisms. Direct infection of CD4+ T cells resulting in apoptosis, CD8+ T
cytotoxic T cell or NK-mediated killing, and syncytia formation are well-documented
modes of loss of infected T cells (168). However, the high level of plasma viremia with
a low le;fel of prevalence of CD4+ T cells infected with HIV suggests that CD4+ T cell
killing by direct HIV infection is insufficient to explain the dramatic immunodeficiency

associated with HIV infection (169), and that other indirect mechanisms of CD4+ T cell
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loss are likely at play including activation-induced cell death, apoptosis induced by
engagement of CD4 by HIV-1 gp120, infection of thymocytes and reduced thymopoeisis
(168, 170). Loss of CD4+ T cell function or anergy in response to HIV antigens may
additionally contribute to the deficiency in the CD4+ T cell compartment (169, 171).
Infection of APCs with HIV may provide antigenic stimulation with insufficient
costimulation resulting in HIV-specific CD4+T cell anergy (169).

Although CD4+ T cells are not always required for CD8+ T cell activation (166),
CD4+ T cells do appear to be necessary for continued CTL activity in persistent viral
infection. Whatever the nature of events culminating in loss of CD4+ T cells number and
function, the lack of HIV-speciﬁc CD4 help likely contributes significantly to impaired
CTL responses. This is the case with other models of chronic viral infection such as
LCMYV, wherein CTL activity is impaired in the absence of adequate T cell help (172).
In fact, a strong protective HIV-specific CTL response is observed when a robust CD4+
T cell response occurs (173), and CTL activity appears to be essential for control of
viremia and limiting disease progression (174, 175). Despite reduced plasma viremia
and augmented CD4+ T cell numbers following highly active antiretroviral therapy
(HAART), HIV-specific CD4 and CD8 functions remain impaired, unless HAART is
administered during primary infection (176), emphasizing the need to understand key
features in early immune defects that exacerbate disease.

2. Antigen presenting cells and HIV infection: As innate immune-sensing of
pathogens and subsequent activation, maturation and/or differentiation of APCs is vital
for shaping the character of the adaptive immune response, numerous studies have also
addressed HIV-mediated effects on APCs and other key players of the innate immune

response. Cells of the myeloid lineage are key players in the immunopathogenesis of
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HIV infection. Tissue-resident macrophages and dendritic cells are among the first
susceptible host cells exposed to HIV infection in the periphery (177) and while
circulating monocytes in blood are infrequently found to be infected (178), HIV-infected
macrophages can be readily identified in the central nervous system, lungs, tonsils, and
adenoids (179-182). As myeloid cells are generally not susceptible to the cytopathic
effects of HIV infection (183) and macrophages persist in peripheral tissues, allowing
consistent low-level virus reproduction despite antiretroviral therapy (184), cells of the
myeloid lineage represent key players in promoting HIV infection and spread via
establishment of reservoirs of viral infection and replication.

Dendritic cells play an additional vital role in viral infection. As dendritic cells
also reside in the periphery, they are among the first cells to become exposed to HIV at
mucosal sites of infection (reviewed in (185, 186)). Due to the capacity of dendritic cells
to migrate from the periphery into T cell areas of lymphoid tissues and become potent
activators of naive T cells, dendritic cells represent a mode of viral transmission from
mucosal/peripheral tissues to target CD4+ T cells, ideally situated to become activated
and permissive for HIV infection. While the existence of virus-producing dendritic cells
/in vivo is controversial, several in vitro and ex vivo studies have illustrated that dendritic
cells harbor infectious HIV virus particles (181, 182), and migrate to T cell areas of
draining lymph nodes of mucosal tissues, facilitating HIV spread by disseminating HIV
to CD4+ T lymphocytes (187-190). At least two types of immature DC can be identified
and purified from whole blood: myeloid DC (mDC) of myeloid origin (CD11c+,
CDlc+), and plasmacytoid DCs (pDC), of proposed lymphocytic origin (191-193). Both
types are readily infected with HIV in vitro and are reduced in numbers in HIV-infected

individuals (194-197).
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3. APC defects in HIV infection: Examination of mononuclear phagocytes from
HIV-seropositive individuals ex vivo illustrated diminished respiratory burst and release
of B-glucuronidase in response to C. neoformans (198). In vitro treatment of
macrophages with HIV-1 gp120 impaired phagocytosis of yeast (199), and macrophages
infected in vitro are less effective at intracellular killing of Candida pseudotropiate
(200). Monocyte-derived macrophages obtained from PBMC from HIV seropositive
donors exhibit a reduced capacity for killing of 7. gondii, in an environment deficient in
IFN-y production (201). Taken together, these studies indicate that macrophages in the
setting of HIV infection are defective in several aspects of antimicrobial activity.

With respect to the role of APCs in directing adaptive immune responses,
Langerhans’ cells (LC) from HIV seropositive donors exhibit normal levels of HLA-DR,
but LCs and macrophages were less potent stimulators for allogeneic T lymphocytes
than LCs and macrophages from healthy donors, and also exhibited decreased recall
antigen and mitogen-induced T cell responsiveness (202). However, acute in vitro
infection of a macrophage cell line suppressed HLA-DR protein and mRNA expression,
and impaired proper localization of HLA-DR to late endosomes or lysosomes (203).
Monocytes isolated from PBMC from HIV-infected individuals have reduced levels of
surface expression of the B7 costimulatory molecule (204). Consistent with ex vivo
observations of monocytes from HIV infected donors, APC treatment with gp120
interferes with costimulation of T cells via interruption of CD40/CD40L and CD28/B7.1
interactions (205). As APCs from HIV seropositive individuals clearly are impaired in
innate and adaptive arms of the immune response, and are important targets of infection

and sources of replicating virus and viral antigen, the APC compartment is likely an
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important contributor to HIV immunopathogenesis, and may be partly accountable for
the decline in HIV-specific and antimicrobial responses in general.

4. Altered Cytokine Production in HIV Infection: Early studies regarding cytokine
imbalances occurring during HIV infection characterized an overproduction of Th2
cytokines, especially IL-10, but also TGF-p and IL-4, and an underproduction of Thi
cytokines such as IL-2 and IFN-y ((206, 207) and reviewed in (208)). In addition,
stimulus-induced IL-12 production from PBMC from HIV seropositive donors, and from
monocytes infected with HIV-1 in vitro is dramatically impaired (209). As the cytokine
milieu in the microenvironment present during antigen presentation is vital for
determining the makeup of the adaptive immune response, cytokine imbalances in HIV-
infected persons, particularly the underproduction of IL-12 has been suggested as a
causative or vital contributing factor to the immune defects observed with HIV disease.
The shift in Th-derived cytokines to a Th2 phenotype rather than a Th1l phenotype may
prevent establishment of cell-mediated immune responses needed for eradication of
intracellular pathogens, many of which are important sources of opportunistic infections

that establish themselves in persons infected with HIV.

C. Interleukin-12 and HIV:

HIV disease is characterized by dysfunction in cell-mediated immunity, which is
illustrated by numerous ex vivo measures of immune function including diminished
proliferative responses to antigen, as well as a reduction in HIV-specific cytotoxic T
lymphocyte activity (208, 210, 211). The impairment of T lymphocyte function occurs

in asymptomatic individuals, prior to the reduction in CD4+ T cell numbers and
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progresses over time (165, 206, 207). In parallel with this impaired cell-mediated
immunity, peripheral blood mononuclear cells (PBMC) of HIV seropositive individuals
produce less IL-12 in response to bacterial stimuli than PBMC from seronegative
individuals (12, 209). This defect in IL-12 induction by HIV infection is somewhat
specific, as production of other proinflammatory cytokines such as TNF-o and IL-1P is
not reduced (209). As well, IL-12 may have a direct role in promoting HIV-specific
immunity. Addition of IL-12 in vitro enhances the immune effector functions of PBMC
from HIV seropositive individuals, as indicated by augmented IL-2 secretion and
proliferation of PBMC in response to HIV envelope peptides (211, 212). IL-12 also
enhances PBMC and CD4+ T cell proliferation and IFN-y secretion in response to HIV-
1 p24 antigen (213), and augments HIV-specific cytotoxic T lymphocyte (CTL) activity
(171). In addition, prolonged suppression of viral load in HIV patients receiving
antiretroviral therapy results in improved parameters of immune function, including
enhanced IL-i2 production (25, 214, 215). These observations suggest a possible
reversibility of the impaired cell-mediated immunity during HIV infection, and indicate
a potential role for IL-12 in promoting HIV-specific adaptive immune responses.
Numerous reports in the literature have demonstrated that IL-12 production in
response to bacterial stimulation is impaired in HIV seropositive individuals, and that
this defect may contribute to impaired cell-mediated immune responses, including HIV-
specific adaptive immunity (83, 171, 209). To date, the mechanism by which HIV
infection suppresses IL-12 expression remains unclear. Treatment of monocytes with
soluble HIV-1 gp120 suppresses LPS-induced IL-12 production via induction of IL-10,

a potent antagonist of IL-12 expression (8, 99, 216, 217). While enhanced production of
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IL-10 has been documented in some HIV-infected individuals (11, 206, 218), other
studies have shown no increase in IL-10 production in HIV-infected PBMC or
monocytes cultured with bacterial stimuli (219, 220), and that inhibition of IL-12
induction from HIV+ PBMC is not reversed by neutralizing antibodies against IL-10
(209). In addition, exogenous HIV-1 Tat or Vpr protein impairs stimulus-induced IL-12
production in human monocytes (221, 222). Several reports have shown that IL-12
production defects in PBMC from HIV-positive patients may be overcome by addition
of IFN-y, IL-4, or IL-13 prior to bacterial stimulation (95, 223). Although IFN-y, IL-4,
and IL-13 can promote optimal IL-12 production under some circumstances, and IL-10
and TGF-B inhibit IL-12, it remains unclear whether the activity of these cytokines, or
lack thereof, is responsible for impaired IL-12 induction by HIV infection of myeloid
cells. Others have proposed that increased prostaglandin E2 production (224) or
defective CD40 ligand induction (83) may contribute to reduced IL-12 production in
HIV-infected individuals. While acute infection of monocytes in vitro results in
suppression of IL-12 protein production following bacterial stimulation (209), an
absolute requirement for productive cellular infection and a direct impact on IL-12
production in infected myeloid cells have not been clearly established.

At least eight putative transcription factor binding sites have been identified in
the human IL-12 p40 promoter, yet the relative contributions of each of these sites in
stimulus-induced transcription are poorly understood, and modulation of IL-12 p40
expression by HIV acting at one or several of these sites has not been addressed.
Similarly, the effect of HIV infection on LPS-induced intracellular signalling for

activation of IL-12 p40, particularly through MAP kinases, and any downstream
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consequences on host cell transcriptional machinery acting at the IL-12 p40 promoter

has not been examined.

D. Rationale:

Given the crucial role of interleukin-12 in modulating immune responses, and
considering that IL-12 may enhance HIV-specific immunity, elucidating factors that
influence IL-12 production by myeloid cells will advance the understanding of the
immunopathogenesis of HIV infection and potentially lead to novel approaches to
therapy. As IL-12 p40 protein and mRNA expression closely parallels production of the
p70 heterodimer in response to numerous stimulatory and inhibitory agents, evaluation
of HIV-mediated suppression of IL-12 production has been directed towards regulation
of the highly inducible p40 subunit. Therefore, the purpose of the work described herein
was to delineate the mechanisms by which HIV inhibits LPS-induced IL-12 p40

transcription in isolated myeloid cells.
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E. Hypotheses:

1.

HIV infection of myeloid cells in isolation (moncyte-derived macrophages (MDM)
and THP-1 cells) suppresses induction of IL-12 p40 expression in response to
bacterial stimulation.

Suppression of IL-12 p40 expression occurs directly, independent of the activity of
other host- or virus-derived soluble factors, and requires productive infection by
HIV.

HIV infection of myeloid cells affects transcription factor binding to the IL-12 p40
promoter, and this aberrant binding may be a result of impaired upstream LPS-

induced intracellular signal transduction.

. Specific Objectives:

. To compare IL-12 p40 protein and mRNA expression in mock- and HIV-infected

myeloid cells following bacterial stimulation;

To determine whether HIV-mediated inhibition of IL-12 p40 expression occurs
directly, or indirectly requiring de novo protein synthesis;

To examine whether neutralization of antagonistic cytokines, specifically IL-10 and
TGF-B, reverses the suppression of IL-12 p40 production by HIV infection;

To evaluate whether addition of IL-12-enhancing cytokines to HIV-infected myeloid
cells restores deficient IL-12 p40 expression;

To ascertain whether suppression of IL-12 p40 induction in HIV-infected myeloid

cell cultures is soluble factor-mediated, or is dependent upon productive infection by

HIV;
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. To determine whether HIV impairs IL-12 p40 gene expression at the level of
transcription;

. To determine the effects of HIV infection on transcription factor binding to the IL-12
p40 promoter in myeloid cells;

. To confirm that any transcription factor binding sites in the IL-12 p40 promoter
which are affected by HIV infection are indeed implicated in LPS-induced promoter
activation;

. To examine whether HIV infection causes aberrations in LPS-induced signalling,

particularly via MAP kinases.
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A. Cell Lines and Virus Stocks:

1. Cell lines: The monocytic THP-1 cell line and the 8E5 CEM-derivative T cell line
were obtained from the American Type Culture Collection (Manassas, VA). The THP-1
cell line was selected as a representative myeloid model allowing for productive HIV
infection and IL-12 expression superior to HL-60 and U937 cells. Each cell line was
maintained in suspension in T-75 tissue culture flasks in RPMI-1640 medium
(Gibco/Invitrogen, Burlington, ON) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin (Gibco), and 2.5
mg/L Fungizone (Bristol Myers Squibb, Montreal). Cells were replated at a density of
0.5 x 10° cells/ml every 3-4 days, and incubated at 37°C, 5% CO,.

2. Virus Stocks: The dual-tropic HIV-1 clinical isolate, cs204, was a gift from Dr. F.
Diaz-Mitoma (Children’s Hospital of Eastern Ontario, Ottawa, Canada). HIV-1yp was
obtained from the National Institutes of Health AIDS Research and Reference Reagent

Program (Bethesda, MD).

B. Monocyte Isolation and Culture:;

1. PBMC Isolation: Peripheral blood mononuclear cells (PBMC) were isolated from
HIV-seronegative healthy donors by diluting whole blood in a 1:1 ratio with 1X
phosphate buffered saline (PBS; Gibco), and overlaying on Ficoll-Paque Plus
(Amersham-Pharmacia Biotech, Baie d’Urfe, PQ) in 50 ml conical centrifuge tubes at a

ratio of 2:1 diluted blood to Ficoll. Tubes were centrifuged at 400 x g for 30 minutes
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with no brake, after which time the buffy coat layer was collected and washed twice in
4-fold excess PBS with centrifugation at 400 x g.

2. Isolation of Monocytes from PBMC: After washing of PBMC, cells were counted
and resuspended in RPMI-1640 supplemented with 5% human type AB serum (Sigma,
Oakville, ON), 2.5 mg/L Fungizone, 100 U/ml penicillin, and 100 pg/ml streptomycin,
and plated at a concentration of 10° cells/ml in T-75 tissue culture flasks. After 90
minutes in culture at 37°C and 5% CQ,, non-adherent mononuclear cells were removed
by gently washing twice with 1X PBS, and adherent monocytes were collected by
scraping. Monocytes were pelleted at 400 x g and subsequently maintained in culture in
RPMI-1640 medium supplemented with 5% AB serum and antibiotics. As monocytes
isolated in this manner were subsequently cultured for a total of 12 days, including 7
days of mock or HIV infection and allowing for significant differentiation, this myeloid

cell type will henceforth be referred to as monocyte-derived macrophages (MDM).

C. In Vitro HIV Infection:

1. Preparation and Expansion of Virus Stocks: The laboratory strain HIV-13 and
the HIV-1 clinical isolate, cs204, were each expanded in THP-1 cells, and titrated for
use in subsequent experiments in either THP-1 cells or MDM. Briefly, 5 x 10° THP-1
cells were incubated with 500 pl of each virus stock in a 1 ml total volume, and after 8
hours of incubation at 37°C, 5% CO,, cells were washed once with 1X PBS, and plated
in T-25 tissue culture flasks at 0.5 x 10° cells/ml. After 3 days, 10 ml of medium (RPMI
+ 10% FBS) were added, and cells were transferred into T-75 flasks, with addition of

fresh medium every 3-4 days. On days 0, 7, and 14, culture supernatant aliquots of 1 ml
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were harvested and stored at -80°C, and on day 14 of culture, HIV replication was
verified by assaying supernatants for HIV-1 p24 antigen production by specific ELISA
(NEN Life Science Products, Boston, MA). Once HIV-1 p24 antigen levels in culture
exceeded 50 ng/ml, the total culture volume was harvested, centrifuged at 400 x g, and
cell-free virus-containing supernatants were aliquoted and stored at ~80°C for future use.

2. TCIDsg Determination of HIV-1 Virus Stocks: The 50% tissue-culture infectious
dose (TCIDsg) of each virus stock was determined against both THP-1 cells and MDM
by titration of serial dilutions of each virus stock against a constant number of target
cells. Virus stocks were typically generated to a titer of 10°/TCIDso/ml. Briefly, in a 96-
well flat-bottomed tissue culture cluster plate, 200 ul of virus stock diluted 1:12 with
medium were plated in triplicate in one row. To the next 6 rows, 150 pl of medium
(RPMI + 10% FCS in the case of THP-1 cells, or RPMI + 5% AB serum for MDM) are
added in triplicate. Using a multichannel pipettor, 50 ul of virus-containing medium
from the first row were transferred to the adjacent row, mixed, and virus was transferred
in this manner across each of the next 5 rows, producing a series of 4-fold dilutions of
virus. To every well in the plate, 50 pl of cells (4 x 10%ml) were added, and the plate
was incubated at 37°C, 5% CO,. On day 4 of culture, 150 pl of medium were discarded
and replaced with fresh medium, followed by an additional 3 days of culture. On day 7,
supernatants were harvested from each well, centrifuged to remove cells, and assayed
for HIV-1 p24 antigen production by commercial ELISA (NEN Life Science Products,
Boston, MA; see below). By this method a well was scored as positive if the p24 content
exceeded 50 pg/ml (225). After all wells are scored, TCIDs for the stock is calculated

by the Spearman-Karber Method as follows (reviewed in (225)):
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M= xk + d[0.5 — (1/n)(Zr)]
Where xk = the dose of highest dilution
r = the number of negative wells
d = the spacing between dilutions
n = the number of wells of each dilution (i.e. 3)
~. The 50% endpoint = 4™
And to convert to the 50% titer (10%):
X = Melog4

Finally, TCIDs¢/ml is determined by multiplying by a factor of 5 to correct for the
original dilution (i.e. 1000 pl + 200 pl).

3. HIV-1 p24 Antigen Quantitation: Monitoring productive infection of myeloid
cells by HIV-1 and titration of resulting virus stocks was achieved, in part, by
quantitation of HIV-1 core p24 antigen production by specific ELISA (NEN) according
to manufacturers’ instructions. Undiluted or 10-fold serially diluted virus-containing
supernatants, or a serially diluted HIV-1 p24 protein standard of known concentration
(100-12.5 pg/ml), were added to individual wells in a 96-well antibody-coated microtitre
assay plate, along with 20 ul of 5% ’fﬁton X-100. Samples and standards were incubated
for 2 hours at 37°C prior to washing and aspirating 4 times with an Elx50 Auto Strip
Washer (Bio-Tek Instruments, Winooski, VT), followed by addition of a biotinylated o-
p24 detector antibody. After 1 hour of incubation at 37°C and subsequent washing,
streptavidin-conjugated horseradish peroxidase (HRP) was added to bind p24 antigen-
detector antibody complexes, and incubated for 30 minutes at room temperature. HIV-1

p24 antigen in each sample or standard preparation was detected by the activity of HRP
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against its substrate orthophenylenediamine-HCI (OPD), which produces a yellow
colour with an intensity proportional to the concentration of HIV-1 p24 antigen protein
present. The absorbance of each sample at 492 nm was quantitated with a Spectramax
190 microplate reader (Molecular Devices, Sunnyvale, CA). The lower limit of detection
of this assay was 12.5 pg/ml.

4. In vitro infection of THP-1 and MDM for Examination of Impact of HIV
Infection on IL-12 Synthesis: THP-1 cells (6 x 10%) were incubated with 10* TCIDs, of
HIV-1 virus isolate (multiplicity of infection 0.002) for 6 hours at 37°C, 5% CO,,
followed by washing with 1X PBS and subsequent culture at 0.5 x 10° cells/ml.
Conversely, mock-infected cells were incubated with 500 pl of culture medium in lieu of
virus, and thereafter treated in a manner identical to HIV-infected cultures. In
preliminary investigations, a dose of 10* TCIDs, against 6 x 10° THP-1 cells was
sufficient to dramatically wsuppress LPS-induced IL-12 p40 protein production.
Alternatively, monocytes (6 x 10°%) were cultured for 5 days prior to infection with HIV-
1 (multiplicity of infection 0.002), to allow sufficient adherence-induced activation of
monocytes to promote productive HIV infection (226, 227). Cell culture medium was

replenished every 3-4 days.

D. Cell Culture Conditions for Cvytokine Induction:

L. Induction of Interleukin-12 Synthesis: As bacteria and bacterial products are

potent inducers of interleukin-12 synthesis in myeloid cells, mock- and HIV-infected
THP-1 and MDM (10%ml) were stimulated with either 1 ug/ml lipopolysaccharide

(LPS: Sigma, Oakville, ON), 7.5 pug/ml S. aureus Cowan strain-1 (SAC) Pansorbin cells
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(Calbiochem, Hornby, ON), or 100 pg/ml heat-killed M. tuberculosis (MTB) (Difco
Laboratories, Detroit, MI), following 7 days of culture post-infection. In all experiments
evaluating IL-12 p40 expression, THP-1 cells and MDM were incubated with stimulants
for a total of either 4 or 24 hours, determined in preliminary investigations to be optimal
for detection of IL-12 p40 mRNA and protein production, respectively. As initial
experiments demonstrated that LPS was the most effective agent for the induction of IL-
12 synthesis (figure 7A), subsequent investigations into the mechanisms of suppression
of IL-12 synthesis by HIV infection were limited to the use of LPS as the IL-12-
inducing stimulant.

2. Inhibition of de novo protein synthesis: To begin to examine the molecular
mechanism(s) by which HIV infection of myeloid cells inhibits LPS-induced IL-12
expression, investigations were conducted to address whether HIV impaired IL-12
induction directly, or whether these suppressive effects were dependent upon de novo
protein synthesis. After 7 days in culture, mock- and HIV-infected THP-1 cells and

MDM were incubated with 10 pug/ml of the protein synthesis inhibitor cycloheximide

(CHX) (Sigma) for 1 hour prior to stimulation with 1 pg/ml LPS (14). Cells were
stimulated with LPS for a total of 24 hours prior to supernatant harvest for quantitation
of IL-12 p40 protein production, and in parallel cultures for 4 hours prior to RNA
extraction and evaluation of IL-12 p40 mRNA production.

3. Evaluation of the Role of Cytokines in HIV-Induced Suppression of IL-12:

i. Neutralization of IL-10 and TGF-B: To delineate any potential role for the

activity of IL-12-inhibiting cytokines in HIV-mediated suppression of IL-12, myeloid

cells were treated with neutralizing antibodies against IL-10 and TGF-f. Specifically, on
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day 7 of culture, mock- and HIV-infected THP-1 cells and MDM were stimulated with 1
ug/ml LPS in the presence of saturating quantities of neutralizing antibodies to IL-10
(0.5 pg/ml; monoclonal mouse IgG2y,; R&D Systems, Minneapolis, MN) and/or TGF-
(1 pg/ml; total rabbit IgG antibody; R&D Systems).

ii. Priming with IFN-y or IL-4/IL-13: In some experiments, cells were treated

with priming cytokines prior to addition of LPS. Specifically, day 7 mock- and HIV-
infected THP-1 cells and MDM (10%ml) were preincubated with IFN-y (100 ng/ml;
R&D Systems) for 14 hours (223), or with IL-4 and IL-13 (10 ng/ml each, R&D
Systems) for 24 hours prior to stimulation with LPS (95).

iii. Determination of Role of Productive Viral Infection and Replication in

HIV-Mediated Suppression of Interleukin-12 Synthesis:

a. Treatment of myeloid cells with replication-incompetent virus: THP-1

cells and MDM (6 x 10°) were incubated for 6 hours with supernatants from 8ES5 cells
containing syncytium-inducing HIV-1 virions defective in reverse-transcriptase activity
(10 ng HIV-1 p24/ml), in lieu of infection with replication-competent virus. After 7 days
in culture, cells were stimulated with medium or LPS (1 pg/ml) in parallel cultures for 4
or 24 hours, prior to harvesting RNA or IL-12 p40-containing supernatants as described.

b. Incubation of myeloid cells with soluble HIV-1 ep120: THP-1 and

MDM (106/ml) were incubated with 3 pg/ml soluble HIV-1yz gp120 (NIH AIDS
Research and Reference Reagent Program) (216), for 24 hours prior to treatment with

medium or LPS (1 pg/ml).

iv. Examination of role of soluble factors in HIV-mediated inhibition of IL-12

p40_induction by LPS: THP-1 cells were incubated with ultraviolet (UV)-irradiated
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supernatants from mock- and HIV-infected THP-1 for 24 hours prior to LPS stimulation.
Briefly, cryopreserved supernatants from cultures of THP-1 cells mock- or HIV-infected
for 7 days were exposed to ultraviolet light for 1 hour inside a biological safety cabinet
(228), prior to addition to uninfected THP-1 cells. After 24 hours of additional
stimulation with medium or LPS (1 pg/ml), supernatants were harvested and frozen at —
80°C, until IL-12 p40 protein was quantitated by specific ELISA (R&D Systems, see

below).

E. IL-12 p40 Protein Quantitation:

1. Supernatant harvest: Following 24 hours of stimulation with bacterial stimuli as
specified (1 pg/ml LPS, 7.5 pg/ml SAC, 100 pug/ml heat-killed MTB), supernatants were
harvested into 1.5 ml eppendorf tubes and centrifuged for 5 minutes at 1500 x g. Cell
pellets were discarded and cell-free supernatants were transferred into fresh 1.5 ml tubes
and frozen at —80°C until future use.

2. IL-12 p40 ELISA: To quantitate IL-12 p40 protein production by THP-1 cells or
MDM, stored supernatants were thawed, and assayed for IL-12 p40 protein content by
commercial sandwich ELISA according to manufacturers’ instructions (R&D Systems).
Briefly, neat or appropriately diluted experimental supernatants, or a serially diluted IL-
12 p40 protein standard of known concentration (2000-31.25 pg/ml), were added to
individual wells in a 96-well microtitre assay plate. Samples and standards were
incubated for 2 hours at room temperature, prior to washing and aspirating 4 times with
an ELx50 Auto Strip Washer, followed by addition of a horseradish peroxidase (HRP)-

conjugated anti-human IL-12 p40 antibody. After 1 hour of incubation at room
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temperature and subsequent washing, IL-12 p40 protein in each sample or standard
preparation was detected by the activity of HRP against its substrate
tetramethylbenzidine (TMB). The reaction of HRP with TMB produces a yellow colour
with an intensity proportional to the concentration of IL-12 p40 protein present, which
was quantitated with a Spectramax 190 microplate reader with an absorbance filter for

450 nm), using SoftMax Pro software. The limit of detection of this assay was 15 pg/ml.

F. IL-12 p40 mRNA Quantitation:

1. Total RNA Extraction from THP-1 Cells: Following 4 hours of treatment with
specified stimuli, total cellular RNA was extracted from mock- and HIV-infected THP-1
cells using TriPure Isolation Reagent according to manufacturers’ instructions (Roche,
Laval, QC). THP-1 cells (10") were collected, pelleted at 400 x g in a polypropylene
centrifuge tube, and lysed in 1 ml of TriPure Isolation Reagent. 200 ul chloroform
(Sigma) were added to each sample, and following 10 minutes at room temperature, the
samples were centrifuged at 12,000 x g for 15 minutes in a 4°C chilled Eppendorf 5417R
microcentrifuge (Brinkmann Instruments, Ltd., Mississauga, ON). The upper clear
aqueous phase containing total cellular RNA was removed, placed into a fresh
polypropylene microcentrifuge tube, and precipitated with 0.5 ml isopropanol (Sigma)
for 10 minutes at room temperature. Samples were centrifuged at 12,000 x g for 10
minutes at 4°C, and pelleted RNA was washed with 1 ml of 75% ethanol. Following
centrifugation at 7500 x g for 5 minutes at 4°C, RNA pellets were allowed to dry,
resuspended in diethylpyrocarbonate (DEPC, Sigma)-treated water and heated to 60°C

for 10 minutes. RNA extracts were frozen at —80°C until further use, at which time
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samples were thawed, and RNA quantity and purity was determined by measuring
absorbance at 260 nm and 280 nm wavelengths, using a Spectramax 190
spectrophotometer. Nucleic acid purity was calculated as the ratio of Az¢o/Azg0, and was
considered acceptable between 1.75 and 2.0. RNA concentration was calculated as Ao
x 40 pg/ml.

2. Total RNA Extraction from MDM: Due to limitations in the number of MDM
which could be obtained from healthy blood donors, total RNA was harvested from
cultured MDM using the RNeasy RNA extraction system (Qiagen; Mississauga, ON),
which reliably allowed extraction of sufficient quantity and purity of RNA from only 2 x
10° MDM grown in a 6-well tissue culture plate, compared with the TriPure method.
After 4 hours in culture with LPS, MDM were rinsed twice with 1X PBS and lysed
directly in the tissue culture plate using 350 pl of RNeasy Lysis Buffer RLT. After 5
minutes at room temperature, lysates were collected and homogenized by centrifugation
at 12,000 x g in a Qiashredder column (Qiagen). To the homogenized lysate, 350 ul of
70% ethanol were added, and the resulting mixture was transferred to an RNeasy mini
column, and centrifuged at 12,000 x g for 15 seconds. The flow-through was discarded,
and the column was washed twice with 700 pl of wash buffer, with centrifugation at
12,000 x g for 15 seconds. RNA was eluted from the column by the addition of 50 pl of
RNase-free water and centrifugation at 12,000 x g for 1 minute. RNA extracts were
frozen at —80°C until further use, at which time samples were thawed, and RNA quantity
and purity was determined as described above.

3. Quantitation of IL-12 p40 mRNA Expression in THP-1 Cells by Ribonuclease

Protection Assay (RPA): 1L-12 p40 mRNA expression in THP-1 cells was quantitated
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using the RiboQuant ribonuclease protection assay system (Pharmingen, Mississauga,

ON) according to manufacturers’ instructions.

i. Probe Synthesis: Radiolabelled antisense mRNA riboprobes were transcribed

from template cDNA for IL-12 p40 and GAPDH (50 ng) in a reaction mixture including
the RNase inhibitor RNasin (40 U) a nucleotide pool containing dGTP, dATP, dCTP,
dUTP (2.75 mM each), dithiothreitol (DTT, 5 mM), transcription buffer, 100 uCi of a-
%2p_yTP (Amersham), and 20 U T7 RNA polymerase. The probe synthesis reaction
proceeded at 37°C for 1 hour, and was terminated by the addition of 2 U RNase-free

DNase, and further incubation at 37°C for 30 minutes. Radiolabelled riboprobes were
isolated by phenol:chloroform extraction by addition of 26 ul of 20 mM EDTA, 25 pl of
Tris-buffered phenol, 25 pl of chloroform/isoamyl alcohol (50:1), and 2 pg yeast tRNA.
This mixture was vortexed and microcentrifuged at maximum speed for 5 minutes, and
the upper aqueous phase was precipitated with 50 pl of 4M ammonium acetate and 250
pl 100% ethanol, with incubation at —80°C for 30 minutes. Riboprobes were pelleted by
centrifugation for 15 minutes at 12,000 x g at 4°C, washed in 90% ethanol, dried, and
resuspended in 50 pl hybridization buffer. To quantitate **P-incorporation into the
riboprobe cocktail, duplicate 1 pl aliquots of the probe were counted in a Beckman
LS6500 scintillation counter (Beckman-Coulter, Mississauga, ON) in the absence of
scintillation fluid. The probe cocktail was diluted with hybridization buffer to a
concentration of 3 x 10° cpm/pl for use in the hybridization reaction.

ii. Preparation and Hybridization of RNA Samples: Twenty pg of total cellular

RNA, or 2 pg of yeast tRNA (negative control) or 2 pug of human positive control RNA

were dried in an Eppendorf Concentrator 5301 vacuum evaporator centrifuge
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(Brinkmann), and resuspended in 8 pl of hybridization buffer per sample. To each
sample, 2 pl of diluted riboprobe cocktail (3 x 10° cpm/pl) were added, and following
heating to 90°C, the reaction mixture was slowly cooled to 56°C, and hybridization
proceeded overnight (12-16 hours). Prior to RNase treatment of the hybridization

reaction, samples were equilibrated to 37°C for 15 minutes.

iii. RNase Digestion Reaction: To each hybridization mixture, 100 pl of RNase

cocktail were added (25 ng RNase A and 150 U RNase T1), and incubated for 45
minutes at 30°C. This digestion reaction was terminated by the addition of 18 ul of
proteinase K cocktail (including 15 pg proteinase K) and incubation at 37°C for 15
minutes. Digested, protected double-stranded mRNA transcripts for IL-12 p40 and
GAPDH were isolated by phenol:chloroform extraction by the addition of 65 pl of Tris-
buffered phenol and 65 pl chloroform/isoamyl alcohol (50:1). Following centrifugation
at 12,000 x g for 5 minutes, the upper aqueous phase was extracted, and precipitated
with 4M ammonium acetate and 650 pl 100% ethanol at —80°C for 30 minutes.
Hybridized, digested RNA was pelleted by centrifugation at 12,000 x g for 15 minutes at
4°C, washed with 90% ethanol, and completely air-dried. To each sample, 5 pl of

loading buffer were added, and each sample was denatured at 95°C for 3 minutes prior

to gel loading.

iv. Resolution of Protected IL-12 p40 and GAPDH mRNA Fracments:

Hybridized, RNase-digested RNA samples were resolved on a 6% denaturing
polyacrylamide gel (19:1 acrylamide:bis-acrylamide, 7M urea). Following 30-60
minutes for polymerization, the gel was pre-run in a Kodak BioMax STS 451 sequencing

gel apparatus (Interscience; Markham, ON) for 45 minutes at 40 watts with a Power Pak
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1000 power source (Bio-Rad Laboratories, Mississauga, ON) in 0.5X TBE (45 mM Tris
pH 8.3, 45 mM boric acid, | mM EDTA). Protected mRNA fragments were resolved by
electrophoresis for 2 hours at 50 watts. Gels were dried onto Whatmann 3mm
chromatography paper for 1.5 hours at 80°C using a Model 583 gel drier and HydroTech
vacuum pump (Bio-Rad), exposed to a Phosphor-Screen (Molecular Dynamics/
Amersham), and visualized using a Storm Phosphorimager and ImageQuant software
(Molecular Dynamics/Amersham).

4. Determination of IL-12 p40 mRNA Expression in MDM by Semi-Quantitative
RT-PCR: As the number of MDM, and hence, the amount of RNA that could be
obtained from one individual was insufficient to enable quantitation of IL-12 p40
mRNA by Ribonuclease Protection Assay, IL-12 p40 mRNA levels in MDM were

assessed by semi-quantitative RT-PCR.

i. Reverse Transcription: One png of total monocyte RNA was reverse

transcribed using the 1*-STRAND cDNA Synthesis Kit (Clontech, Palo Alto, CA)
according to manufacturers’ instructions. The 20 pl reverse-transcription reaction
mixture included 1 pg total cellular RNA, 20 pmol oligo (dT);s primer, 50 mM Tris-HCI
pH 8.3, 75 mM KCl, 3 mM MgCl,, 0.5 mM each of dATP, dTTP, dCTP, dGTP, 40 U
RNase inhibitor, and 200 U MMLV reQerse transcriptase. The reverse transcription

reaction was carried out in a Perkin-Elmer 9600 Thermocycler (Perkin-Elmer,
Mississauga, ON) for 1 hour at 42°C, and was terminated by heating to 94°C for 5

minutes.

ii. _Determination of Input ¢cDNA: Using an cDNA sample derived from

reverse-transcription of an RNA sample from LPS stimulated MDM, 5 pl of neat or
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serial 2-fold dilutions of cDNA were PCR amplified with gene-specific primers (see
below for oligonucleotide sequences and reaction conditions) for IL-12 p40 or GAPDH
housekeeﬁing gene control, in order to determine the appropriate dilution of cDNA that
would be used to best compare alterations in mRNA expression between experimental
samples. The quantity of starting cDNA to be used in experimental PCR reactions was
selected based on the dilution of cDNA which appeared to be sub-saturating for the PCR
reaction, based on visualization of PCR products resulting from serial dilutions of input

cDNA.

iii. PCR Amplification of IL-12 p40 and GAPDH ¢DNA: Total cellular RNA

was extracted from MDM, and reverse-transcribed as described. Five pl of appropriately
diluted cDNA from each experimental sample were PCR amplified with gene-specific
primers for either human IL-12 p40 or for GAPDH, using the Advantage cDNA PCR
Kit (Clontech). Each 50 pl PCR reaction mixture included 1 ul 50X Advantage cDNA
Polymerase Mix (1% glycerol, 0.8 mM Tris-HCI pH 7.5, 1 mM KCl, 0.5 mM
(NH4)2S804, 2 pM EDTA, 0.1 mM B-mercaptoethanol, 0.005% Thesit, 1.1 pg/ul
TaqStart Antibody, 1.1 pg/pl KlenTag-1 DNA polymerase), 5 pul 10X ¢cDNA PCR
reaction buffer (40 mM Tricine-KOH pH 9.2, 15 mM KOAc, 3.5 mM Mg(OAc),, 3.75
pg/ml Bovine serum albumin), 1 pl 50X dNTP mix (0.2 mM each dATP, dTTP, dCTP,
dGTP), and 50 pmol each of sense and antisense primer. Gene-specific primers for PCR
were as follows: IL-12 p40 sense 5’-GGACCAGAGCAGTGAGGTCTT-3; IL-12 p40
antisense: 5’-CTCCTTGTTGTCCCCTCTGA-3’; GAPDH sense 5’-CCACCCATGG
CAAATTCCATGGCA-3’; GAPDH antisense: 5’-TCTAGACGGCAGGTCAGGTCC

ACC-3’) (Stratagene, La Jolla, CA). PCR cycling was carried out in a Perkin-Elmer
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9600 Thermocycler (Perkin-Elmer) for 25 and 30 cycles for GAPDH and IL-12 p40,
respectively, as follows: 95°C for 30 seconds, 63°C for 30 seconds, and 72°C for 40
seconds. PCR reactions were preceded by 5 minutes of denaturation at 94°C, and were
followed by a final 10-minute extension step at 72°C. PCR products were
electrophoretically separated on a 1% agarose gel in 0.5X TBE at 90 V for
approximately 90 minutes. Following electrophoresis, agarose gels were stained in
ethidium bromide (0.5 pg/ml; Sigma) for 30 minutes, followed by brief destaining in
water, prior to visualization and recording using a UVP White/UV transilluminator
(Diamed, Mississauga, ON).

5. Interleukin-12 Bioassay: As production of the human bioactive IL-12 p70
heterodimer was often found to be below the limit of detection of a commercial ELISA
(human IL-12 p70 ELISA, R&D Systems), production of IL-12 p70 in myeloid cell
cultures was confirmed using a bioassay based on the ability of IL-12 p70 to augment

PHA-induced IFN-y production from human T lymphocytes (143).

i. Isolation of human T lymphocytes by magnetic bead selection: Whole blood

was obtained from HIV-seronegative volunteers, and PBMC were isolated by density
gradient centrifugation on Ficoll as described. Primary T lymphocytes were obtained by
positive selection using magnetic beads conjugated to anti-human CD4 and anti-human
CD8 antibodies (Miltenyi Biotech, Auburn, CA) according to manufacturers’
instructions. Briefly, PBMC were resuspended in PBS to a concentration of 10’ cells in
80 ul, and incubated with 20 ul anti-CD8 microbeads per 107 cells, for 20 minutes at
4°C. Cells were washed once in PBS, and following centrifugation at 400 x g for 5

minutes, cells were resuspended in 500 ul PBS per 10® cells, and applied to an LS type
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column suspended in a MiniMACS magnet (Miltenyi). Flow-through cells were kept,
the column was removed from the magnet, and the CD8+ fraction of cells was eluted in
PBS. The remaining fraction of PBMC were resuspended to 107 cells in 80 pl, and
incubated with 20 pl of anti-CD4-conjugated microbeads for 20 minutes at 4°C. Cells
were washed once with PBS, resuspended in 500 ul PBS per 10° cells, and applied a

new LS column supported in the MiniMACS magnet. Flow-through cells were
discarded, and the CD4+ fraction was eluted with PBS, and pooled with the previously

1solated CD8+ cellular fraction.

ii. Induction of IFN-y: Primary T lymphocytes (2 x 10%1 ml total volume) were

stimulated with medium or PHA (15 pg/ml; Gibco) for 48 hours in the presence or
absence of cryopreserved supernatants derived from medium or LPS-stimulated THP-1
cells. In parallel cultures, anti-human IL-12 p70 neutralizing antibody was included (5
pg/ml; R&D Systems) to confirm the si)eciﬁcity of any IFN-y enhancing effect for
bioactive IL-12 p70. Alternatively, T lymphocytes were stimulated with medium or
PHA, in the presence or absence of recombinant human IL-12 p70 (5 ng/ml; R&D
Systems) as a positive control. Supernatants were harvested and cryopreserved, until

secreted IFN-y in T cell cultures was quantitated by commercial ELISA (R&D Systems).

iii. Quantitation of IFN-y production by ELISA: IFN-y production in PHA-

stimulated human T lymphocytes was measured by commercial sandwich ELISA
according to manufacturers’ instructions (R&D Systems). Briefly, neat or appropriately
diluted experimental supernatants, or a serially diluted IFN-y protein standard of known
concentration (1000-15.6 pg/ml), were added to individual wells in a 96-well microtitre

assay plate. Samples and standards were incubated for 2 hours at room temperature,
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prior to washing and aspirating 4 times with an ELx50 automated plate washer, followed
by addition of a horseradish peroxidase (HRP)-conjugated anti-human IFN-y antibody.
After 1 hour of incubation at room temperature and subsequent washing, IFN-y protein
in each sample or standard preparation was detected by the activity of HRP against its
TMB substrate, producing a yellow colour with an intensity proportional to the
concentration of IFN-y present. Absorbance at 450 nm was measured using a

Spectramax 190 microplate reader and SoftMax Pro software. The limit of detection of

this assay was 8 pg/ml.

G. Flow Cytometric Analysis of Intracellular Interleukin-12 p40 and HIV-1 p24 Antigen

Production:

As an indirect indication as to whether productive infection was required for
HIV-mediated suppression 6f IL-12 p40 production, flow cytometry was employed to
evaluate IL-12 p40 protein expression at the single cell level in mock- and HIV-infected
THP-1 cells. After 7 days in culture, mock- and HIV-infected THP-1 cells (10%/m1) were
treated with medium or LPS (1 pg/ml) for 24 hours, with addition of 8 ul of GolgiStop
(BD Pharmingen, Mississauga, ON) for the last 12 hours of culture to prevent protein
secretion. Cells were washed with PBS + 0.5% bovine serum albumin (BSA, Sigma) + 2
mM EDTA, centrifuged at 400 x g, and resuspended in 100 ul of fixation reagent
(Caltag Fix-and-Perm; Cedarlane, Hornby, ON) for 15 minutes at 4°C, and washed again
in PBS + 0.5% BSA + 2 mM EDTA. Cell pellets were resuspended in 100 pl
permeabilization reagent (Caltag Fix-and-Perm Kit) for 10 minutes at 4°C. Prior to

incubation with antibodies, permeabilized cells were incubated with PBS + 0.5% BSA +
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5% human AB serum for 20 minutes at 4°C, to minimize nonspecific antibody binding.
Cells were aliquoted into 12 x 75 mm polystyrene test tubes at 2 x 10° cells per sample,
and incubated with 5 ul RD1-labelled anti-HIV-1 p24 antibody (mouse IgG;, Beckman-
Coulter, Mississauga, ON), or 2.5 ug PE-labelled anti-human IL-12 p40/p70 antibody
(mouse IgG;, BD Pharmingen), or with 2.5 pug of PE-labelled mouse IgG, isotype
control (BD Pharmingen) for 30 minutes at 4°C. Intracellular expression of IL-12

p40/p70 protein and HIV-1 p24 antigen was measured by flow cytometric analysis using

an ALTRA flow cytometer Expo32 analysis software (Beckman-Coulter).

H. Immunofluorescence Microscopy:

To further evaluate IL-12 p40 protein production in HIV-infected THP-1 cells,
day 7 mock- and HIV-infected THP-1 were stimulated with medium or LPS in the
presence of GolgiStop (Pharmingen) as described above. Cells were washed with PBS
and immobilized on poly-L-lysine (0.1 mg/ml, Sigma) coated cover slips at 10° cells/ml
for 15 minutes at room temperature. Cover slips were fixed in 4% paraformaldehyde for
20 minutes at room temperature, and permeabilized in 0.5% Triton-X-100 in PBS with
10% AB serum for an additional 10 minutes at room temperature. As a control for
intracellular expression of IL-12 p40/p70 and HIV-1 p24 antigen, additional samples
were fixed in 4% paraformaldehyde without permeabilization. Specimens were
incubated in blocking buffer (3% BSA, 10% human AB serum) for 30 minutes prior to
staining with 10 pug monoclonal anti-human I1-12 p40/p70 primary antibody
(Pharmingen) for 1 hour at room temperature. After washing in PBS, 10 pg FITC-

labelled anti-mouse-IgG; (Pharmingen) secondary antibody was added for 1 hour. Cells
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were washed and subsequently stained with 20 pl monoclonal anti-HIV-1-p24-RD1
(KC57: Beckman-Coulter), or with 10 pl of PE-mouse IgG; isotype control (BD
Pharmingen) and with DAPI (4,6-Diamidino-2-phenylindole, Sigma) nuclear stain (0.1
ng/ml) for 20 minutes. Cover slips were dried, mounted in 50% glycerol, and visualized

using an Axioplan2 fluorescence microscope (Zeiss, Germany).

I. Nuclear Run-On Transcription Assay:

The relative rate of transcription of THP-1 cells following HIV infection was
evaluated using a nuclear run-on transcription assay.

1. Isolation of intact nuclei: Mock- and HIV-infected THP-1 (5x10’ total cells at
10%/m1) were stimulated for 4 hours with medium or LPS (1 pg/ml), after which time the
cells were harvested and washed twice in ice-cold PBS with centrifugation at 400 x g.
Cells were resuspended in 1 ml of solution A per 3 x 107 cells (3M sucrose, 60 mM KCl,
15 mM NaCl, 15 mM Hepes pH 7.5, 2 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.15
mM spermine, 0.5 mM spermidine, 0.5 mM DTT, 0.1 mM phenylmethanesulfonyl
fluoride (PMSF), supplemented with 157 pug/ml benzamidine, 190 pg/ml iodoacetamide,
1 pg/ml trypsin inhibitor, and 1 pg/ml leupeptin). This mixture was incubated on ice for
5 minutes in the presence of 5 pl of 10% NP-40 (BDH Chemicals; Toronto, ON) and
mechanically homogenized with 20 strokes with a chilled Dounce homogenizer. The
homogenate was transferred to a 1.5 ml polypropylene microcentrifuge tube and
centrifuged at 500 x g for 5 minutes at 4°C. Pelleted nuclei were resuspended with 50 pl
of solution E (50% glycerol, 20 mM Tris pH 7.9, 75 mM NaCl, 0.5 mM EDTA, 1 mM

DTT, 100 uM PMSF, and 10 U/ml RNase inhibitor).
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2. RNA Transcription Reaction: The transcription reaction proceeded at 28°C for 45
minutes, in a 200 pl reaction mixture including 50 pl of isolated nuclei, 250 pCi o-?P-
UTP, reaction buffer (0.3 M ammonium sulfate, 0.1 M Tris pH 7.9, 4 mM MgCl,, 4 mM
MnCl,, 0.2 M NaCl, 0.4 mM EDTA pH 8.0, and 0.1 mM PMSF) and 1.5 mM DTT, 10
mM creatine phosphate, 10 mM each GTP, ATP, CTP, 0.25 U/ul RNase inhibitor, | mM
PMSF, and 5% glycerol. The transcription reaction was terminated by the addition of
RNase-free DNase (0.1 U/ul; Sigma) and yeast tRNA (0.55 pg/pl; Gibeo), followed by
incubation at 37°C for 30 minutes. Proteinase K was added (200 pg/ml; Gibco) in the
presence of 10 mM Tris-HCI pH 7.9, 10 mM EDTA, and 0.5% SDS, and incubated with
the reaction mixture at 42°C for 30 minutes.

Radiolabelled nascent transcripts were extracted from nuclei using TriPure
Isolation Reagent (Roche) according to manufacturers’ instructions, as described in
section F.1 of the Methods. RNA was precipitated at -20°C overnight, prior to
preparation for hybridization to target cDNA.

3. Preparation and Immobilization of Target cDNA: Target cDNA was prepared
from PCR products for human IL-12 p40 and the GAPDH housekeeping gene control,
inserted into the T/A cloning vector pT-Adv (Clontech) or the PCR cloning vector

pPCR-Script Amp SK(+) (Stratagene), respectively, for use as target sequences to detect

IL-12 p40 and GAPDH mRNA transcripts.

i. T/A cloning of human IL-12 p40 PCR products: Target cDNAs for IL-12 p40

transcripts were prepared by directly subcloning PCR products for human IL-12 p40 into
the pT-Adv TA cloning vector, using the AdvanTAge PCR Cloning Kit (Clontech). IL-

12 p40 cDNA was PCR-amplified from RNA isolated from LPS-stimulated THP-1 cells,
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as described using previously optimized PCR reaction and cycling conditions (see

above).

a. Ligation: PCR products for IL-12 p40 were directly ligated into the pT-
Adv vector (Clontech) in a 1:1 insert to vector molar ratio, in a 10 pl reaction mixture
containing 50 ng pT-Adv, and 4 U of T4 DNA ligase. The ligation reaction proceeded at
14°C overnight in a Perkin-Elmer 9600 thermocycler, prior to transformation into DH5a
supercompetent cells.

b. Transformation: DHSa cells were thawed on ice, combined with 2 pl of

each ligation reaction, and incubated on ice for 30 minutes. Transformation reactions
were heat-pulsed at 42°C for 45 seconds, and incubated on ice for an additional 2
minutes. To each transformation, 250 pl SOC medium (Gibco/Invitrogen) warmed to
37°C were added, followed by shaking at 225 rpm at 37°C for 1 hour in an orbital shaker
(Model 4535, Forma Scientific/Fisher, Ottawa, ON). Cells were plated onto 100 mm LB
agar plates (10 g/I. NaCl, 10 g/L. tryptone, 5 g/L yeast extract, 20 g/L agar)
supplemented with 50 pg/ml ampicillin, 100 pl of 2% 5-bromo-4-chloro-3-indoyl-B-D-
galactopyranoside (X-gal) and 100 pl of 10 mM isopropyl-1-thio-p-D-galactopyranoside
(IPTG), and incubated overnight at 37°C.

¢c. Verification of insertion of IL-12 p40 cDNA into pT-Adv: White

colonies were selected from overnight cultures of transformed DHSa cells, and spiked
into 5 ml LB broth cultures, supplemented with 50 pg/ml ampicillin, and incubated
overnight with shaking at 225 rpm, 37°C in an orbital shaker. Plasmid DNA was

extracted from these cultures using the QIAprep Spin Miniprep Kit (Qiagen) according

to manufacturers’ instructions. Briefly, bacterial cells were pelleted in 1.5 ml
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microcentrifuge tubes, by centrifugation at 1000 x g for 5 minutes. Cells were
resuspended in 250 pl buffer P1 (50 mM Tris-Cl pH 8.0, 10 mM EDTA, 100 pg/ml
RNase A), and lysed for 5 minutes on ice with 250 ul buffer P2 (200 mM NaOH, 1%
SDS). Lysates were neutralized by addition of 350 ul buffer N3, followed by
centrifugation at 12,000 x g for 10 minutes. Supernatants were added to the spin
columns, centrifuged at 12,000 x g for 1 minute, washed with 750 ul buffer PE, and
eluted with 75 pl 10 mM Tris-HCI, pH 8.5. Plasmid DNA extracted in this manner was
used as a template for PCR amplification with IL-12 p40 gene-specific primers,
followed by agarose gel electrophoresis, to confirm incorporation of IL-12 p40 ¢cDNA
into pT-Adv.

ii. PCR cloning of human GAPDH PCR products: Target cDNA for GAPDH

transcripts were prepared by subcloning PCR products for GAPDH into the pPCR-Script
Amp SK(+) cloning vector, using the PCR-SCRIPT Amp Cloning Kit (Stratagene).
GAPDH cDNA was PCR-amplified from RNA isolated from LPS-stimulated THP-1
cells, as described, using standardized PCR reaction and cycling conditions (see above).

a. Purification and polishing of PCR insert: Prior to ligation of GAPDH

cDNA into pPCR-Script Amp SK(+), PCR products were first purified from PCR
reactions by incubation with Microspin 400 Columns (Amersham), and centrifugation at
735 x g for 2 minutes to remove primers, enzymes, and excess nucleotides. Ends of
purified PCR products were polished in a 13.3 pl reaction including 2.5 mM each dANTP,
and 0.5 U Pfu DNA polymerase. This reaction proceeded at 72°C for 30 minutes in a
Perkin-Elmer 9600 thermocycler. In parallel, the pT-Adv vector from the Clontech TA

cloning kit (above) and the pPCR-Script cloning vector were polished for subsequent
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ligation in the absence of PCR product insert, to serve as empty vector controls in the
nuclear run on assay.

b. Ligation and transformation: PCR products were ligated with 10 ng of

pPCR-Script cloning vector in a 40:1 insert-to-vector molar ratio, in a 10 pl reaction
containing 1 pl 10X ligation buffer, 0.5 pul 10 mM rATP, 5 U S#f], and 4 U T4 DNA
ligase. In parallel reactions, polished pT-Adv and pPCR-Script vectors were ligated in
the absence of PCR inserts, in reactions omitting the Srfl restriction enzyme. The
ligation reactions were incubated at room temperature for 1 hour, followed by heating to
65°C for 10 minutes prior to transformation into DH5a supercompetent E. coli cells, as
described. Transformations were plated onto LB agar plates supplemented with 50
pg/ml ampicillin, 100 pl of 2% X-gal, and 100 pl of 10 mM IPTG as described, and
white colonies were cultured and screened as described above, to verify incorporation of
GAPDH cDNA. Blue colon?es were selected from cultures of transformations resulting
from ligations of control plasmids without cDNA inserts.

iii. Large-scale plasmid purification: Following verification of bacterial

colonies containing IL-12 p40- or GAPDH-incorporating vectors, or empty control pT-
Adv and pPCR-Script vectors, these cultures were upscaled for large-scale isolation of
these plasmids using the Qiagen Plasmid Maxi Kit (Qiagen). Briefly, cells from 250 ml
of each bacterial culture were pelleted by centrifugation at 6000 x g for 15 minutes at
4°C in a Beckman Avanti J-251 Centrifuge (Beckman-Coulter). Bacterial pellets were
resuspended in 10 ml of buffer P1 (50 mM Tris-Cl pH 8.0, 10 mM EDTA, 100 pg/ml
RNase A), and lysed in 10 ml buffer P2 (200 mM NaOH, 1% SDS) for 5 minutes.

Lysates were neutralized by the addition of 10 ml buffer P3 (3M potassium acetate pH
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5.5), and incubated on ice for 20 minutes prior to centrifugation at 20,000 x g for 30
minutes at 4°C. Supernatants were centrifuged again immediately at 20,000 x g for 15
minutes at 4°C and added to a QIAGEN-tip 500 column, equilibrated in buffer QBT
(750 mM NaCl, 50 mM MOPS pH 7.0, 15% isopropanol, 0.15% Triton X-100). Flow-
through was discarded and columns were washed twice with 30 ml of buffer QC (1M
NaCl, 50 mM MOPS pH 7.0, 15% isopropanol), and plasmid DNA was eluted with 15
ml buffer QF (1.25M NaCl, 50 mM Tris-Cl pH 8.5, 15% isopropanol). Flow-through
was precipitated with 0.7 volumes of isopropanol, centrifuged at 15,000 x g for 30
minutes at 4°C, washed with 70% ethanol, dried, and resuspended in 500 ul 10 mM Tris-
HCl, pH 8.5.

1v. Immobilization of target cDNA: Plasmids containing target cDNA for IL-12

p40 and GAPDH, or empty control vectors, were linearized and denatured prior to

blotting onto nitrocellulose membrane.

a. Linearization and denaturation of plasmid DNA: The IL-12 p40/pT-Adv

vector or empty control plasmid were linearized by restriction digestion with 3 U/ug
DNA of Sacl (Amersham), while the GAPDH/pPCR-Script vector or empty control
plasmid were linearized with 3 U/ug DNA of HindIIl (Amersham). Digests were carried
out overnight at 37°C, and heat inactivated by incubation for 15 minutes at 60°C for
Sacl, and at 90°C for HindIII digests. Linearized vectors were extracted with 25:24:1
phenol/chloroform/isoamyl alcohol, and precipitated with 40 pl 3M sodium acetate and
1 ml 100% ethanol. Precipitation proceeded at —20°C overnight, followed by

centrifugation at 12,000 x g for 15 minutes at 4°C, and washing with 75% ethanol.
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Linearized DNA was dried, resuspended in 10 mM Tris-HCI1 pH 8.5, and quantitated

using the Spectramax 190 spectrophotometer.

b. Membrane Blotting: Linearized target plasmid was dotted (10 pg/dot)

onto Hybond-ECL nitrocellulose membrane (Amersham) using a Bio-Dot
Microfiltration Apparatus (Bio-Rad). Each preparation of linearized target or control
vector DNA was denatured by the addition of an equal volume of IN NaOH and
subsequent heating at 65°C for 30 minutes. Samples were neutralized with 1.6 volumes
of 2M ammonium acetate, and set on ice. Nitrocellulose was pre-soaked in 6X SSC (90
mM sodium citrate pH 7.0, 0.9 M NaCl) for 10 minutes prior to assembly of the dot-blot
apparatus. Target or control DNA was dotted at 10 pg/dot under gentle vacuum,
followed by rinsing of each well with 2X SSC (30 mM sodium citrate pH 7.0, 0.3 M
NaCl). Nitrocellulose was allowed to dry overnight, prior to baking for 2 hours at 80°C
in a vacuum oven. Prior to use for detection of mRNA transcripts, nitrocellulose
membranes were prehybridized overnight at 42°C in hybridization buffer (see below).

v. Hybridization of nuclear mRNA transcripts to target ¢cDNA: Following

overnight isopropanol precipitation, labelled transcripts were pelleted by centrifugation
at 12,000 x g for 15 minutes at 4°C, washed once with 70% ethanol, and resuspended in
400 pl of hybridization solution (50% deionized formamide, 5X SSPE [50 mM
phosphate buffer pH 7.4, 745 mM NaCl, 5 mM EDTA], 1X Denhardt solution [0.2
mg/ml Ficoll, 0.2 mg/ml polyvinyl pyrrolidone, 0.2 mg/ml BSA], 0.1% SDS, and 0.4
mg/ml salmon sperm DNA [Invitrogen]). RNA in hybridization solution was heated at
65°C for 15 minutes, and 10 pl aliquots were counted using a Beckman LS6500

scintillation counter. Radiolabelled RNA samples were resuspended in hybridization
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solution and denatured by heating at 85°C for 10 minutes, prior to hybridization with
denatured target cDNA immobilized on nitrocellulose membrane.

Nascent radiolabelled mRNA transcripts were hybridized to target IL-12 p40 and
GAPDH cDNA in a total volume of 500 pl in 1 ml polystyrene screw-cap tubes for 48
hours at 42°C, with constant rotation in a Shake ‘n’ Stack hybridization oven (Hybaid
Ltd., Interscience). Membranes were washed once with 2X SSC/0.1% SDS at room
temperature, twice with 1X SSC/0.1% SDS at room temperature, and once with 1X
SSC/0.1% SDS at 42°C. Nitrocellulose membranes were air-dried, and hybridized
mRNA transcripts were visualized following exposure to a Phosphor Screen and
subsequent imaging and analysis with a Storm Phosphorimager and ImageQuant
Software (Molecular Dynamics/ Amersham).

J. Electrophoretic Mobility Shift Assays (EMSA):

In order to assess alterations in binding of nuclear factor complexes to the human
IL-12 p40 promoter following HIV infection, electrophoretic mobility shift assays
(EMSA) were performed using nuclear extracts derived from THP-1cells and MDM.
1. Oligonucleotide Preparation and Labelling:

i. Annealing single-stranded oligonucleotides: Oligonucleotide sequences used

for EMSA analysis of nuclear factor binding to the human IL-12 p40 promoter are listed
in table 1, and were synthesized along with their complementary sequences by Gibco
(NF-xB, C/EBP) or by The University of Ottawa Biotechnology Research Institute (AP-
1, Spl, Ets-2, IRF-1, NF-IL-6). Oligonucleotides were resuspended in TEN buffer (10
mM Tris-Cl pH 8.0, 1 mM EDTA, 100 mM NaCl) to a final concentration of 1 pg/ul,

and complementary strands were mixed in an equimolar ratio in a 0.5 ml polypropylene
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microcentrifuge tube, and denatured at 95°C. Oligonucleotides were annealed by

gradually equilibrating to room temperature overnight.

TABLE 1: Oligonucleotide Sequences for EMSA Analysis of Nuclear Factor Binding to
the Human IL-12 p40 Promoter:

Binding Site Oligonucleotide Sequence

C/EBP 5'-TTG TTT TCA ATG TTG CAA CAA GT-3'

NF-kB 15'-AGG AAC TTC TTG AAA TTC CCC CAG AAG GTT TT-3'
Ets-2 5'-AAA GTC ATT TCC TCT TAG TTC ATT A-3'
AP-1 5'-TCC TTC CTT ATT CCC CAC CCA-3'

Spl 5'-GTC TGA CCG CCC CTT GGC-3'

NF-IL-6 5'-GTA TGT TTC TGA AAT TAA AGG-3'

IRF-1 5'-TGA GGG TAT TTC ACT TTC TGC TCC-3'

ii. End-labelling dsDNA probes: Double-stranded oligonucleotide probes were

end-labelled with y->>P-ATP prior to use in electrophoretic mobility shift assays. The 30
pl labelling reaction mixture was composed of 20 U T4 polynucleotide kinase
(Amersham), 0.1 pg of double-stranded oligonucleotide, 50 mM Tris-HCI pH 7.5, 10
mM MgCl,, 5 mM DTT, and 50 pg/ml BSA, and proceeded at 37°C for 1 hour. The end-
labelling reaction was terminated by the addition of 1 ul 0.5M EDTA, and
unincorporated nucleotides were removed using MicroSpin G-50 Columns (Amersham)
according to manufacturers’ instructions. The resin in the column was resuspended by

vortexing, and the column was pre-spun at 735 x g for 3 minutes to remove TE

equilibration buffer. Each labelling reaction was added to a column, centrifuged at 735 x
g for 3 minutes, and rinsed with 200 pl TE buffer (10 mM Tris-Cl pH 8.0, 1 mM
EDTA). Following removal of excess unincorporated nucleotides, end-labelled probes in

the column flow-through were precipitated in 1/10 volume of 3M sodium acetate and 2

60



volumes of 95% ethanol, at —20°C overnight. Probes were pelleted by centrifugation at
12,000 x g for 15 minutes at 4°C, washed once with 75% ethanol, dried, and
resuspended in 50 pl ddH,O for use in EMSA reactions.

2. Nuclear Extract Preparation from THP-1 Cells and MDM: Mock- and HIV-
infected THP-1 and MDM (5 x 10° cells/ condition, cultured at 10° cells/ml) were
cultured with medium or 1 pg/ml LPS for 2 hours prior to extraction of nuclear DNA
binding proteins. THP-1 cells were washed with ice-cold PBS and centrifuged at 400 x g
for 5 minutes. Alternatively, MDM were collected by incubation for 10 minutes in 1X
trypsin-EDTA (Invitrogen), prior to centrifugation and washing with ice-cold PBS.
THP-1 or monocyte cell pellets were resuspended in hypotonic lysis buffer (10 mM
HEPES, 1.5 mM MgCl,, 10 mM KCIl, pH 7.9) for 5 minutes on ice, and cytoplasmic
membranes were disrupted by mechanical lysis with 20 strokes in a Dounce
homogenizer. Nuclei were pelleted by centrifugation at 12,000 x g for 5 minutes at 4°C,
and nuclear DNA-binding protein was stripped from nuclei by incubation on ice for 15
minutes in high-salt buffer (20 mM HEPES, 25% glycerol, 420 mM KCl, 1.5 mM
MgCl,, 2 mM EDTA, pH 7.9), followed by addition of a neutralization buffer (20 mM
HEPES, 25% glycerol, 0.2 mM EDTA, pH 7.9). Each buffer was supplemented with 2
pg/ml pepstatin A, 10 pg/ml aprotonin, 2 pg/ml leupeptin, 0.5 mM DTT, and 0.575 mM
PMSF prior to use. Cellular debris was pelleted by centrifugation at 12,000 x g for 10
minutes at 4°C, and supernatants containing nuclear DNA binding proteins were
aliquoted and stored at -80°C until use in DNA binding assays.

3. Electrophoretic Mobility Shift Assay Reactions: To assess LPS-inducible IL-12

p40 promoter binding activity of nuclear factors from THP-1 cells and MDM, nuclear
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extracts were incubated with *?P-labelled double-stranded oligonucleotide probes,
representing putative transcription factor binding sites represented in the IL-12 p40
promoter. Five pg of nuclear extract from each treatment condition were incubated in a
reaction mixture (1 mM Tris-HC1 pH 7.9, 0.1 mM EDTA, 4 mM NaCl, 0.1 mM B-

mercaptoethanol, 0.4% glycerol, 1 mM DTT, 50 pg/ml poly dI-dC, 50 pug/ml BSA)
containing a *2P-labelled double-stranded oligonucleotide probe, representing one of the
individual nuclear factor binding sites. As some of the samples were derived from HIV-
infected cell cultures, nuclear extracts were first incubated in a 1:1 mixture of 5% Triton
X-100, prior to inclusion in EMSA reactions. Preliminary investigations demonstrated
that inclusion of Triton X-100 had no demonstrable effect on nuclear factor binding of
nuclear extracts. As a negative binding control, EMSA binding reactions were conducted
in parallel, which included labelled probe, but omitted nuclear extract. To illustrate
specificity of nuclear factor’binding for each specific probe, parallel EMSA reactions
were incubated with a 50-fold molar excess of cold (unlabelled) probe. Independent
EMSA analysis of the PU.1 site was not performed as the NF-xB oligonucleotide
overlaps this element.

4. Supershift Analysis of Nuclear Factor Binding to the Human IL-12 p40
Promoter: Subsequent supershift analyses were conducted to identify specific proteins
whose binding capability was altered by HIV infection of myeloid cells. EMSA
reactions were set up as described above, but included specific antibodies directed
against relevant nuclear factors for the sites affected by HIV infection of THP-1 cells or

MDM. Specifically, nuclear extracts were combined with the NF-kB oligonucleotide in

the presence of NF-kB p50, p65, or c-Rel antibodies; with the AP-1 oligonucleotide in
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the presence of c-Fos or c-Jun antibodies; with the Sp1 probe and Sp1 or Sp3 antibodies;
and with the Ets-2 probe and Ets-2, IRF-1, ICSBP, NF-kB p50, or c-Rel antibodies. All
antibodies were included in the EMSA/supershift reaction mixtures at a final
concentration of 20 pg/ml. In addition, a goat IgG control was included in control
binding reactions to verify binding specificity of transcription factor-specific antibodies.
The sources and isotypes of each antibody used in these supershift experiments are listed
in table 2.

5. Gel Electrophoresis of EMSA and Supershift Binding Reactions: Bound and
unbound **P-labelled oligonucleotides were resolved on a non-denaturing 6%
polyacrylamide gel (19:1 acrylamide:bis-acrylamide). The gel was pre-run in a Hoefer
Vertical Slab Gel Unit model SE 400 (Amersham) at 80V for 1 hour, prior to addition of
5 pl gel loading buffer (20% w/v glycerol, 1 mg/ml bromophenol blue) to each sample.
Gels were run at 80V for 3.5 hours (Power Pak 1000, Bio-Rad) prior to drying between
Whatmann paper and Gel Air Cellophane support film (Bio-Rad) for 1.5 hours. Dried
gels were exposed to a Phosphor Screen, and documented using a Storm

Phosphorimager and ImageQuant software (Molecular Dynamics).

K. Western Blotting of Nuclear Factors and Signalling Kinases:

1. Detection of Nuclear Factor Proteins in THP-1 and Monocyte Cellular Lysates:

i. Culture and lysis of THP-1 cells and MDM: To examine the impact of HIV infection

on myeloid cell nuclear factor expression, mock- and HIV-infected THP-1 cells or
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TABLE 2: Antibodies Used for Supershift/EMSA Reactions:

Antigen | Antibody Isotype Form Source
NF-xB p50 IgGl Mouse monoclonal Santa Cruz
NF-«B p65 1gG1 Mouse monoclonal Santa Cruz

c-Rel IgG1 Mouse monoclonal Santa Cruz

Spl IgG rabbit polyclonal [Upstate Biotechnology

Sp3 IgG rabbit polyclonal Santa Cruz
c-Fos 1gG rabbit polyclonal |Upstate Biotechnology
c-Jun IgG rabbit polyclonal Santa Cruz

Ets-2 IgG rabbit polyclonal Santa Cruz
IRF-1 IgG rabbit polyclonal Santa Cruz
ICSBP IgG rabbit polyclonal Santa Cruz

MDM (5 x 10° cells per condition at 10%ml) were stimulated with medium or LPS (1
pg/ml) for 1 hour, and washed twice in ice-cold PBS prior to lysis. Pelleted THP-1 cells
were lysed in 400 pl RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 pg/ml each aprotonin,
leupeptin, pepstatin A, 1 mM Na;VO,4, 1 mM NaF) and incubated at 4°C for 30 minutes.
Adherent monocyte cultures in 6-well plates were lysed with 250 ul RIPA buffer
directly in the tissue culture plate. Lysates were collected and centrifuged at 12,000 x g
for 10 minutes at 4°C to pellet cellular debris, and supernatants were aliquoted and
stored at —80°C until further use.

ii. Quantitation of Protein Content of Cellular Extracts: Total protein present

in whole-cell lysates, or nuclear extracts (above) was quantitated using the Pierce BCA
assay kit according to manufacturers’ instructions (Pierce, Rockford, IL). Briefly, 25 ul

of each sample or appropriately diluted BSA standard (2000-25 pg/ml) were added to
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one well of a 96-well microtitre plate. To each well, 200 pul of a 50:1 mixture of BCA
reagent A and BCA reagent B were added and incubated for 30 minutes at 37°C. The
resulting colour change was quantitated using a Spectramax 190 microplate reader,
measuring absorbance at 562 nm, and calculation of protein content of each sample
against the standard curve was performed with SoftMax Pro software.

iii. SDS-PAGE: Fifty pg of cell lysate from each treatment were combined with

1X loading buffer (62.5 mM Tris-HCI pH 6.8, 2% SDS, 25% glycerol, 0.01 %
bromophenol blue), and heated at 90°C for 5 minutes prior to loading onto a 4-15% Tris-
HC1 Ready-gel (BioRad). Electrophoresis was conducted at 150 V for 1.5 hours in
Tris/glycine/SDS running buffer (25 mM Tris-HCI1 pH 7.5, 192 mM glycine, 0.1% SDS)
in a Mini-Protean 3 Electrophoresis Cell (Bio-Rad). Following denaturing gel
electrophoresis, proteins were transferred to PVDF membrane (Immobilon-P, Millipore,
Bedford, MA), using a wet-transfer setup in a Mini Trans-Blot Cell (Bio-Rad). PVDF
membrane was pre-soaked in methanol for 5 minutes, and the membrane and gel were
equilibrated in transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v methanol, pH
8.3) for 10 minutes prior to assembly in the transfer apparatus. The transfer was
conducted at 100 V for 1 hour, after which time membranes were blocked in 5% skim
milk in PBS for 1 hour at room temperature, with agitation. After five washes in TBST
buffer (20 mM Tris-HCl1 pH 7.5, 500 mM NacCl, 0.05% Tween-20, pH 7.5) for 5 minutes
each, with shaking, mcmbranes were incubated with primary antibodies against NF-xB
p50, p65, c-Rel, Spl, Sp3, c-Fos, c-Jun, Ets-2, IRF-1, or ICSBP. These antibodies were
diluted in 5% skim milk in PBS, at concentrations listed in table 3. Membranes were

stained with primary antibodies overnight at 4°C with shaking, and washed five times in

65



TBST. Secondary HRP-conjugated antibodies, diluted in 5% skim milk and PBS, were
incubated with membranes at room temperature, with shaking, for 1 hour, and were then
washed five times in TBST buffer. After washing, bound antibodies were detected by
chemiluminescence by incubation for five minutes with Supersignal West Pico
Chemiluminescent Substrate (Pierce), and visualized by autoradiography. Following
exposure, membranes were stripped in TBST + 0.7% B-mercaptoethanol at 50°C for 20
minutes, washed, and reprobed with an anti-PCNA antibody (Santa Cruz) to ensure
uniform loading of samples.

iv. Detection of Phosphorylated and Unphosphorylated IxB o, and P38, JNK, ERK
1/2 MAP Kinases: Similarly, expression levels and phosphorylation status of IxBa, and
MAP kinases in THP-1 cells and MDM were monitored by Western Blotting of whole-
cell lysates. Mock- and HIV-infected THP-1 cells or MDM (5 x 10° cells per condition
at 106/m1) were stimulated with medium or LPS (1 pg/ml) for 1 hour, and washed twice
in ice-cold PBS prior to lysis. Pelleted THP-1 cells were lysed in 400 ul RIPA buffer,
and adherent monocyte cultures were lysed with 250 ul RIPA buffer directly in the
tissue culture plate, as described above.

Fifty pg of total cell lysate from each experimental condition were resolved by
SDS-PAGE and transferred to PVDF membrane as described above. After blocking with
5% skim milk and PBS, membranes were blotted with antibodies against IxBa, p38a,

JNK 1/2, and ERK 1/2, in their native or phosphorylated states. Antibodies were diluted

in 5% skim milk and PBS to concentrations stated in table 3.
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TABLE 3: Antibodies Used for Western Blotting of Nuclear Factors and Signalling
Mediators:

Antigen Isotype Form Concentration Source
NF-xB p50 IgGl mouse monoclonal 1:500 Santa Cruz
NF-xB p65 IgG1 |mouse monoclonal 1:500 Santa Cruz

c-Rel IgGl |mouse monoclonal 1:500 Santa Cruz

Spl IgG | rabbit polyclonal 1:1000 Upstate Biotech.
Sp3 IgG | rabbit polyclonal 1:1000 Santa Cruz

c-Fos IgG | rabbit polyclonal 1:250 Upstate Biotech.
c-Jun IgG | rabbit polyclonal 1:500 Santa Cruz
Ets-2 IgG | rabbit polyclonal 1:500 Santa Cruz
IRF-1 IgG | rabbit polyclonal 1:500 Santa Cruz
ICSBP IgG | rabbit polyclonal 1:250 Santa Cruz
PCNA IgG2a |mouse monoclonal 1:1000 Santa Cruz
p38 MAPK IgGl |mouse monoclonal 1:1000 Santa Cruz
phospho-p38 IgG | rabbit polyclonal 1:500 Santa Cruz
INK 7, IgGl |mouse monoclonal 1:1000 Santa Cruz
phospho-JNK 1/2 | IgGl |mouse monoclonal 1:500 Santa Cruz
ERK 12 IgG | rabbit polyclonal 1:1000 Santa Cruz
phospho-ERK 1/2 | IgG2a mouse monoclonal 1:500 Santa Cruz
IxBa IgG | rabbit polyclonal 1:500 Santa Cruz
Phosphor-IkBa. | IgG2b |mouse monoclonal 1:500 Santa Cruz

To compare alterations in protein levels among experimental samples,
autoradiographs were scanned using an HP ScanJet 7400c scanner (Hewlett-Packard,
Mississauga, ON), and images were analyzed using Scion Image software (Scion

Corporation, Frederick, MD).
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L. Mutation of the NF-xkB, AP-1, Spl. and Fts-2 Elements in the IL-12 p40 Promoter:

In order to evaluate the role of each transcription factor binding site affected by
HIV infection, a 3.3 kb IL-12 p40 promoter-luciferase reporter construct was mutated
and assessed for LPS-induced promoter activation in THP-1 cells and MDM.

1. IL-12 p40 promoter construct: A 3.3kb IL-12 p40 promoter-containing luciferase
reporter vector, p3.3kb-luc (7), was a kind gift of Dr. Giorgio Trinchieri and Dr.
Xiaojing Ma. As this vector was based on the low-copy pXP2 backbone, a Xhol
restriction fragment encompassing the entire IL-12 p40 promoter region was subcloned
into the smaller high-copy pGL3 basic luciferase vector (Promega; Maddison, WI) to
facilitate propagation. Briefly, 10 pg of 3.3kb-luc and 5 pg of pGL3 vector were
digested with 3 U/pg of Xhol (Amersham) in 100 pl reactions overnight at 37°C. The
linearized pGL3 vector was purified by ethanol precipitation as described, while the 3.3
kb promoter-containing fragment was gel purified using the GFX Gel Purification Kit
(Amersham/Pharmacia) according t§ manufacturers’ instructions. The p3.3kb-luc Xhol
digest reaction was resolved on a 1% agarose gel, and slices of agarose containing the
3.3 kb fragment were excised and melted in 10 pl capture buffer per 10 mg of agarose,
at 60°C for 10 minutes. Each sample was added to a GFX column, microcentrifuged at
12,000 x g, washed with 500 pl of a Tris/EDTA/ethanol wash buffer, and eluted with
ddH,O. Purified digested pGL3 vector (400 ng) was treated with calf intestinal alkaline
phosphatase (1 U; MBI Fermentas, Burlington, ON) for 30 minutes at 37°C, heat
inactivated at 75°C for 15 minutes, and extracted with phenol/chloroform as described in
section F.3.i. Following ethanol precipitation, the pGL3 vector was ligated with the 3.3

kb promoter insert in a 5:1 insert-to-vector ratio with 1 ul T4 DNA ligase (New England
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Biomedical, Northborough, MA) overnight at room temperature. Ligations were
transformed into supercompetent DH5a as described in section 1.3.i.b, and plated onto
LB agar plates supplemented with 50 pg/ml ampicillin.

Ten colonies were selected, grown in 5 ml LB broth (10 g/l NaCl, 10 g/l
tryptone, 5 g/l yeast extract) supplemented with 50 pg/ml ampicillin overnight at 37°C in
the orbital shaker, and plasmids were purified using the QIAprep Plasmid Miniprep Kit,
as described in section 1.3.i.c. Plasmid DNA was screened for incorporation of the 3.3kb
promoter fragment in the correct orientation, by restriction digestion of 0.5 pg plasmid
with 10 U BglII (Amersham). Digests were resolved by agarose gel electrophoresis, and
digests producing 5414 and 2704 bp fragments were indicative of correct incorporation
of the IL-12 p40 promoter Xhol fragment. Colonies transformed with the pGL3 vector
containing the 3.3 kb IL-12 p40 promoter in the forward orientation were subsequently
upscaled in 250 ml cultures in LB broth with 50 pg/ml ampicillin, and pGL3p40
plasmids were purified using the Qiagen Plasmid Maxi Kit (section 1.3.iii).

2. Wild-Type IL-12 p40 Promoter/Luciferase Recombinant Adenovirus
Construction: Preliminary experiments with the 3.3kb IL-12 p40 promoter-luciferase
vector demonstrated that this vector was not readily transfected into THP-1 cells by
numerous methods attempted. With this, and considering the intention to evaluate
promoter activation in both THP-1 cells and primary MDM, the IL-12 p40 promoter-
luciferase reporter cassette was assembled into a recombinant adenovirus vector by Dr.
Robin Parks at the Ottawa Health Research Institute. The strategy for recombinant
adenovirus construction is depicted in figure 4, and the plasmids used to conduct Cre-lox

recombination to generate recombinant adenovirus are illustrated in figure 3A.
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Preliminary investigations using a wild-type lacZ-containing adenovirus preparation
confirmed that adenovirus could readily infect THP-1 cells (data not shown).

From this pGL3p40 vector, recombinant adenovirus containing the IL-12 p40-
luciferase reporter cassette was constructed by Cre-lox recombination (figure 4). The
entire IL-12 p40 promoter/luciferase cassette was subcloned as a 5.1 kb Sall fragment
into the E1 region of the pRP2159 shuttle vector in front of a loxP site, as illustrated in
figure 3A. The resulting promoter-containing shuttle vector (pKC2a) was cotransfected
using Superfect according to manufacturers’ instructions (Qiagen), into EIl-
complementing 293 cells, along with the pBHGbloxAE1,3Cre (229) adenoviral
backbone plasmid. Following Cre-mediated recombination between loxP sites in the
shuttle and backbone plasmids, E1/E3-deleted, replication-defective IL-12 p40
promoter-luciferase containing recombinant adenovirus (AdKCp40) was purified by
cesium chloride buoyant density centrifugation according to standard methods (230).

3. Promoter Mutagenesis and Recombinant Adenovirus Construction:

i. Site-Directed Mutagenesis: To evaluate the respective roles of the NF-xB, AP-

1, Spl, and Ets-2 binding sites in LPS-induced IL-12 p40 promoter activation, individual
mutants of these sites within pKC2a were generated by site-directed mutagenesis, using
the QuickChange Mutagenesis kit (Stratagene, La Jolla, CA). Mutants were synthesized
by Dr. Michael Montpetit at Health Canada, and are shown in figure 5. The strategy
used to generate recombinant adenovirus carrying mutant IL-12 p40 promoter-luciferase
constructs is illustrated in figure 6, and the vectors used for this construction are

depicted in figure 3B.
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FIGURE 3: Plasmid Maps for the Generation of Recombinant Adenovirus Vectors
Containing the IL-12 p40 Promoter:

Schematic representation of plasmids used to generate recombinant
adenoviral vectors to facilitate delivery of the IL-12 p40 promoter-luciferase reporter
constructs to THP-1 cells and MDM. (A) pKC2a shuttle vector and pBHGloxAE1,3Cre
genomic vector used to generate recombinant adenovirus by Cre-lox recombination. (B)
pAElspl A shuttle vector and pRP2014 genomic vector used to generate recombinant
adenovirus containing mutated IL-12 p40 promoter-tuciferase constructs, by bacterial
recombination. Arrows indicate inverted terminal repeats (ITR); ori denotes origin of
replication; W indicates a packaging signal; amp indicates ampicillin resistance gene;
AE1 and AE3 denote regions of the adenovirus genome deleted of E1 and E3,
respectively; thick lines denote adenovirus-derived DNA; dotted lines indicate IL-12

p40 promoter-luciferase insert. All vectors were supplied by Dr. Robin Parks at the
Ottawa Health Research Institute.
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FIGURE 4: Generation of Wild-Type IL-12 p40 Promoter-Luciferase Reporter
Containing Recombinant Adenoviral Vector by Cre-Mediated Recombination:

Schematic representation of construction of a recombinant adenoviral vector
carrying the wild-type human IL-12 p40 promoter upstream of a luciferase reporter
construct. Assembly of the recombinant adenovirus vector was conducted by Dr. Robin
Parks at the Ottawa Health Research Institute. Key features of plasmids used for
construction of recombinant adenovirus vectors are illustrated in figure 3.
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FIGURE 5: Wild-Type and Mutant IL-12 p40 Promoter Sequences for Luciferase
Reporter Assavs: '

Schematic representation of NF-kB(113), Ets-2, AP-1, and Sp1(231) mutations
in the human IL-12 p40 promoter within a luciferase reporter construct, relative to the
wild-type promoter. Mutants have been assembled into recombinant adenovirus vectors
for delivery to myeloid cells as described in section L.3 of the Materials and Methods,
and as illustrated in figure 6.
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To facilitate mutagenesis, a 1.4 kb Smal fragment encompassing the proximal
IL-12 p40 promoter region was excised by restriction digestion, and substituted into a
pUC19 vector, resulting in creation of pUC19p40. Sense and antisense (125 ng each)
mutagenic oligonucleotides (Tm > 78°C, GC content approximately 40%) were annealed
to 10 ng pUC19p40, and cycled 12 times in the presence of Pfu Turbo DNA polymerase
as follows: 95°C for 30 seconds, 55°C for 1 minute, 68°C for 2 minutes/kb of DNA
template. Following digestion with 10 U Dpnl for 1 hour at 37°C, reaction mixtures
were transformed into supercompetent bacteria as described in section 1.3.1.b. Mutants
were confirmed by sequencing and the 1.4 kb mutant IL-12 p40-containing Smal
fragments within the pUC19 vectors were substituted back into the parent pKC2a vector
following Smal restriction digestion and gel purification using the GFX DNA
purification kit (Amersham), as described in section L.1. To confirm proper orientation
of the Smal fragments, pKC2a preparations containing mutated IL-12 p40 promoter sites
were digested with PstI (Amersham), and proper orientation was verified with
production of a 2749, 3359, and 3598 bp restriction fragments.

ii. Recombinant IL-12 p40 Promoter Mutant Adenovirus Construction:

Following Clal digestion of mutant IL-12 p40/luciferase containing plasmids, fragments
containing the entire IL-12 p40 mutant promoter/luciferase constructs were inserted into
the pAE1spla shuttle plasmid (229, 232), and contransformed with pRP2014 adenoviral
vector backbone plasmid into the E. coli BJ5183 strain. Following homologous
recombination between overlapping portions of the shuttle and backbone vectors,

recombinant E1/E3-deleted IL-12 p40 mutant promoter/luciferase-containing adenoviral
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FIGURE 6: Generation of NF-kB, AP-1, Spl, and Ets-2 Mutant IL-12 p40 Promoter-
Luciferase Reporter Containing Recombinant Adenoviral Vectors:

Schematic representation of construction of a recombinant adenoviral vectors
carrying the human IL-12 p40 promoter-luciferase reporter construct, containing
mutations in either the NF-kB, AP-1, Spl, or Ets-2 elements of the IL-12 p40 promoter.
Mutagenesis was performed by Dr. Michael Montpetit. Construction of recombinant
adenovirus particles containing the promoter-luciferase constructs was carried out in the
lab of Dr. Robin Parks at the Ottawa Health Research Institute. Key features of plasmids
used for construction of recombinant adenovirus vectors are illustrated in figure 3.
Plasmids containing mutations in NF-xB, AP-1, Spl, or Ets-2 are indicated with the
subscripts N, A, S, or E, respectively.
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genome vectors were purified by alkaline lysis, and transfected into 293 cells for
packaging of replication-defective recombinant adenovirus particles (AdKCp4Oy,
AdKCp40,, AdKCp40s, AdKCp40g), which were purified by cesium chloride buoyant
density centrifugation.

4. Evaluation of Wild-Type and Mutant IL-12 p40 Promoter Activation in THP-1

Cells and MDM:

i. Recombinant Adenovirus Infection: THP-1 cells and MDM (2x10%ml) were
infected with recombinant adenovirus vectors containing the wild-type (AdKCp40) or
mutant IL-12 p40 promoter/luciferase vectors (AdKCp40n, AdKCp40s, AdKCp40s,
AdKCp40g) at m.o.i. = 50. After 24 hours, cells were stimulated with medium or LPS (1
pg/ml) for an additional 48 hours, determined in preliminary experiments to be optimal
for luciferase detection from the LPS-stimulated wild-type promoter.

ii. Luciferase Assay: To quantitate LPS-induced promoter activation of wild-

type and mutant IL-12 p40 promoters, adenovirus-infected LPS-stimulated THP-1 cells
and MDM were lysed and luciferase activity was detected using the Enhanced Firefly
Luciferase Assay Kit (BD Biosciences/Pharmingen; Mississauga, ON), according to
manufacturers’ instructions. Cells were washed twice in PBS, and lysed in 1X
lysis/assay buffer for 20 minutes at room temperature. After brief centrifugation at
12,000 x g to pellet cellular debris, 100 pl of sample were added to 12 x 75 mm assay
cuvettes, and 100 pl of reagent A (enhancing solution including ATP and MgCl;) were
manually added to each sample. Using a Lumat LB9507 luminometer (Berthold
Technologies/Fisher Scientific, Ottawa, ON), 100 pl of reagent B (luciferin substrate)

were automatically dispensed, and emitted light was quantitated for 10 seconds per
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sample. Luciferase activity among the different experimental conditions was normalized
according to the total protein content of cellular extracts, as determined by the Pierce

BCA Protein Assay, described earlier.
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III. RESULTS

A. HIV Infection of THP-1 Cells and MDM Impairs Stimulus-Induced IL-12

Expression:

1. Effect of HIV infection on IL-12 p40 protein and mRNA expression in
response to bacterial stimulation: Previous reports have demonstrated an impaired
ability of peripheral blood mononuclear cells (PBMC) or MDM from HIV-seropositive
individuals to produce IL-12 in response to bacterial stimuli (12, 209). To confirm this
effect in an acute infection model of myeloid cells in isolation, MDM from HIV-
seronegative volunteers, and cells of the THP-1 myeloid line were infected in vitro with
the laboratory strain HIV-1yg, or with a dual-tropic clinical isolate, cs204. Seven days
post-infection, mock- or HIV-infected THP-1 and MDM were assayed for IL-12 p40
protein and mRNA expression in response to bacterial stimuli, including
lipopolysaccharide (LPS), Staphylococcus aureus Pansorbin cells (SAC), or heat-killed
Mycobacterium tuberculosis (MTB). IL-12 p40 production by uninfected THP-1 cells
- and MDM was undetectable following incubation in medium alone (figure 7A and 8A,
respectively), and in THP-1 cells, IL-12 p40 secretion was maximal with LPS
stimulation compared to stimulation with SAC or MTB preparations (figure 7A).
Enhanced production of IL-12 p40 protein in THP-1 cells and MDM in response to
bacterial stimulation was paralleled by increased detection of IL-12 p40 mRNA by
ribonuclease protection assay and semi-quantitative RT-PCR (figure 7B and 8B,
respectively). After stimulation with LPS, SAC, or heat-killed MTB (figure 7A), THP-1
cells infected with either HIV-1yp or the clinical isolate, cs204, showed dramatic

reduction in IL-12 p40 protein production relative to mock-infected controls.
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FIGURE 7: Inhibition of stimulus-induced IL-12 expression by HIV-1 infection of THP-
1 cells, in the presence or absence of cycloheximide.

THP-1 cells were mock-infected or infected with HIV-1yp or ¢s204, and 7 days
later, treated with or without CHX, and stimulated with medium, LPS, SAC, or MTB.
(A) 24 hours after addition of stimuli, supernatants from THP-1 cells were harvested,
and assayed for total IL-12 p40 protein by ELISA. Mean + SD, n=5. * p= 0.0499, I p=
0.0392, t p= 0.048, § p= 0.039 by Student’s t-test for HIV-infected versus mock-
infected, similarly stimulated controls. (B) THP-1 were pretreated for 1 hour with or
without CHX, and after 4 hours of stimulation, total RNA was harvested and assayed for
IL-12 p40 mRNA expression by ribonuclease protection assay. The images shown are
representative of 5 similar experiments. (C) THP-1 were stimulated with LPS (1 pg/ml)
for 0, 1, 2, 4, or 12 hours prior to RNA extraction and IL-12 p40 mRNA quantitation by
RPA as in (B).
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FIGURE 8: Inhibition of stimulus-induced IL-12 expression by HIV-1 infection of
MDM, in the presence or absence of cycloheximide.

MDM were infected with HIV-1 ¢s204 and on day 7 were treated with or without
CHX for 1 hour prior to stimulation with medium or LPS. (A) Following 24 hours of
stimulation in the presence of medium or LPS, supernatants were harvested and assayed
for total IL-12 p40 protein production by ELISA. Bars represent the mean IL-12 p40
protein production (pg/ml) + standard deviation, n=3. * p= 0.0308 by Student’s t-test for
HIV-infected LPS-stimulated cells versus mock-infected controls. (B) Total RNA from
MDM treated with or without CHX and LPS was reverse-transcribed, PCR-amplified
with gene-specific primers for GAPDH and IL-12 p40, and visualized by electrophoresis
in a 1.2% agarose gel and staining with ethidium bromide. The gel shown is
representative of 3 independent experiments.
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Accordingly, IL-12 p40 mRNA expression in HIV c¢s204-infected THP-1 cells
stimulated with LPS, SAC, or MTB was undetectable by RPA (figure 7B). IL-12 p40
mRNA expression in THP-1 cells was similarly reduced following HIV-1ys infection
and stimulation by LPS, SAC, or MTB (figure 7B). Inhibition of IL-12 p40 expression
following HIV infection was not likely due to delayed or altered IL-12 p40 mRNA
production kinetics, as IL-12 p40 mRNA remained suppressed by RPA over 12 hours of
stimulation of HIV-infected THP-1 cells with LPS (figure 7C). LPS-induced IL-12 p40
protein production was also dramatically suppressed following infection of MDM with
HIV ¢s204 (figure 8A), in parallel with impaired production of IL-12 p40 mRNA (figure
8B), relative to mock-infected controls. As HIV-1yg and HIV ¢s204 both impaired IL-
12 expression dramatically in both THP-1 cells and MDM, and since laboratory strains
of HIV are difficult to propagate in THP-1 cells (227), further investigations of HIV-
mediated suppression of IL-12 were conducted with the clinical isolate, cs204.

2. Bioactive IL-12 p70 is reduced following HIV infection of myeloid cells, in the
absence of alteration in IL-12 p35 mRNA: In preliminary investigations, production of
the IL-12 p70 homodimer in THP-1 cells and MDM was undetectable by commercial
ELISA with a lower limit of detection of 0.5 pg/ml. However, the presence of bioactive
IL-12 p70 was confirmed in supernatants of LPS-stimulated THP-1 cells, using a
bioassay to detect IL-12-specific augmentation of PHA-induced IFN-y production from
primary T lymphocytes. Supernatants from LPS-stimulated THP-1 cells incubated with

PHA-stimulated primary T lymphocytes caused an enhancement in PHA-induced IFN-y

production (figure 9A). This increase in IFN-y production was abrogated
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FIGURE 9: Detection of biologically active IL-12 p70, and its inhibition by HIV
infection, in the absence of modulation of IL-12 p35 subunit mRNA.

(A) Supernatants from mock- and HIV-infected, LPS stimulated THP-1 cells
were added to PHA-stimulated primary T lymphocytes for 48 hours, prior to supernatant
harvest and measurement of IFN-y production by ELISA. Bars represent mean IFN-y
production expressed as a percentage of the medium control (+ standard deviation, n=3).
*p = 0.05 for LPS-stimulated, mock-infected THP-1 supernatants versus the medium
control; ** p = 0.04 for LPS-stimulated mock- versus HIV-infected THP-1 supernatants;
§ p=0.008 for LPS-stimulated THP-1 supernatants incubated with or without o-IL-12
antibody, all by Student’s t-test. (B) THP-1 cells were mock- or HIV-infected for 7 days,
and after 4 hours of stimulation with medium or LPS, IL-12 p35 mRNA was measured
in mock- and HIV-infected THP-1 cells by ribonuclease protection assay. Image shown
is representative of 3 independent experiments. (C) Similarly, total RNA was harvested
from mock- and HIV-infected MDM, and IL-12 p35 mRNA was detected by RT-PCR.
Gel shown is representative of 3 independent trials.
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by addition of neutralizing anti-IL-12 antibody to T cell cultures (figure 9A),
demonstrating that the IFN-y-enhancing effect of supematants from LPS-stimulated
THP-1 cells could specifically be attributed to the presence of bioactive IL-12 p70.

In parallel with diminished LPS-induced IL-12 p40 protein and mRNA
production (figure 7), HIV infection caused a reduction in the level of bioactive IL-12
p70 in supernatants of LPS-treated THP-1 cells (figure 9A), as determined by the
described bioassay. In contrast, no alterations in IL-12 p35 mRNA expression were
observed in LPS-stimulated HIV-infected THP-1 cells (Figure 9B) or MDM (figure 9C)
following HIV infection with HIV cs204. As IL-12 p40 protein production parallels IL-
12 p70 secretion in THP-1 cells in agreement with published reports (7, 13, 99), and
HIV infection did not affect IL-12 p35 subunit expression, subsequent studies focused
on examination of regulation of the IL-12 p40 subunit.

3. Inhibition of IL-12 p40 mRNA Induction by HIV Does Not Require de novo
Protein Synthesis: To begin to delineate molecular mechanisms underlying HIV-
mediated impairment of stimulus-induced IL-12 p40 expression, the protein synthesis
inhibitor cycloheximide (CHX) was used to determine whether this suppression of IL-12
induction required synthesis of other host or viral factors. Mock- and HIV-infected THP-
1 cells and MDM were incubated with CHX for 1 hour prior to, and for the duration of
LPS stimulation. Protein synthesis inhibition by CHX failed to restore the ability of
HIV-infected THP-1 to synthesize IL-12 p40 mRNA in response to stimulation with
LPS, SAC, or MTB (figure 7B), as there was no restoration in detection of IL-12 p40
mRNA by RPA. Similarly, CHX did not enhance IL-12 p40 mRNA expression in LPS-

stimulated MDM infected with HIV ¢s204, as IL-12 p40 mRNA expression in HIV-
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infected MDM remained undetectable by RT-PCR, regardless of preincubation with
CHX (figure 8B). Detection of LPS-induced IL-12 p40 mRNA in mock-infected THP-1
cells and MDM was unaffected by CHX treatment (figure 7B and figure 8B,
respectively), consistent with a previous report by Marshall et al. (95). From these
observations, HIV-mediated inhibition of IL-12 p40 expression in myeloid cells appears
to occur directly, in the absence of any requirement for LPS-induced de novo host or

viral protein synthesis.

B. HIV-Mediated Inhibition of IL-12 p40 Expression is Independent of the Activity of

Key IL-12 Modulating Cvtokines:

1. Suppression of IL-12 p40 synthesis by HIV infection is independent of the
inhibitory action of IL-10 and TGF-f: Although inhibition of LPS-induced IL-12 p40
expression by HIV infection of myeloid cells was independent of de novo protein
synthesis, the possibility that an inhibitory factor may have been synthesized and may
have accumulated during the 7 days in culture prior to treatment with CHX was
addressed. Two candidates for such an inhibitory factor include the cytokines IL-10 and
TGF-B; both are inhibitory for IL-12 expression (99, 216, 217), and both may be
upregulated by HIV infection (8, 224). To examine whether IL-10 and/or TGF-B activity
contributes to HIV-mediated suppression of IL-12 p40 expression, mock- and HIV-
infected THP-1 cells were stimulated with LPS in the presence or absence of saturating
quantities of neutralizing antibodies against either IL-10, TGF-B, or both. Stimulation of
HIV-infected THP-1 cells with LPS in the presence of neutralizing antibodies to IL-10

or TGF-B did not restore production of IL-12 p40 protein, and in fact, did not affect IL-
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12 p40 protein levels at all, regardless of HIV infection (figure 10A). Similarly, LPS-
induced IL-12 p40 mRNA detection in HIV-infected THP-1 cells was unaffected by
incubation with anti-IL-10 and/or anti-TGF-f neutralizing antibodies (figure 10B). In
accordance with the observed effects of neutralizing antibodies on IL-12 p40 expression
in THP-1 cells, treatment of HIV-infected MDM with anti-IL-10 and anti-TGF-f
antibodies did not restore the ability of these cells to synthesize IL-12 p40 protein
following LPS stimulation, and in fact had no effect on IL-12 p40 protein secretion
regardless of HIV infection (figure 11A). In addition, IL-12 p40 mRNA detection in
HIV-infected MDM was not augmented by addition of neutralizing IL-10 and TGF-B
antibodies to monocyte cultures (figure 11B). Taken together, these results suggest that
inhibition of LPS-induced IL-12 p40 protein and mRNA expression by HIV infection
was independent of the activity of the IL-12-inhibiting cytokines IL-10 and TGF-p.

2. Priming HIV-infected myeloid cells with cytokines does not restore deficient IL-
12 p40 production: While the inhibitory cytokines IL-10 and TGF-p did not appear to
have a role in HIV-mediated suppression of IL-12 p40 expression, the reduced IL-12
p40 protein and mRNA levels in HIV-infected myeloid cell cultures may have been due,
in part, to a lack of cytokines which augment IL-12 synthesis. Several reports in the
literature have demonstrated that priming PBMC from HIV-infected donors with IFN-
v (219), IL-4, or IL-13 (220), prior to bacterial stimulation, enhances stimulus-induced
IL-12 production. To determine whether suppression of IL-12 synthesis observed in an

HIV infection model of isolated myeloid cells is due to a lack of one
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FIGURE 10: Effect of IL-10 and TGF-f neutralization on IL-12 p40 expression in
mock- and HIV-infected THP-1 cells.

THP-1 cells were mock-infected or infected with HIV-1 ¢s204, and 7 days post-
infection, stimulated with LPS in the presence or absence of neutralizing antibodies to
IL-10 and TGF-B. (A) Supernatants were harvested from THP-1 cells after 24 hours of
LPS stimulation in the presence or absence of antibodies to IL-10 or TGF-p, and assayed
for total IL-12 p40 protein by ELISA. Bars indicate mean IL-12 p40 protein production
* standard deviation, n=3. * p= 0.0076, 1 p= 0.0072, { p= 0.012, and § p= 0.013 by
Student’s t-test for HIV-infected THP-1 versus mock-infected LPS-stimulated controls.
(B) In parallel cultures of THP-1 cells, total RNA was harvested after 4 hours of
stimulation and IL-12 p40 mRNA was quantitated by ribonuclease protection assay.
The image shown is representative of 3 experiments.
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FIGURE 11: Effect of neutralization of IL-10 and TGF-f8 on LPS-induced IL-12 p40
expression in MDM.

MDM from HIV-seronegative volunteers were mock-infected or infected with
HIV-1 cs204, and 7 days post-infection, stimulated with LPS in the presence or absence
of neutralizing antibodies to IL-10 and TGF-B. (A) Supernatants were harvested from
MDM after 24 hours of LPS stimulation in the presence or absence of antibodies to IL-
10 or TGF-P, and assayed for total IL-12 p40 protein by ELISA. Bars represent mean
IL-12 p40 protein production + standard deviation, n=4. * p= 0.0485, and § p= 0.0453
by Student’s t-test for HIV-infected MDM versus mock-infected controls. (B) In parallel
cultures, total RNA was harvested from MDM following 4 hours in culture with medium
or LPS, and 1 pug of total RNA was reverse-transcribed and PCR-amplified with gene-
specific primers for I1.-12 p40 or GAPDH. PCR products were visualized by agarose

gel electrophoresis and ethidium bromide staining. The gel shown is representative of 3
experiments.
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of these stimulatory cytokines, mock- and HIV-infected THP-1 and MDM were primed
with IFN-y, IL-4 or IL-13, prior to LPS stimulation. The decrease in LPS-induced IL-12
p40 protein synthesis and secretion observed following HIV infection of THP-1 cells
was not restored by IFN-y priming (figure 12A). In contrast to numerous literature
reports demonstrating that IFN-y enhances stimulus-induced IL-12 expression in PBMC
and MDM (8, 10, 223), production of IL-12 p40 protein in LPS-stimulated THP-1 cells
was unaffected by IFN-y priming (figure 12A). In parallel with these observations at the
level of IL-12 p40 protein production, detection of IL-12 p40 mRNA in HIV-infected
THP-1 cells was also unaffected by IFN-y priming prior to addition of LPS to mock- and
HIV-infected cells (figure 12B). In similar experiments, priming THP-1 cells with IL-4,
IL-13, or both, prior to LPS stimulation did not enhance production of IL-12 p40 protein
in mock- or HIV-infected THP-1 cells (figure 14A), nor was IL-12 p40 mRNA affected
by the addition of these IL-12-priming cytokines (figure 14B).

Contrary to the observed effects of IFN-y treatment of THP-1 cells, IFN-y
priming of HIV-infected MDM significantly enhanced LPS-induced IL-12 p40 protein
production to levels comparable to LPS-stimulated mock-infected MDM (figure 13A).
However, this increased production of IL-12 p40 protein with IFN-y priming occurred
without enhancing accumulation of IL-12 p40 transcripts, as there was no IL-12 p40
mRNA detectable by RT-PCR in LPS-stimulated HIV-infected MDM that had been
preincubated with IFN-y (figure 13B). These results suggest that IL-12 p40 expression
remains impaired by HIV infection in MDM, at least at the transcriptional level,

regardless of IFN-y priming.

88



2500
&
&h 2000
N~
Z 1500
E A HIV
1000 2
g
o 500
=
=
a0
- MEDIUM LPS LPS + [FN-y
THP-1 TREATMENT
B
MOCK HIV+
GAPDH

-+ +
-+ -+

- -+ + LPS

- + -+ IFN-y




FIGURE 12: Priming HIV-infected THP-1 cells with IFN-y prior to LPS stimulation.

THP-1 cells were mock-infected or infected with HIV-1 ¢s204, and 7 days post-
infection, incubated with or without IFN-y for 14 hours prior to stimulation with medium
or LPS. (A) Supernatants from THP-1 cells were harvested 24 hours after LPS
stimulation and assayed for total IL-12 p40 protein secretion by ELISA. Bars indicate
mean IL-12 p40 levels (pg/ml) + standard deviation, n=3. * p= 0.04 for HIV-infected
LPS stimulated THP-1 cells versus the mock-infected control, and 1 p=0.0408 for HIV-
infected IFN-y/LPS stimulated THP-1 cells versus similarly treated mock-infected
controls, both by Student’s t-test. (B) Total RNA was harvested from THP-1 primed
with IFN-y, after 4 hours of LPS stimulation, and changes in IL-12 p40 mRNA were

detected by ribonuclease protection assay. The gel shown in B is representative of 3
experiments

89



IL-12 p40 PROTEIN (pg/mL)

B MOCK
|| @ HIV

&
MONOCYTE TREATMENT
B
I[FN-y- IFN-y~*
GAPDH
+ - + - + - + LPS

- + + - - + + HIV




FIGURE 13: Effect of IFN-y priming on LPS-induced IL-12 p40 expression in HIV-
infected MDM.

MDM from HIV-seronegative donors were mock-infected or infected with HIV-
1 ¢5204, and 7 days post-infection, incubated with or without IFN-y for 14 hours prior to
stimulation with medium or LPS. (A) Supernatants were harvested 24 hours after LPS
stimulation and assayed for total IL-12 p40 protein secretion by ELISA. Bars represent
mean IL-12 p40 protein production (pg/ml) + standard deviation, n=5. *p=0.032 by
Student’s t-test versus mock-infected LPS-stimulated control. (B) In parallel cultures,
total RNA was harvested from MDM primed with IFN-y following 4 hours of
stimulation with medium or LPS, reverse-transcribed and PCR-amplified with GAPDH
and IL-12 p40 primers. The gel shown is representative of 3 independent trials.
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FIGURE 14: The effects of priming HIV-infected THP-1 cells with IL-4, IL-13, or both,
prior to LPS stimulation.

THP-1 cells were mock-infected or infected with HIV-1 ¢s204, and 7 days post-
infection, incubated with or without IL-4 or IL-13 for 24 hours prior to stimulation with
medium or LPS. (A) Supernatants from THP-1 cells were harvested 24 hours after LPS
stimulation and assayed for total IL-12 p40 protein secretion by ELISA. (B) Total RNA
was harvested from THP-1 primed with [L-4/IL-13 after 4 hours of LPS stimulation, and
changes in IL-12 p40 mRNA were detected by ribonuclease protection assay.
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Priming HIV-infected MDM with IL-4, IL-13, or both, prior to LPS stimulation
did not enhance IL-12 p40 protein (figure 15A) or IL-12 p40 mRNA (figure 15B), in
accordance with the THP-1 data. In fact, incubation with IL-4 alone, or IL-4 and IL-13
in combination reduced LPS-induced IL-12 p40 protein production in uninfected MDM
by 84.3% (figure 15A, p= 0.004), consistent with the primarily inhibitory role of IL-4
and IL-13 on monocyte/macrophage functions, including IL-12 production (233). The
results of these investigations into roles for other key immunomodulatory cytokines in
HIV-mediated suppression of IL-12 p40 expression indicate that inhibition of IL-12 p40
protein and mRNA is not a consequence of inhibitory actions of IL-10 or TGF-f3, nor
due to a lack of the agonistic cytokines IFN-y, IL-4, or IL-13, although in MDM IFN-y

enhanced IL-12 p40 post-transcriptionally in HIV infected cells.

C. Evaluation of the Reguirement for Productive Infection and HIV Replication in

Impaired I1.-12 p40 Expression in Myeloid Cells:

1. Treatment of myeloid cells with HIV-1 gpl120 or replication-defective HIV
virions: While HIV infection suppressed IL-12 p40 mRNA expression in myeloid cells
in the absence of de novo protein synthesis, it remained to be determined whether this
suppression is a consequence of productive infection. Other investigators have
demonstrated that soluble HIV-1 gp120 alone suppresses IL-12 p40 protein production

in MDM in an IL-10-dependent manner (216), and additionally affects production of
numerous cytokines and chemokines including IL-4, IL-13, IL-6, TNF-a, MIP-1a, MIP-

1B, and RANTES (234-236). To explore a specific requirement for productive
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FIGURE 15: Priming HIV-infected MDM with IL-4 and/or IL-13 prior to LPS
stimulation.

MDM were mock- or HIV-infected, and 7 days post-infection, incubated with or
without IL-4 or IL-13 for 24 hours, prior to stimulation with medium or LPS. (A) Cell-
free supernatants were harvested 24 hours after LPS stimulation and assayed for total IL-
12 p40 protein secretion by ELISA. Bars represent mean IL-12 p40 protein levels
(pg/ml) + standard deviation, n=5. § p= 0.007 by Student’s t-test for HIV-infected LPS-
stimulated MDM versus the corresponding mock-infected control; § p= 0.0098 for I1L-4
primed and // p= 0.004 for IL-4/IL-13 primed THP-1 cells versus mock-infected, LPS-
stimulated MDM, determined by Student’s t-test. (B) Total RNA harvested from mock-
or HIV-infected MDM, primed with IL-4/IL-13 prior to 4 hours of LPS stimulation was
reverse-transcribed and PCR-amplified with GAPDH and IL-12 p40 primers. The gel
shown is representative of 3 independent trials.
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infection of myeloid cells in HIV-mediated suppression of IL-12 p40 induction, THP-1
cells and adherence derived MDM were mock- or HIV-infected, or treated with soluble
HIV-1 gp120, or with supernatants from 8E5 cells, which shed HIV-1 virions defective
in reverse-transcriptase. Incubation of THP-1 cells with RT-deficient virus (8ES5 cell
supernatant) or with soluble gp120 prior to LPS stimulation had no demonstrable effect
on IL-12 p40 protein production (figure 16A). In addition, neither supernatant from 8E5
cells, nor soluble gp120 suppressed LPS-induced IL-12 p40 mRNA accumulation, while
infection with HIV-1 completely inhibited production of IL-12 p40 mRNA (figure 16B).
Inclusion of neutralizing anti-IL-10 antibody to THP-1 cells cultured with gp120 had no
effect on LPS-induced IL-12 p40 mRNA expression (figure 16B), despite reports that
gp120 treatment elicits IL-10 production from human MDM (216). The lack of influence
of the RT-deficient virus on IL-12 induction compared to HIV infection was not due to
disparity in the virion content of the 8E5 or HIV-containing supernatants, as the p24
antigen level of each treatment condition was comparable (10 and 8.3 ng/ml,
respectively).

HIV-1 gp120 treatment of MDM prior to LPS stimulation also had no effect on
IL-12 p40 protein (figure 17A) or mRNA expression (figure 17B), in agreement with the
results in THP-1 cells. However, incubation of MDM with supernatant from 8E5 cells
resulted in a 64.2% reduction in IL-12 p40 protein production relative to untreated, LPS
stimulated control (figure 17A, p=0.002), though not to the level observed in HIV-
infected MDM (figure 17A, p=0.03). This reduction in IL-12 p40 protein production was
not accompanied by a decrease in IL-12 p40 mRNA production (figure 17B) as

demonstrated by RT-PCR, indicating disparity in regulation of IL.-12 p40 protein and
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FIGURE 16: Effect of soluble HIV-1 gp120 and RT-deficient HIV-1 on LPS-induced IL-
12 expression in THP-1 cells.

THP-1 cells were mock-infected, infected with HIV-1 ¢s204, incubated with 8ES
supernatants containing RT-deficient HIV-1 virions, or treated with soluble HIV-1
gp120, prior to stimulation with medium or LPS. (A) Total IL-12 p40 protein from
culture supernatants of THP-1 cells stimulated with medium or LPS for 24 hours was
quantitated by ELISA (n=3). Protein data for THP-1 cells are expressed as a percentage
of IL-12 p40 protein production by mock-infected, LPS stimulated THP-1 cells +
standard deviation. (B) Total cellular RNA was harvested from THP-1 after 4 hours of
LPS stimulation and changes in IL-12 p40 mRNA expression were detected by
ribonuclease protection assay. Image shown is representative of 3 independent trials.
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FIGURE 17: Treatment of MDM with soluble HIV-1 gp120 and RT-deficient HIV-1,
and the effect on LPS-induced IL-12 p40 expression.

MDM from HIV-seronegative donors were mock-infected, infected with HIV-1
¢s204, treated with 8ES supernatants containing RT-deficient HIV-1 virions, or treated
with soluble HIV-1 gp120, prior to stimulation with medium or LPS. (A) Total IL-12
p40 protein from culture supernatants stimulated with medium or LPS for 24 hours was
quantitated by ELISA (n=3). Protein data are expressed as a percentage of IL-12 p40
protein production by mock-infected, LPS stimulated MDM, * standard deviation.
*p=0.002, T p=0.03 by Student’s t-test versus mock-infected control. (B) Total RNA
isolated from MDM after 4 hours of stimulation was reverse-transcribed and PCR-
amplified with gene-specific primers for GAPDH or IL-12 p40. Gel shown is
representative of 3 experiments.
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mRNA synthesis in response to replication-competent and replication-defective HIV
virions.

2. Treatment of THP-1 cells with UV-inactivated supernatants from HIV-infected
THP-1 cell cultures: Having eliminated a role for de novo protein synthesis and select
regulatory cytokines in HIV-mediated suppression of IL-12 p40 synthesis, investigations
were conducted to confirm whether any host- or virus-derived soluble products present
in infected cell cultures were responsible for suppression of IL-12 by HIV. Supernatants
were collected from unstimulated THP-1 cells 7 days following infection with ¢s204 or
HIV-1ys, and subjected to UV radiation for 1 hour (228), prior to culture with fresh
THP-1 cells. After 24 rhours, THP-1 cells were stimulated with LPS, and supernatants
were assayed for IL-12 p40 protein production. As illustrated in figure 18A and in
agreement with earlier findings (figure 7A), infection of THP-1 cells with HIV-1jp or
the clinical isolate c¢s204 dramatically suppressed LPS-induced IL-12 p40 protein
production. Supernatants from parallel mock- or HIV-infected THP-1 cells which did
not previously receive LPS stimulation, and which were UV-irradiated prior to
incubation with fresh THP-1 cells, failed to transfer suppression of LPS-induced IL-12
synthesis observed in the original infected THP-1 cell cultures (figure 18B).
Neutralization of infectious virus by UV irradiation was confirmed by the failure of
these inactivated supernatants to productively infect THP-1 cells during a 14 day culture
period, as determined by HIV-1 p24 antigen quantitation described in the Methods.
These findings suggested that suppression of IL-12 expression by HIV infection was not
mediated by any soluble host or viral factors which may have accumulated in culture

during the 7 days of culture prior to quantitation of IL-12 p40 protein and mRNA

production.
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FIGURE 18: Culture of THP-1 Cells with UV Irradiated Supernatants from HIV-1
Infected, Unstimulated THP-1 Cells.

(A) THP-1 cells were mock-infected, or infected with HIV-1 ¢s204 or HIV-1ys, and
on day 7, cultured with medium or LPS for 24 hours. Supernatants were harvested and
assayed for IL-12 p40 protein secretion by ELISA. IL-12 p40 protein production is
expressed as a percentage of mock-infected, LPS-stimulated THP-1 cells, & standard
deviation, n=3; * p=0.009, 1 p=0.03 by Student’s t-test versus mock-infected control.
(B) Supernatants from HIV-infected cells cultured in medium alone (from experiment
outlined in A) were subjected to UV irradiation for 1 hour, and were incubated with
fresh THP-1 cells for 24 hours. THP-1 cells were subsequently stimulated with LPS for
24 hours, and IL-12 p40 protein production was quantitated by ELISA. IL-12 p40
protein production is expressed as a percentage of mock-infected, LPS-stimulated THP-
1 cells, + standard deviation, n=3.
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3. Evaluation of intracellular IL-12 p40 protein and HIV-1 p24 antigen expression
in THP-1I cells following HIV infection: In order to further characterize the requirement
for productive HIV infection in suppression of IL-12 p40 production, intracellular IL-12
p40/p70 protein and HIV-1 p24 antigen expression in mock- and HIV-infected THP-1
cells were monitored by flow cytometry and immunofluorescence microscopy. As
depicted in figure 19A, HIV-1 p24 antigen was undetectable in mock-infected THP-1
cells, but following HIV infection, 77.2% of cells stained positively for HIV p24. In
addition, 72.8% of mock-infected LPS-stimulated THP-1 cells expressed intracellular
IL-12 p40/p70 protein, while LPS-stimulated HIV-infected THP-1 cells expressed IL-12
protein at levels comparable to unstimulated controls (10.3% versus 8.0%) (figure 19B).

Similar results were obtained by immunofluorescence microscopy performed on
mock- and HIV-infected THP-1 cells, as shown in figure 20. Intracellular IL-12 p40/p70
protein was readily detected in mock-infected, LPS-stimulated THP-1 cells (figure 20B),
but only background levels of IL-12 protein were observed in HIV-infected cells
(compare panel A and panel F). In comparison with total DAPI-stained cells,
intracellular p24 protein was detected at varying intensities throughout HIV-infected
(figure 20G) but not mock-infected THP-1 cells (figure 20C). The extensive HIV-1 p24
antigen detection throughout HIV-infected THP-1 cells was not due to surface
expression of p24, as no staining was detected on HIV-infected THP-1 cell preparations
that were not permeabilized (figure 20K). The dramatic reduction in intracellular IL-12
p40 protein detection following HIV infection of myeloid cells, in which the vast
majority of cells are infected, lends further support to the suggestion that suppression of

IL-12 expression by HIV is a result of direct cellular infection. These
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FIGURE 19: Quantitation of HIV-1 p24 and IL-12 p40 Expression in THP-1 Cells by
Flow Cytometry.

THP-1 cells were mock- or HIV-1 cs204-infected, and stimulated with medium
or LPS in the presence of GolgiStop, and stained with PE-labeled anti-IL-12 p40/p70 or
PE-labeled anti-HIV-1 p24 monoclonal antibodies, or PE-labeled mouse IgG, isotype
control. (A) Flow cytometry histograms illustrating intracellular HIV-1 p24 antigen
detection in mock- and HIV-infected, medium or LPS-stimulated THP-1 cells, compared
with staining with a mouse IgG; isotype control. Labels indicate the percentage of THP-
1 cells expressing HIV-1 p24 antigen under each treatment condition. (B) Intracellular
human IL-12 p40/p70 protein detection in mock- and HIV-infected THP-1 cells,
stimulated with medium or LPS as in A. Labels indicate the percentage of THP-1 cells

infected with HIV (positively staining for IL-12 p40/p70 protein) under each treatment
condition.
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FIGURE 20: Intracellular Detection of HIV-1 p24 and IL-12 p40 Expression in THP-1
Cells by Immunofluorescence Microscopy.

THP-1 cells were mock- or HIV-1 ¢s204-infected, and stimulated with medium
or LPS in the presence of GolgiStop. (A, E) IL-12 p40/p70 protein detection in
unstimulated THP-1; (B, F) IL-12 p40/p70 protein detection in mock- and HIV-infected
LPS-stimulated THP-1 cells, respectively; (C, G) HIV-1 p24 antigen detection in mock-
and HIV-infected THP-1 cells, respectively; (D, H) DAPI nuclear staining of mock- and
HIV-infected THP-1 cells, respectively; (I) mouse IgG1-FITC isotype control staining
of mock-infected THP-1 cells; (J) mouse IgG1-FITC staining of mock-infected THP-1

cells in the absence of anti-IL-12 p40/p70 primary antibody; (K) HIV-1 p24 staining of
HIV-infected non-permeabilized THP-1 cells.
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findings also validate the earlier observation of profound suppression of IL-12 p40
expression following HIV infection, and substantiate the notion that HIV-mediated
suppression of IL-12 occurs, at least in part, at an intracellular level likely affecting the

underlying molecular machinery involved in the initiation and synthesis of IL-12.

D. Impairment of Transcription of the IL.-12 p40 Gene in .HIV-Infected Myveloid Cells:

L. Suppression of IL-12 p40 expression during HIV-1 infection of THP-1 cells
occurs at the level of transcription: Previous reports in the literature have determined
that LPS-induced transcription of the IL-12 p40 subunit gene is impaired in PBMC from
HIV-infected patients (12). Having demonstrated that HIV infection impairs 1L-12
synthesis in a manner that requires productive infection of myeloid cells, resulting in
severe impairment of IL-12 p40 mRNA levels in myeloid cells, nuclear run-on
transcription assays were conducted to determine whether HIV infection of isolated
myeloid cells inhibits IL-12 expression at the level of transcription. Mock- and HIV-
infected THP-1 were stimulated with LPS for 4 hours prior to isolation of intact nuclei
and measurement of nascent nuclear transcripts for the IL-12 p40 gene and the GAPDH
housekeeping gene control. Infection of THP-1 cells with HIV ¢s204 and subsequent
LPS stimulation resulted in a dramatic reduction in IL-12 p40 mRNA hybridization to
target IL-12 p40 cDNA, relative to mock-infected controls (figure 21A), indicative of
significant reduction in the rate of transcription of the IL-12 p40 gene upon HIV
infection. Transcription of the IL-12 p40 gene in HIV-infected LPS-stimulated THP-1
cells was in fact reduced to the level of transcription observed in unstimulated controls
(data not shown). In a control experiment, incubation of *2P-labelled total nuclear

transcript with membranes containing empty vectors corresponding
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FIGURE 21: Effect of HIV Infection of Transcription of the IL-12 p40 Gene.

THP-1 cells were mock-infected or infected with HIV-1 ¢s204, and stimulated
with LPS for 4 hours prior to harvest and quantitation of nascent IL-12 p40 and GAPDH
transcripts using a nuclear run-on assay. (A) Image depicts hybridization of **P-labelled
IL-12 p40 and GAPDH mRNA to target cDNAs immobilized on nitrocellulose
membranes. Image shown is representative of 3 experiments. (B) Control experiment
illustrating the absence of hybridization of nuclear transcript to empty pT-Adv and
pPCR-Script control vectors.
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to the IL-12 p40 cDNA (pT-AdV) or GAPDH cDNA (pPCR-Script) targets
demonstrated no hybridization to these empty control vectors, thereby illustrating
specificity of the hybridization observed to IL-12 p40 and GAPDH target insert cDNAs
(figure 21B).

2. Nuclear factor recruitment to the human IL-12 p40 promoter in HIV-infected
myeloid cells: Having confirmed that HIV infection of myeloid cells suppresses IL-12
p40 gene expression, at least in part, at the level of transcription, studies were
undertaken to evaluate the impact of HIV on nuclear factor binding to the IL-12 p40
promoter. Several putative transcription factor binding sites have been identified within
the‘human and murine IL-12 p40 promoters, including C/EBP, NF-«xB, PU.1, Ets-2, AP-
1, Spl, NF-IL-6, and IRF-1 (figure 1, Introduction), yet the significance of each site in
stimulus-induced promoter activation is poorly understood. In addition, several reports
have demonstrated that inhiBitors of IL-12 synthesis can act via targeted disruption of
nuclear factor binding to at least the NF-xB and Ets-2 promoter elements (102, 104,
120-122), yet any effects of HIV infection on nuclear factor binding to these or any
other sites in the p40 promoter have not been evaluated. Therefore, each of the identified
binding sites in the human IL-12 p40 promoter was surveyed for alterations in nuclear
factor recruitment following HIV infection. To examine the effect of LPS on nuclear
factor binding to the IL-12 p40 promoter, and the effect of HIV infection on this
binding, EMSA analyses were performed on nuclear extracts from mock- and HIV-
infected THP-1 cells and MDM, using **P-labelled oligonucleotide probes representing
each of the individual putative transcription factor binding sites and corresponding

flanking sequences derived from the human IL-12 p40 promoter.
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i. Altered nuclear factor recruitment to the IL-12 p40 promoter following LPS

treatment and/or HIV infection of THP-1 cells: In THP-1 cells, HIV exhibited a two-fold

effect on nuclear factor binding to the NF-kB, AP-1 and Spl sites in the IL-12 p40

promoter. First, HIV infection reduced binding of nuclear protein to the NF-xB, AP-1
and Sp1 sites of the IL-12 p40 promoter (figures 22A, 23A, and 24A, respectively). LPS
stimulation alone, in the absence of HIV infection also resulted in decreased binding to
the promoter at each of these sites relative to unstimulated, mock-infected controls
(figures 22A, 23A, 24A). Secondly, following HIV infection, this effect of LPS was
reversed and binding was slightly increased at each of the NF-kB, AP-1 and Spl sites,
though was still markedly reduced compared to LPS-stimulated uninfected THP-1 cells.
At the Spl element in particular, EMSA analysis revealed formation of two specific
complexes; in a number of replicate experiments, both complexes appear to be affected
by HIV infection (figure 24A), however, in several other trials, only one of the two
complexes was altered by HIV infection of THP-1 cells.

Subsequent investigations using supershift analysis with antibodies directed
against relevant nuclear factors for these affected sites revealed that the decrease in
binding of nuclear protein at the NF-kB binding site was due, at least in part, to reduced
binding of NF-xB p50, p65, and c-Rel proteins to this element following HIV infection
as indicated by the reduced intensity of the uppermost supershifted complex (figure
22B). Similarly, binding of c-Fos and c-Jun proteins to the AP-1 promoter element, as

well as Sp1 and Sp3 protein binding to the Sp1 site were reduced by HIV infection
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FIGURE #22: EMSA and supershift analysis of nuclear factor binding to the NF-xB site
in the human IL-12 p40 promoter in mock- and HIV-infected THP-1 cells.

THP-1 cells were mock- or HIV-infected for 7 days prior to stimulation with
medium or LPS (1 pg/ml). (A) Nuclear extracts were harvested after 2 hours and
incubated with a **P-labelled oligonucleotide probe representing the putative NF-xB
binding site derived from the human IL-12 p40 promoter. (B) Subsequent supershift
analysis was conducted by incubation of EMSA binding reactions with antibodies (20
ng/ml) directed against NF-kB p50, p65, and c-Rel proteins. Images shown are
representative of three independent experiments. Arrows indicate the positions of

supershifted complexes in the presence of the indicated nuclear factor-specific
antibodies.
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FIGURE #23: EMSA and supershift analysis of nuclear factor binding to the AP-1 site
in the human IL-12 p40 promoter in mock- and HIV-infected THP-1 cells.

THP-1 cells were mock- or HIV-infected for 7 days prior to stimulation with
medium or LPS (1 pg/ml). (A) Nuclear extracts were harvested after 2 hours and
incubated with a *?P-labelled oligonucleotide probe encompassing the AP-1 binding site
and corresponding flanking DNA sequence derived from the human IL-12 p40
promoter. (B) Inclusion of antibodies (20 pg/ml) directed against the AP-1 binding
proteins c-Fos and c-Jun in the DNA-protein binding reactions, produced supershifts
indicative of binding of these factors to the IL-12 p40 promoter. Images shown are
representative of three independent experiments. Arrows indicate the positions of
supershifted complexes in the presence of the indicated nuclear factor-specific
antibodies.
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FIGURE #24: EMSA and supershift analysis of nuclear factor binding to the Spl site in
the human IL-12 p40 promoter in mock- and HIV-infected THP-1 cells.

THP-1 cells were mock- or HIV-infected for 7 days prior to stimulation with
medium or LPS (1 pg/ml). (A) Nuclear extracts were harvested after 2 hours and
incubated with a **P-labelled oligonucleotide probe containing the putative Sp1 binding
site represented in the human IL-12 p40 promoter. The gel shown is representative of 3
independent experiments. (B) Subsequent supershift analysis was performed by
incubating DNA-protein binding reactions in the presence or absence of antibodies (20
pg/ml) directed against Sp1 and Sp3 proteins. Images shown are representative of three
independent experiments. Arrows indicate the positions of supershifted complexes in the
presence of the indicated nuclear factor-specific antibodies.
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of THP-1 cells (figures 23B and 24B, respectively). Binding of nuclear factor-directed
antibodies was specific, as supershifted complexes were not observed using a control
goat-IgG antibody (figure 25). In contrast to the observed altered binding to the NF-«xB,
AP-1, and Sp1 sites in THP-1 nuclear extracts, nuclear factor recruitment to the C/EBP,
Ets-2, NF-IL-6, and IRF-1 elements in THP-1 cells was apparently not LPS-inducible
and was not affected by HIV infection of THP-1 cells (figures 26A through D,
respectively).

ii, LPS-induced nuclear factor binding to the IL-12 p40 promoter in MDM and

the effect of HIV infection: HIV-infection of MDM also exhibited a two-fold effect on

IL-12 p40 promoter activation. However, unlike THP-1 cells, MDM infected with HIV
exhibited an increase in the overall intensity of binding of nuclear factors to the NF-xB
(figure 27A) and AP-1 (figure 28A) elements of the IL-12 p40 promoter, and suppressed
transcription factor binding to the Ets-2 element relative to mock-infected controls
(figure 30A). Similar to the observations in THP-1 cells, HIV infection of MDM
additionally interfered with the effects of LPS on nuclear factor binding to these sites.
Specifically, the LPS-induced increase in binding to the NF-xB and Ets-2 elements, as
well as the LPS-induced decrease in binding to the AP-1 and Spl sites observed in
mock-infected cells were reversed by HIV infection. While nuclear factor binding to the
Spl element in unstimulated MDM was reduced by HIV infection, complex formation at
Spl in HIV-infected LPS-stimulated MDM was enhanced, relative to mock-infected

LPS-stimulated controls (figure 29A).
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FIGURE 25: Control goat IeG does not result in supershifted nuclear factor complexes.

THP-1 cells (10%ml) were stimulated with LPS (1 pg/ml) and after 2 hours,
nuclear extracts were harvested as described. Five pug of nuclear extract were incubated
in EMSA reactions including >2P-labelled oligonucleotide probes containing
transcription factor binding sites for (A) NF-kB, (B) AP-1, or (C) Spl derived from the
IL-12 p40 promoter, in the presence or absence of transcription factor-specific
antibodies or a goat IgG control (20 pg/ml) as indicated. EMSA reactions were
electrophoretically separated’on 6% non-denaturing polyacrylamide gels.
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FIGURE 26: HIV infection of THP-1 cells does not alter nuclear factor binding to the
C/EBP, Ets-2, NF-IL-6, or IRF-1 sites of the human IL-12 p40 promoter.

THP-1 cells were mock- or HIV-infected for 7 days prior to stimulation with
medium or LPS (1 pg/ml) as in figures 22 through 24. Nuclear extracts were harvested
and incubated with **P-labelled oligonucleotide probes containing putative binding sites
for (A) C/EBP, (B) Ets-2, (C) NF-IL-6, or (D) IRF-1 and corresponding flanking DNA
sequences derived from the human IL-12 p40 promoter. Gels shown are representative
of three independent experiments. :
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FIGURE 27: EMSA and supershift analysis of nuclear factor binding to the NF-«B site
of the human IL-12 p40 promoter in mock- and HIV-infected primary MDM.

Primary MDM from HIV-seronegative volunteers were mock- or HIV-infected
for 7 days prior to stimulation with medium or LPS (1 pg/ml). (A) Nuclear extracts were
harvested and incubated with a **P-labelled oligonucleotide probe containing the NF-xB
transcription factor consensus site derived from the human IL-12 p40 promoter. (B)
Supershift analysis to identify DNA-binding proteins at this site were conducted by
inclusion of antibodies directed against NF-kB p50, p65, and c-Rel, in EMSA binding
reactions, as in figure 22. Images shown are representative of three independent
experiments. Arrows indicate the presence and position of supershifted complexes.
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FIGURE 28: EMSA and supershift analysis of nuclear factor binding to the AP-1 site of
the human IL-12 p40 promoter in mock- and HIV-infected primary MDM.

MDM from HIV-seronegative volunteers were mock- or HIV-infected for 7 days
prior to stimulation with medium or LPS (1 pg/ml). (A) Nuclear extracts were harvested
and incubated with a *’P-labelled oligonucleotide probe containing the transcription
factor consensus sequence for AP-1 binding. (B) Additional supershift analysis was
performed using antibodies directed against the AP-1 binding proteins c-Fos and c-Jun,
to evaluate alterations in binding of these proteins to the AP-1 element following HIV
infection. Images shown are representative of three independent experiments. Arrows
indicate the presence and position of supershified complexes.
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FIGURE 29: EMSA and supershift analysis of nuclear factor binding to the Spl site of
the human IL-12 p40 promoter in mock- and HIV-infected primary MDM.

Primary MDM from HIV-seronegative volunteers were mock- or HIV-infected
for 7 days prior to stimulation with medium or LPS (1 pg/ml). (A) Nuclear extracts were
harvested and incubated with a **P-labelled double-stranded DNA probe consisting of
the consensus sequence for Sp1 binding and flanking DNA sequences from the human
IL-12 p40 promoter. (B) Additional supershift analysis was performed using antibodies
against the Spl family members Spl and Sp3, to evaluate their promoter binding
capability in mock- and HIV-infected MDM. Images shown are representative of three
independent experiments. Arrows indicate the presence and position of supershifted
complexes.
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FIGURE 30: Nuclear factor binding to the Ets-2 element of the human IL-12 p40
promoter in mock- and HIV-infected MDM.

Primary MDM from HIV-seronegative volunteers were mock- or HIV-infected
for 7 days prior to stimulation with medium or LPS (1 pg/ml). (A) After 4 hours of
stimulation, nuclear extracts were harvested and incubated with a 32p_labelled
oligonucleotide probe containing the putative Ets-2 transcription factor consensus
sequence. (B) Subsequent supershift analysis was performed by inclusion of antibodies
directed against NF-xB p50, c-Rel, Ets-2, IRF-1, and ICSBP (20 pg/ml) in the
DNA/protein binding reactions. Images shown are representative of three independent
experiments. Arrows indicate the presence and position of supershifted complexes.
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Subsequent supershift analysis of monocyte nuclear extracts revealed that the
decreased binding of nuclear protein to the Ets-2 region of the IL-12 p40 promoter
coincided with a decrease in binding of all of NF-xB p50, c-Rel, Ets-2, IRF-1, and
ICSBP proteins following HIV infection (figure 30B) relative to mock-infected LPS-
stimulated controls. In addition, enhanced binding of the AP-1 family proteins c-Fos and
c-Jun to the AP-1 site was observed in HIV-infected MDM (figure 28B), however
altered binding of nuclear factors to the NF-kB and Sp1 sites could not be attributed to
altered binding of the cognate binding proteins for these promoter elements specifically
(figure 27B and 29B, respectively). In agreement with the observations in THP-1 cells,
HIV infection of MDM did not cause alteration in nuclear factor binding to the C/EBP,
NF-IL-6, or IRF-1 sites in the human IL-12 p40 promoter (figure 31 panels A through C,
respectively). However, unlike THP-1 cells, nuclear factor binding to these three
elements exhibited LPS-indlicible alterations, indicating that these sites likely participate
in LPS stimulation of IL-12 p40 promoter activation. These observations, although
somewhat contrasting between THP-1 and primary MDM, illustrate that the NF-xB, AP-
1, Spl, and Ets-2 region (-350/-105 relative to the transcription start site) of the IL-12
p40 promoter is indeed a target of transcriptional inhibition of the IL-12 p40 gene
following HIV infection.

3. Functional Significance of IL-12 p40 Transcription Factor Binding Sites in
LPS-Induced Promoter Activation: While the presence of the numerous transcription
factor binding sites had been mapped in the human and murine IL-12 p40 promoters by
virtue of their consensus sequences, it remains unclear what the relative contribution of

each individual site is to the activation of the promoter in response to LPS stimulation in
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FIGURE 31: HIV Infection of MDM Does Not Affect Recruitment of Nuclear Factors to
the C/EBP, NF-IL-6, or IRF-1 Elements of the IL-12 p40 Promoter.

MDM were mock- or HIV-infected, medium- or LPS-stimulated as in figures 26
through 30. Nuclear extracts were incubated with **P-labelled probes containing putative
(A) C/EBP, (B) NF-IL-6, or (C) IRF-1 binding sites represented in the human IL-12 p40
promoter. Gels shown are representative of three independent trials.
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human myeloid cells. To determine whether the sites which exhibited alterations in
nuclear factor binding following HIV infection of myeloid cells are actually required for
activation of the IL-12 p40 promoter by LPS, site-directed mutagenesis of the NF-xB,
AP-1, Spl, and Ets-2 sites was performed. Although Ets-2 nuclear factor binding was
unaffected by HIV infection of THP-1 cells, mutational analysis of this site was included
to clarify dependence of the IL-12 p40 promoter on the Ets-2 element in myeloid cells in
general.

From a 3.3 kb IL-12 p40 promoter construct (a kind gift of Dr. Giorgio
Trinchieri and Dr. Xiaojing Ma), site-directed mutants of the individual NF-xB (NF-
KBm), AP-1 (AP-1y,), Spl (Sply), or Ets-2 (Ets-2,,) sites were generated, and are shown
relative to the wild-type promoter sequence in figure 5 (Methods). These wild-type and
mutant [L-12 p40 promoter constructs driving a luciferase reporter gene were assembled
into recombinant adenoviral vectors for delivery to THP-1 cells and primary MDM,
according to the schemes illustrated in figures 4 and 6 (Methods). THP-1 cells infected
with recombinant adenovirus carrying the wild-type promoter illustrated LPS-induced
enhancement in luciferase activity (figure 32; p=0.033). This LPS-inducible promoter
activity was reduced to that of the wild-type promoter construct treated with medium
alone, when either the NF-kB or AP-1 sites were mutated. Furthermore, mutation of

either of the Spl or Ets-2 elements within the 3.3 kb promoter completely abrogated

transcriptional activation of the IL-12 p40 promoter-luciferase construct in THP-1 cells
(figure 32). EMSA analysis of nuclear factor binding to mutant or wild-type NF-kB, AP-

1, Spl or Ets-2 oligonucleotides verified that each individual binding site mutation
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FIGURE 32: The NF-xB, AP-1, Spl and Ets-2 Elements of the Human IL-12 p40
Promoter are Each Required for LPS-Induced Promoter Activation in THP-1 Cells.

Recombinant adenoviral vectors containing a wild-type IL-12 p40 promoter, or a
promoter containing mutations of the NF-kB (NF-xB,,), AP-1 (AP-1y,), Spl (Splm) or
Ets-2 (Ets-2p) sites individually, driving expression of a luciferase reporter cassette were
used to infect THP-1 cells (m.o.i. = 50). Cells were stimulated with medium or LPS (1
pg/ml) for 48 hours prior to lysis and luciferase activity determination. Raw luciferase
activity for THP-1 cells infected with recombinant adenovirus delivering wild-type, NF-
KBm, AP-1p, Sply, or Ets-2,, IL-12 p40 promoters is reported as RLU (relative light
units) and was normalized between samples according to total protein content of cellular
extracts. Bars represent mean RLU + standard deviation; n=3. * p=0.033 by Student’s T-
test comparing medium- versus LPS-induced activation of the wild-type IL-12 p40
promoter.
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FIGURE 33: The NF-xB, AP-1, Spl and Ets-2 Elements of the Human IL-12 p40
Promoter are Each Required for LPS-Induced Promoter Activation in Myeloid Cells.

Recombinant adenoviral vectors containing a wild-type IL-12 p40 promoter, or a
promoter containing mutations of the NF-xB (NF-kBp,), AP-1 (AP-1y), Spl (Splm) or
Ets-2 (Ets-2m) sites upstream of a luciferase reporter cassette were used to infect primary
MDM (m.o.i. = 50). Cells were stimulated with medium or LPS (1 pg/ml) for 48 hours
prior to lysis and luciferase activity determination. Luciferase activity for primary MDM
infected with adenovirus carrying wild-type IL-12 p40 promoter compared with NF-
kBum, AP-1m, Splm, or Ets-2,,, mutant promoters, is reported as RLU (relative light units)
and was normalized between experimental samples according to the total protein content
of cellular extracts. Bars represent mean RLU = standard deviation; n=3.
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dramatically inhibited LPS-induced nuclear factor binding (figure 34). Delivery of wild-
type and mutant IL-12 p40 promoter/luciferase-containing recombinant adenovirus to
MDM demonstrated that mutation of any of the NF-xB, AP-1, Spl, or Ets-2 elements
completely blocked LPS-induced transcriptional activation of the human IL-12 p40
promoter in primary MDM (figure 33). Together, these results indicate that each of the
sites within the human IL-12 p40 promoter which had been demonstrated to be affected
by HIV infection of myeloid cells (NF-kB, AP-1, Sp1, Ets-2) are vital for LPS-induced
activation of the IL-12 p40 promoter.
4. Effect of HIV Infection on Nuclear Factor Expression in Myeloid Cells:

i. Expression of NF-kB, AP-1, and Spl-binding proteins in mock- and HIV-

infected THP-1 cells: Following the observation that HIV infection altered binding of

numerous nuclear factors to the NF-kB, AP-1, and Spl sites in both THP-1 cells and
MDM, and additionally affected the Ets-2 site in MDM alone, Western Blotting was
used to examine the impact of HIV infection on overall expression of these defined
nuclear factors, to lend further insight into the mechanism of their altered binding to the
IL-12 p40 promoter. Whole-cell lysates were isolated from mock- or HIV-infected THP-
1 cells and MDM after 7 days in culture, and levels of nuclear factor expression were
determined by Western Blotting. As illustrated in figure 35, HIV infection of THP-1
cells did not alter expression of NF-kB p50 or c-Rel proteins (panels A, C), however the
level of NF-xB p65 protein was reduced relative to the mock-infected control (panel B),
potentially contributing to the observed reduction in p65 binding to the NF-kB site of

the IL-12 p40 promoter (figure 22B). By densitometric analysis this corresponded to a
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FIGURE 34: Point mutations at the NF -kB, AP-1, Spl, and Ets-2 elements of the human
IL-12 p40 promoter abrogate nuclear factor binding.

THP-1 cells (10%ml) were stimulated with LPS (1 pg/ml) and after 2 hours,
nuclear extracts were harvested as described. Five ug of nuclear extract were incubated
in EMSA reactions including >?P-labelled wild-type oligonucleotides, or
oligonucleotides containing mutations in the (A) NF-«xB, (B) AP-1, (C) Spl, or (D) Ets-
2 sites, as listed in table 1 in the Materials & Methods. EMSA reactions were
electrophoretically separated on 6% non-denaturing polyacrylamide gels.

3 4
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FIGURE 35: Effect of HIV infection on expression of NF-xB proteins in THP-1 cells.

THP-1 cells were mock- or HIV-infected and after 7 days, stimulated with
medium or LPS (1 pg/ml) as in figure 22. Fifty pg of whole-cell lysate were
electrophoretically separated by SDS-PAGE, transferred to PVDF membrane and
blotted with antibodies against (A) NF-kB p50, (B) p65, and (C) c-Rel proteins, or
against PCNA as a loading control. HRP-conjugated secondary antibodies were detected

by chemiluminescence and subsequent autoradiography. Gels shown are representative
of three independent experiments.
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76.9 % (x 3.8%) decrease in p65 expression in LPS-stimulated HIV-infected THP-1
cells relative to mock-infected LPS-stimulated controls. The overall cellular expression
of the Sp1 family proteins Spl and Sp3, as well as AP-1 proteins c-Fos and c-Jun were
also unaffected by HIV infection of THP-1 cells (figure 36 and 37, respectively).

ii. Effect of HIV infection on cellular expression of NF-xB, AP-1, Spl or Ets-2-

binding nuclear factors: Similar analyses conducted in primary MDM showed no effect

of HIV infection on NF-kB p50 or p65 expression (figure 38A and B). However, by
densitometric analysis of Western Blots of cellular lysates from HIV-infected LPS-
stimulated MDM, relative to mock-infected LPS-stimulated controls, c-Rel expression
was augmented by 77.7 % (+ 97%) (figure 38C). While Sp1 and Sp3 protein expression
(figure 40) and c-Jun expression (figure 39A) was not modulated by HIV, c-Fos levels
were elevated by greater than 4-fold in HIV-infected MDM (figure 39B). A survey of
proteins known to bind to the Ets-2 site in addition to NF-kB p50/c-Rel illustrated that
Ets-2, IRF-1, and ICSBP levels were unchanged by HIV infection in MDM (figure 41 A
through C). These data suggest that with exception of altered NF-kB p65 expression by
HIV infection of THP-1 cells, and augmented c-Rel and c-Fos expression in MDM,
modulation of expression of nuclear factors does not appear to explain the altered

binding of these factors to the IL-12 p40 promoter observed following HIV infection of

myeloid cells.

E. Inhibition of Activation of NF-xkB and JNK and p38 MAP Kinases by HIV Infection:

LPS-stimulation of myeloid cells via toll-like receptor 4 (TLR4) initiates a broad

array of intracellular signalling events, culminating in activation of NF-kB via IxBa
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FIGURE 36: Effect of HIV infection on cellular expression of AP-1 binding proteins in
THP-] cells.

THP-1 cells were mock- or HIV-infected and after 7 days, stimulated with
medium or LPS (1 pg/ml) as in figure 23. Fifty pg of whole-cell lysate were
electrophoretically separated by SDS-PAGE, transferred to PVDF membrane and
blotted with antibodies against (A) c-Fos or (B) c-Jun proteins, or against PCNA as a
loading control. HRP-conjugated secondary antibodies were detected by

chemiluminescence and subsequent autoradiography. Gels shown are representative of
three independent experiments.
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FIGURE 37: Effect of HIV infection on expression of Spl family proteins in THP-1 cells.

THP-1 cells were mock- or HIV-infected and after 7 days, stimulated with
medium or LPS (1 pg/ml) as in figure 24. Fifty ug of whole-cell lysate were separated
by SDS-PAGE, transferred to PVYDF membrane and blotted with antibodies against (A)
Spl or (B) Sp3 proteins, or against PCNA as a loading control. HRP-conjugated
secondary antibodies were detected by chemiluminescence and subsequent
autoradiography. Gels shown are representative of three independent experiments.
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FIGURE 38: Effect of HIV infection on NF-xB protein expression in primary MDM.

Primary MDM from HIV-seronegative donors were mock- or HIV-infected and
after 7 days, stimulated with medium or LPS (1 pg/ml) as in figure 26. Fifty pg of
whole-cell lysate were electrophoretically separated by SDS-PAGE, transferred to
PVDF membrane and blotted with antibodies against (A) NF-xB p50, (B) p65, and (C)
c-Rel proteins, or against PCNA as a loading control. HRP-conjugated secondary
antibodies were detected by chemiluminescence and subsequent autoradiography. Gels
shown are representative of three independent experiments.
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FIGURE 39: Effect of HIV infection on expression of AP-1 binding proteins in primary
MDM.

MDM from HIV-seronegative donors were mock- or HIV-infected and after 7
days, stimulated with medium or LPS (1 pg/ml) as in figure 27. Fifty pg of whole-cell
lysate were electrophoretically separated by SDS-PAGE, transferred to PVDF
membrane and blotted with antibodies against the AP-1 binding proteins (A) c-Fos, or
(B) c-Jun, or against PCNA as a loading control. HRP-conjugated secondary antibodies
were detected by chemilumihescence and subsequent autoradiography. Gels shown are
representative of three independent experiments.
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FIGURE 40: Effect of HIV infection on Spl and Sp3 protein levels in primary MDM.

Primary MDM from HIV-seronegative donors were mock- or HIV-infected and
after 7 days, stimulated with medium or LPS (1 pg/ml) as in figure 28. Fifty ug of
whole-cell lysate were electrophoretically separated by SDS-PAGE, transferred to
PVDF membrane and blotted with antibodies against the Sp1 family members (A) Spl,
and (B) Sp3, or against PCNA as a loading control. HRP-conjugated secondary
antibodies were detected by chemiluminescence and subsequent autoradiography. Gels
shown are representative of three independent experiments.
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FIGURE 41: Effect of HIV infection on expression of Ets-2 binding proteins in primary
MDM.

MDM from HIV-seronegative donors were mock- or HIV-infected and after 7
days, stimulated with medium or LPS (1 ug/ml) as in figure 29. Fifty ug of whole-cell
lysate were electrophoretically separated by SDS-PAGE, transferred to PVDF
membrane and blotted with antibodies against proteins identified to bind to the Ets-2
element of the human IL-12 p40 promoter, namely (A) Ets-2, (B) IRF-1, and (C)
ICSBP, or against PCNA as a loading control. HRP-conjugated secondary antibodies
were detected by chemiluminescence and subsequent autoradiography. Gels shown are
representative of three independent experiments.
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phosphorylation and degradation, and activation of p38, JNK and ERK MAP kinases
and downstream transcription factor substrates (128). Since alterations in the level of
expression of nuclear factors by HIV does not appear to be the principal mechanism of
disruption of nuclear factor binding to the promoter, the impact of HIV infection on
LPS-induced MAP kinase and NF-kB activation was subsequently addressed by
Western Blotting with antibodies against MAP kinases and IxBa in their native and
phosphorylated states.

1. Effect of HIV infection on MAP kinase and NF-xB activation in THP-1
cells: Mock- and HIV-infected THP-1 cells were stimulated with medium or LPS for 1
hour prior to whole-cell lysis and Western Blotting to detect MAP kinase expression and
activation. As shown in figure 42, there was a decrease in phosphorylated JNK MAP
kinase (48.9% % 21.3% by densitometry) and in total JNK expression (51.5% + 4.7% by
densitometry) (panel 42A). In addition, phosphorylation of p38 MAP kinase was
impaired by HIV infection of THP-1 cells, independent of any reduction in p38 MAPK
expression (figure 42B). By densitometry, this represented a 73.5% + 15.8% decrease in
phospho-p38 MAPK. In contrast, no alterations in phosphorylation or expression of
ERK 1/2 MAPK were observed between mock- and HIV-infected THP-1 cells (figure
43A). In addition to the effects of HIV on MAPK activation, a decrease in LPS-induced
phosphorylation and degradation of IkBa was also observed in HIV-infected THP-1
cells (figure 43B), indicating a defect in overall NF-kB activation. By densitometric
_ analysis, this was equivalent to a 59.1% + 15.7% decrease in phosphorylation of IkBa. in
HIV-infected THP-1 cells relative to mock-infected controls. In addition, LPS-induced

degradation of IkBa was impaired by HIV infection, producing a 19.7% + 20.5%
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FIGURE 42: HIV infection of THP-1 cells alters LPS-induced p38 and JNK MAP kinase
activation.

THP-1 cells were mock- or HIV-infected and after 7 days, stimulated with
medium or LPS (1 pg/ml) for 1 hour prior to whole-cell lysis. Fifty pg of whole-cell
lysate were electrophoretically separated, transferred to PVDF membrane and blotted
with phospho-specific antibodies against (A) JNK MAP kinase and (B) p38 MAP
kinase. After chemiluminescent detection and autoradiography, membranes were
stripped and reprobed with antibodies directed against total JNK and p38 MAPK,
respectively. Images shown are representative of 3 independent experiments.
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FIGURE 43: Effect of HIV infection on LPS-induced ERK MAPK activation and IkBa
phosphorylation and degradation in THP-1 cells.

THP-1 cells were mock- or HIV-infected and after 7 days, stimulated with
medium or LPS (1 pg/ml) for 1 hour prior to whole-cell lysis. Fifty pg of whole-cell
lysate were electrophoretically separated, transferred to PVDF membrane and blotted
with phospho-specific antibodies against (A) ERK 1/2 MAP kinase and (B) IxBa. After
chemiluminescent detection and autoradiography, membranes were stripped and
reprobed with antibodies directed against total cellular ERK 1/2 MAPK and IxBa,
respectively. Images shown are representative of 3 independent experiments.
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elevation in cellular IxkBa levels.

2. Altered NF-kB and MAPK activation in HIV-infected MDM: Consistent
with the observations in THP-1 cells, HIV infection of MDM resuited in diminished
levels of phosphorylated JNK, although without a reduction in intracellular JNK levels
relative to mock-infected controls (figure 44A). By densitometry, phospho-JNK was
reduced by 62.7% =+ 12.8%. LPS-induced phosphorylation of p38 MAPK was also
suppressed (69.1% *+ 15.03%), albeit without an apparent alteration in p38 MAPK
expression (figure 44B). While phosphorylation and expression of ERK 1/2 MAPK was
unaffected by HIV infection of MDM (figure 45A), phosphorylation and degradation of
IkBa and therefore, NF-xB activation, was impaired (figure 45B). Specifically, LPS-
induced phosphorylation of IkBa was reduced by 63.2% (= 16.99%), and while LPS
induced 78.4% (+ 20.8%) degradation in IxkBa in mock-infected MDM, cellular IxkBa

"
was not degraded and in fact appeared to be enhanced (40.1% = 38.1%) by HIV-
infection of MDM. Taken together, these observations suggest that HIV infection of
myeloid cells leads to selective impairment of LPS-induced JNK and p38 MAPK
activation, and additionally suppresses MAPK dependent or independent NF-xB
activation via inhibition of IkBo degradation. Overall, these LPS signalling defects

likely contribute to the earlier observations of altered nuclear factor binding following

HIV infection.
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FIGURE 44: HIV infection of primary MDM alters LPS-induced p38 and JNK MAP
kinase activation.

Primary MDM from HIV-seronegative volunteers were isolated by adherence,
mock- or HIV-infected, and stimulated with medium or LPS (1 pg/ml) for 1 hour prior
to whole-cell lysis. Fifty pug of whole-cell lysate were electrophoretically separated,
transferred to PVDF membrane and blotted with phospho-specific antibodies against (A)
JNK MAP kinase and (B) p38 MAP kinase. After chemiluminescent detection and
autoradiography, membranes were stripped and reprobed with antibodies directed
against total JNK and p38 MAPK, respectively. Images shown are representative of 3
independent experiments.
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FIGURE 45: Effect of HIV infection on ERK MAP kinase and IxBa expression_and
activation in MDM.

MDM from HIV-seronegative donors were mock- or HIV-infected and after 7
days, stimulated with medium or LPS (1 pg/ml) for 1 hour prior to whole-cell lysis.
Fifty g of whole-cell lysate were electrophoretically separated, transferred to PVDF
membrane and blotted with phospho-specific antibodies against (A) ERK 1/2 MAP
kinase and (B) IxBa. Membranes were additionally probed with antibodies against total

ERK 1/2 MAPK and IxBa, as indicated. Images shown are representative of 3
independent experiments.
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V, DI 1

Interleukin (IL)-12 is a proinflammatory and immunomodulatory cytokine, vital
for coordination of adaptive cell-mediated immune responses and antimicrobial defences
necessary for control of infection by a broad array of pathogens. The progressive decline
in IL-12 production in parallel with impaired cell-mediated immunity that occurs during
HIV disease may contribute to the immune dysfunction observed in HIV-infected
individuals, rendering them susceptible to opportunistic infections and neoplasms. This
impaired cytokine production is somewhat selective, as stimulus-induced production of
other inflammatory cytokines including TNF-a, IL-1B, and IL-6 are unaffected by HIV
infection (209). The mechanisms of this deregulation in stimulus-induced IL-12
production remain unclear. Considering the importance of IL-12 in directing immune
responses, and that in vitro administration of IL-12 to PBMC from HIV seropositive
donors augments HIV-specific adaptive immune responses (171, 209), examining the
mechanisms underlying HIV-mediated IL-12 suppression is of paramount importance
for understanding HIV immunopathogenesis. This may be particularly true due to the
early immune defects independent of altered CD4+ T cell number (165, 237), which
may be attributed in part to alterations in function of antigen-presenting cells, which
have been shown to have numerous defects in individuals with HIV infection (reviewed
in section B.3 of the Introduction).

The observation of cytokine imbalances occurring during HIV infection,
including that of IL-12, suggests that IL-12 deregulation may be secondary to alterations
in production of other cytokines such as IL-10, IFN-y, and TGF-B. While

hyperproduction of IL-10 has been documented in some HIV-infected individuals (11,
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206, 218), other studies have shown no increase in IL-10 production in HIV-infected
PBMC or monocytes cultured with bacterial stimuli (219, 220). Several reports have
shown that IL-12 production defects in PBMC from HIV-positive patients may be
overcome by addition of IFN-y, IL-4, or IL-13 prior to bacterial stimulation (95, 223).
Although IFN-y, IL-4, and IL-13 can enhance IL-12 production under some
circumstances, and IL-10 and TGF-$ inhibit IL-12, it remains unclear whether the
activity of these cytokines, or lack thereof, is responsible for impaired IL-12 induction
by HIV infection of myeloid cells. While infection of monocytes in vitro results in
suppression of IL-12 protein production following bacterial stimulation (209), an
absolute requirement for productive cellular infection and a direct impact on IL-12
production in infected myeloid cells have not been clearly established.

Regarding intracellular molecular mechanisms of IL-12 p40 regulation, at least
eight putative transcription factor binding sites have been identified in the human IL-12
p40 promoter, yet the relative contribution of each of these sites to LPS-induced
promoter activation in human myeloid cells remains poorly defined. While several
pharmacological inhibitors of IL-12 expression target the NF-kB or Ets-2 sites (104,
120-122), the impact of HIV infection on promoter activation via these or any of the
described sites has not been addressed. Several studies have implicated p38 and ERK
MAP kinases in the positive and negative regulation of IL-12, respectively (128-130,
132). In addition, the influence of HIV Tat and Nef proteins in MAP kinase activation
have been intensely studied, albeit largely in T cell lines, yet the impact of HIV infection

on MAP kinase activation in human myeloid cells has not been evaluated.
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This thesis reports examinations into mechanisms underlying HIV-mediated
suppression of IL-12 p40 gene expression. Specifically, this work highlights
investigations into the requirement for viral replication and direct cellular infection in
HIV-mediated inhibition of IL-12 p40, and the role of other cytokines. In addition,
analysis of molecular aspects of regulation of IL-12 p40 by LPS and/or HIV infection
with emphasis on transcription and promoter activation, and upstream signal

transduction events is described.

A. HIV Impairs Stimulus-induced IL-12 p40 Protein and mRNA, in the Absence of De

Novo Protein Synthesis, and Independent of Other Cytokines:

Infection of THP-1 cells and MDM with HIV-1 dramatically impaired IL-12
p40 protein and mRNA induction by several bacterial stimuli including LPS, SAC, and
MTB. This inhibition was insensitive to cycloheximide treatment, indicating that
suppression of IL-12 by HIV infection occurred directly, in the absence of de novo host
or viral protein synthesis at the time of bacterial stimulation. This decrease in IL-12 p40
protein and mRNA occurred in parallel with a decrease in bioactive IL-12 p70 in HIV-
infected THP-1 cells as detected in a bioassay based on alterations in PHA-induced IFN-
¥ production from primary T lymphocytes. This impaired IL-12 p40 and p70 production
in HIV-infected THP-1 cells was independent of alterations in IL-12 p35 mRNA levels
in THP-1 or MDM, in agreement with other reports illustrating discordant regulation of
the p40 and p35 subunits in response to I1.-12 stimulatory or inhibitory treatments (13-
15). However, these data are in contrast to findings of Chougnet et al. (11), who have

previously shown that IL-12 p35 mRNA is decreased to a greater extent than IL-12 p40
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mRNA in monocytes/macrophages infected with HIV in vitro. In that report, the
monocytes/macrophages had been cultured in GM-CSF, which may enhance IL-12 p40
expression (14) and suppress HIV replication (238). Both of these effects of GM-CSF
may contribute to the different responses of the IL-12 p35 and p40 subunits to HIV
infection observed by Chougnet’s group. The decrease in bioactive IL-12 p70 in parallel
with IL-12 p40 reported herein, in the absence of altered IL-12 p35, indicates that
further examination of regulation of the IL-12 p40 subunit in the setting of HIV
infection is warranted.

Since IL-10 and TGF-B strongly suppress 1L-12 production (96, 99, 239) and are
enhanced by HIV infection (218, 240), it has been speculated that elevation of these
cytokines may contribute to the impaired IL-12 production and diminished cell-mediated
immunity observed in HIV-infected individuals. Clearly, the results reported herein do
not support this mechanisni in infected myeloid cells in isolation, as neutralizing
antibodies to either of these cytokines failed to enhance LPS-induced IL-12 p40 mRNA
or protein production in THP-1 cells or MDM. However, these cytokines may be
produced and play a role in impairing IL-12 production in unfractionated PBMC or in
the in vivo setting. The observation that IL-10 activity did not contribute to suppressed
IL-12 p40 expression may appear to conflict with one earlier report, which demonstrated
increased IL-10 levels in response to SAC stimulation of PBMC from HIV seropositive
donors, and improved IL-12 secretion in the presence of neutralizing anti-IL-10
antibodies (11). This differential requirement for IL-10 in HIV-mediated suppression of
IL-12 may be attributed to the different stimuli and different cell populations examined

in the two studies. Several subsequent publications indicate that suppression of IL-12
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synthesis by HIV infection may be independent of IL-10 production or activity.
Specifically, a report by Meyaai‘d et al. found that PBMC from HIV seropositive and
seronegative donors stimulated with SAC showed suppressed IL-12 p40 and p70 protein
production, with no apparent change in IL-10 or PGE2 production (241). In addition,
monocytes or M-CSF-treated macrophages infected in vitro with HIV, or isolated from
HIV-seropositive donors, did not differ from uninfected controls in spontaneous or LPS-
induced IL-10 production (219, 220). The finding that CHX did not restore IL-12
production in HIV-infected cells further corroborates the finding that IL-10 is not
involved in HIV-mediated suppression of IL-12 in myeloid cells, since the mode of IL-
10-mediated inhibition of IL-12 production has been shown to be CHX-sensitive (§6).
However it must be considered that immune complexes which may form upon
neutralization of IL-10 or TGF-B with antibody, may bind FcRy and actually impair IL-
12 expression. The inability of UV-irradiated supernatants from HIV-infected THP-1
cells to transfer suppression of IL-12 production to uninfected cell cultures lends further
support to the conclusion that activities of inhibitory cytokines such as TGF-p or IL-10
are not responsible for inhibition of IL-12 by HIV infection. The observed lack of
enhancement of IL-12 production in mock-infected cells treated with anti-IL-10
antibody may reflect a level of IL-10 induction by LPS in HIV-infected cultures which
is insufficient to influence IL-12 expression, in the absence of T cells which are
additional important sources of IL-10 production.

Priming HIV-infected THP-1 cells with IFN-y prior to LPS stimulation failed to
restore IL-12 p40 protein or mRNA production. This observation may appear to be in

contrast to another report demonstrating that priming PBMC with IFN-y in vitro could
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restore stimulus-induced IL-12 p70 protein production in parallel with enhanced IL-12
p40 mRNA detection in HIV-infected cells to the levels observed in healthy controls
(223). IFN-y priming did, however, enhance IL-12 p40 protein secretion in HIV-infected
MDM, yet IL-12 p40 mRNA remained undetectable by RT-PCR. Recently, resting
human macrophages were reported to contain bioactive preformed, membrane-
associated IL-12 that is rapidly mobilized after contact with the intracellular pathogen
Leishmania donovani (242). Similarly, eosinophils contain intracellular stores of
RANTES that are mobilized following IFN-y stimulation (243), and TNF-a, which is
present in a preformed immature form and is cleaved upon activation, to release the
active mature soluble form (244). Accumulation of stores of mature or rapidly activated
immature cytokines likely represents important mediators of early immune responses
upon contact or detection of pathogens, readily able to initiate cell-mediated responses,
chemotaxis, and antimicrobial activity of phagocytes without the delay required for
transcription and translation of these mediators.

The observation that IL-12 p40 protein is secreted from HIV-infected MDM
following IFN-y priming, in the absence of detectable mRNA, may be due to an as yet
undefined IFN-y-dependent release of such an IL-12 protein reservoir. Whether this
IFN-y-dependent IL-12 p40 release from HIV-infected MDM represents appropriately
processed protein, and whether this secretion can be sustained or replenished in HIV-
infected MDM in the apparent absence of new IL-12 p40 mRNA production, is unclear.
In addition, it has not been determined whether this IL-12 p40 protein release represents
release of bioactive p70, or just p40 monomers or homodimers. Therefore, it is

premature to draw conclusions regarding the biological significance of this IL-12 p40
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protein release. As well, it is clear that IL-12 p40 mRNA transcript accumulation is still
impaired, indicating that IL-12 expression in response to LPS remains impaired to some
degree in HIV-infected MDM.

In IL-4/IL-13 priming experiments, IL-4 alone, or IL-4 in combination with IL-13
decreased IL-12 p40 protein and mRNA expression in uninfected MDM, but had no
demonstrable effect on IL-12 expression in HIV-infected MDM. The discrepancy
between these findings and a previous report showing an enhancing effect of prolonged
exposure to IL-4/IL-13 may be explained by the fact that the investigation here examines
THP-1 cells and MDM cultured for 5 days prior to infection, followed by an additional 7
days in culture, whereas the report by Marshall et al examined PBMC and freshly
isolated monocytes (95). Perhaps MDM following extensive culture, or in the absence of
cellular interactions or soluble factors contributed by PMBC, are at a stage of maturation
or differentiation that renders them refractory to the priming effects of IL-4 and IL-13.
While monocytes/macrophages activated by microbial products or IFN-y (“classically
activated”) have long been recognized to have augmented antimicrobial activity and
intracellular pathogen killing by phagocytes, monocytes/macrophages activated by IL-4
(“alternatively activated”) tend to suppress T lymphocyte proliferation and enhance
polarization of Th2 cells (reviewed in (245)). Classically activated macrophages and
alternatively activated macrophages do not vary in expression of HLA-DR, CDA40,
CD80, or CD86 (246), but IL-4-clicited alternatively activated macrophages are
deficient in IL-12 production (247). In this regard, the failure of IL-4/IL-13 treatment of

HIV-infected THP-1 and MDM to enhance IL-12 production is consistent with
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polarization of myeloid cells towards the “M2” or alternatively activated, IL-12 deficient

phenotype.

B. HIV-Mediated Inhibition of IL-12 p40 Expression in Myeloid Cells is Dependent

Upon Productive Infection:

Further examination revealed that HIV-mediated inhibition of IL-12 synthesis was
dependent upon direct cellular infection with replication-competent virus. Incubation of
THP-1 cells with RT-deficient virus shed from the 8E5 cell line, or with soluble HIV-1
gp120 prior to LPS stimulation, failed to suppress IL-12 p40 protein or mRNA
expression. MDM treated similarly showed no suppression of IL-12 p40 mRNA or
protein with gp120, while RT-deficient virus caused partial, but not complete reduction
of IL-12 p40 protein secretion, in the absence of a parallel decline in IL-12 p40 mRNA
detection. This may represent an HIV-mediated post-transcriptional or translational
mode of modulation of IL-12 p40 protein production and/or secretion, as with the effect
of IFN-y priming of infected MDM. This lack of IL-12 p40 mRNA and protein
suppression by HIV-1 gp120 contradicts a published report wherein HIV-1 gp120
suppressed IL-12 expression in an IL-10-dependent manner (216), although the cells
being studied by Taoufik et al., were fresh monocytes and 7-day M-CSF-stimulated
macrophages. That study may therefore be discordant with the findings reported here
based on the effects of different culture conditions and/or maturation of
monocytés/macrophages, and the macrophage differentiation effects versus IL-12

inhibiting effects of M-CSF (248).
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By immunofluorescence microscopy, only background levels of intracellular IL-
12 p40/p70 production were observed in HIV-infected, LPS-stimulated THP-1. Most, if
not all of these cells were infected, as determined by intracellular HIV-1 p24 antigen
expression in the majority of DAPI-positive cells. Similar results were observed by
intracellular flow cytometry. These results, along with the failure to detect any soluble
suppressive host or viral products in UV-irradiated supernatants from HIV-infected
THP-1 cells, underscore a requirement for direct cellular infection by replication-
competent HIV to elicit full suppression of IL-12 production. However, cell viability
following HIV infection cannot definitively be ruled out as a contributing factor to the
profound suppression -in IL-12 p40 expression following HIV infection, although
expression of the GAPDH housekeeping gene and IL-12 p35 appear to remain intact.
Additonally, modulation of CD14 and/or TLR4 LPS receptor expression was not

addressed and may contribute to impaired IL-12 expression following HIV infection.

C. HIV Infection Impairs Transcription of the Human IL-12 p40 Gene:

Based on the results from nuclear run-on transcription assays, HIV infection of
THP-1 cells suppressed IL-12 p40 expression at the level of transcription of the IL-12
p40 gene. This suppression was dramatic, and resulted in a rate of IL-12 p40
transcription similar to that of mock-infected unstimulated THP-1 cells. These results
corroborate the observation of absent IL-12 p40 mRNA by RT-PCR and ribonuclease
protection assay in HIV-infected MDM and THP-1 cells throughout this work.

Alteration of cytokine mRNA stability is a common mode of altering cytokine
expression (249, 250), and therefore, enhanced IL-12 p40 transcript degradation by HIV

as an additional mechanism of reducing IL-12 p40 expression cannot be excluded as a
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contributing factor. In fact, TGF-B-mediated inhibition of IL-12 expression in the
murine macrophage cell line ANA-1 impairs both transcription of IL-12 p40 and p35
subunits, and reduces the stability of the IL-12 p40 transcript (99). The dramatic
reduction in IL-12 p40 mRNA detection observed in myeloid cells following HIV
infection is not due to a shift in the kinetics of peak expression of this transcript, as IL-
12 p40 mRNA was not detected in HIV-infected THP-1 over a 24 hour period, or as
early as 2 hours after LPS stimulation.

The results presented thus far demonstrate that impaired IL-12 production in
HIV-infected myeloid cells was due, at least in part, to the direct inhibition of IL-12 p40
gene expression. While there was obvious suppression of the rate of IL-12 p40 gene
transcription, the molecular mechanisms underlying IL-12 suppression by HIV infection
may encompass both transcriptional and translational control points. This was
particularly evident in the IFN-y and RT-deficient virus studies of MDM where there
was disparity in the effects of these treatments on IL-12 p40 protein and mRNA
production. Full inhibition of IL-12 expression by HIV-1 required productive infection
by replication-competent virus, and was independent of the activity of cytokines known
to influence IL-12 expression, that may themselves be affected by HIV infection. The
direct impact of HIV on IL-12 synthesis illustrates the importance of examining IL-12
regulation in isolated myeloid cells, without the added complexity of secondary
interactions occurring among different PBMC subpopulations. Although only a portion
of monocytes isolated from peripheral blood of HIV-positive individuals is actually
infected with HIV (178), ex vivo stimulus-induced IL-12 production among these cells

is dramatically suppressed. These results suggest that direct cellular infection is required
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for this suppression that cannot be transferred by soluble host or viral factors, although
the impact of HIV infection on IL-12 p40 expression was not successfully addressed at
the single-cell level. Therefore, further examination of the underling mechanisms of this
suppression in vitro at a cellular level is crucial for understanding the modulation of this
cytokine by HIV infection. Evaluating signalling cascades and transcription factor
activity on the IL-12 p40 promoter may reveal points of regulation of IL-12 by HIV
infection, and may illustrate how this cytokine is specifically suppressed while other
inflammatory cytokines induced by LPS stimulation of myeloid cells remain unaffected

or are augmented.

D. Alterations in Nuclear Factor Binding to the IL-12 p40 Promoter in HIV-Infected

Myeloid Cells:

1. THP-1 Cells: Infection of THP-1 myeloid cells with HIV-1 reduced the level of
nuclear factor binding to the NF-kB, AP-1, and Sp1 sites of the IL-12 p40 promoter, and
altered the effects of LPS on this binding, but did not influence nuclear factor
recruitment to the C/EBP, Ets-2, NF-IL-6, or IRF-1 sites. Site-directed mutagenesis
studies demonstrated that each of these affected sites was vital for transcriptional
activation of the IL-12 p40 promoter. The LPS-induced decrease in nuclear factor
binding to the NF-kB, AP-1 and Spl sites observed in mock-infected THP-1 cells
suggests that these sites may aid in recruitment of inhibitory factors to the promoter in
resting cells, which are released upon activation. The nature of such factors, or whether
this represents participation between these elements and the recently identified GA-12

repressor element at position -155 in the IL-12 p40 promoter remains to be determined
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(112). The reversal of the LPS effect on the promoter following HIV infection, and the
overall reduction in complex formation at NF-xB, AP-1 and Sp1 implies that inhibitory
factors may remain bound to these elements in HIV-infected cells following LPS
stimulation, and may also suggest an overall reduction in binding of stimulatory
transcription factors to these sites. On one hand, the decrease in nuclear factor binding
consistently observed with LPS stimulation at the NF-kB, AP-1 and Spl sites suggests
the removal of an inhibitory factor present in resting cells. Yet these sites do not likely
represent strictly repressive elements, as abrogation of binding to these sites by
mutagenesis severely impairs transcriptional activation of the promoter. These findings
suggest that these sites function to promote transcription in response to LPS, possibly
via recruitment of basal transcription machinery, and may also be significant sites of
regulation of promoter activation. The overall reduction in binding of nuclear factors to
NF-xB, AP-1, and Sp1 sites in HIV-infected THP-1 cells may be indicative of decreased
recruitment of stimulatory factors. Specifically, by supershift analysis, HIV infection of
THP-1 cells produced a minor decrease in binding of NF-kB p50, p65, and c-Rel, and
also impaired c-Fos and c-Jun protein binding at the AP-1 site, and suppressed Spl and
Sp3 recruitment to the Spl element. This reduced binding is not a consequence of
altered nuclear factor expression in HIV-infected THP-1 cells, with the exception of NF-
kB p65, the expression of which was suppressed as determined by Western Blot
analysis. If the NF-xB, AP-1, and Spl sites are subject to both positive and negative
regulatory influences, then modulation of promoter activation by LPS stimulation and/or

HIV infection may represent a balance between positive and negative regulatory factors.
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Numerous reports have demonstrated that pharmacological inhibitors of IL-12
synthesis including ASA, 1,25-dihydroxyvitamin D3, VIP and PACAP act via targeted
disruption of nuclear complex formation at the NF-kB site (104, 121, 122). This is the
first demonstration of HIV-mediated inhibition of nuclear factor binding to the IL-12
p40 promoter, and is also the first report implicating the AP-1 and Sp1 sites in regulation
of IL-12. While there is no current literature evaluating the role of the AP-1 binding site
in IL-12 p40 expression or describing specific proteins which may bind this element, c-
fos-/- mice have an enhanced capacity for IL-12 expression (251), indicating that the
AP-1 site or AP-1 family members may negatively regulate IL-12 p40 transcription.
Recent characterization of an additional AP-1 site in the murine IL-12 p40 promoter
revealed that removal of this site impairs LPS-induced IL-12 p40 promoter activation
(252), consistent with the mutagenesis data presented here. As Sp1 family proteins are
ubiquitously expressed and active in numerous promoters (reviewed in (253)), and
considering that the Spl site is vital for IL-12 p40 promoter activation, decreased
binding of Spl family proteins to this element likely contributes significantly to HIV-
mediated suppression of IL-12 p40 transcription in THP-1 cells. Several published
reports have implicated Ets-2 as a critical control element in LPS-induced IL-12 p40
promoter activation (118, 119), including a report that FcRy ligation which impairs IL-
12 synthesis acts in part by ir:ibition of binding of transcription factors to the Ets-2 site
(102), and this is supported by the mutagenesis data in both THP-1 cells and MDM.

2. MDM: In contrast with the observations in THP-1 cells, EMSA analysis of
primary MDM revealed increased nuclear factor binding to the NF-xB, AP-1, and Spl

elements of the IL-12 p40 promoter following LPS stimulation of HIV-infected cells,
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with a decrease in protein binding to the Ets-2 element. Recruitment of specific proteins
known to bind the Ets-2 site, including NF-xB p50, c-Rel, IRF-1, ICSBP, and Ets-2
were all shown to be impaired by HIV infection of MDM using supershift analysis, in
addition to slightly enhanced binding of c-Fos and c-Jun to the AP-1 element. Altered
binding of these specific factors could not be explained by altered expression, with the
exception of an increase in intracellular c-Fos protein levels in HIV-infected MDM.
Although c-Rel expression was augmented, this finding is not consistent with a decrease
in its binding at the Ets-2 site, nor with the observation that the increase in NF-«xB
binding following HIV infection was not accompanied with an increase in binding of
any of the NF-«xB proteins known to bind this site.

The NF-xB, AP-1, and Spl elements seem to be indispensable for promoter
activation as illustrated by the mutagenesis data, yet EMSA studies revealed LPS-
inducible enhancement in binding of nuclear protein to these sites following HIV
infection. The functional significance of augmented binding to these sites remains to be
determined, particularly since these findings differ from our observations in THP-1 cells.
The increased binding of c-Fos and c-Jun proteins specifically to the AP-1 site of the IL-
12 p40 promoter in HIV-infected MDM may indicate that in this system c-Fos and/or c-
Jun may function in an inhibitory manner directly or indirectly via recruitment of
inhibitory factors. The increase in nuclear factor binding to the NF-kB and Sp1 elements
in HIV-infected MDM may reflect enhanced recruitment of inhibitory factors, or may
reflect promoter occupancy by inactive NF-kB and Spl proteins, as we were unable to
demonstrate that enhanced protein binding to these sites was associated with increased

recruitment of NF-xB or Spl family proteins specifically. These observations may be
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analogous to glucocorticoid receptor-mediated inhibition of NF-kB-mediated activation
of proinflammatory genes where disruption of NF-kB DNA binding does not occur, but
may instead be due to tethering inhibitory factors to the promoter (254). Several studies
have illustrated that the transcriptional transactivation activity of NF-kB proteins can be
impaired without effects on nuclear translocation or DNA binding (255, 256).
Alternatively, while the NF-xB, AP-1, and Spl elements seem to be indispensable for
promoter activation in MDM, nuclear factor recruitment to these sites may not be
sufficient to drive IL-12 p40 transcription in a situation where nuclear factor binding to
the Ets-2 element is decreased.

The Spl family member Sp3 has been shown to repress promoter activation by
Sp1 and numerous other transcriptional activators (257). In HIV infected myeloid cells,
it remains to be determined whether the mere presence of Sp3 on the promoter represses
transcriptional activation mediated by Spl or other adjacent nuclear factors. An
additional consideration is that Sp3 can also function as an activator of transcription
(258), and therefore, whether Sp3 function is modulated by HIV infection of myeloid
cells as a potential regulatory mechanism for IL-12 p40 expression remains to be
determined. As demonstrated in this work, THP-1 cells show decreased Spl and Sp3
binding to the Sp1 element of the IL-12 p40 promoter following HIV infection, and in
MDM the increase in nuclear factor binding to the Spl site is not apparently due to an
increase in binding of Sp1 or Sp3. It therefore does not seem that enhanced recruitment
of inhibitory Sp1 family proteins to the Sp1 site is a plausible mechanism for IL-12 p40
suppression by HIV, although the transcriptional activation or repression capacity of

these promoter-bound proteins has not been specifically assessed. Therefore, differential
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regulation of activation of Sp1 proteins bound to the IL-12 p40 promoter following HIV
infection should be explored.

In addition, ICSBP (interferon consensus sequence binding protein) has both
positive and negative influences over IFN-responsive promoters (reviewed in (259)). As
ICSBP may repress IRF-1-mediated transcription, and IRF-1 and ICSBP participate in
binding to the Ets-2 site, altered activity of ICSBP independent of its binding capability
in HIV-infected MDM should be explored.

While there is disparity in the observations of HIV-mediated IL-12 p40
regulation in response to HIV infection among THP-1 cells and primary MDM, the fact
that the same segment of the IL-12 p40 promoter is affected by HIV infection in both
cell types indicates that this region is clearly an important target of IL-12 p40
transcriptional control and its impairment by HIV. Recent reports have demonstrated
that a nucleosome, positiched over the NF-xB element in the murine IL-12 p40
promoter, spanning the Sp1, AP-1 and Ets-2 sites in the human promoter (-350/-150) is
selectively remodelled following LPS/IFN-y stimulation, allowing access of nuclear
factors to chromatin and subsequent promoter activation (117). Regulation of chromatin
structure in this central portion of the IL-12 p40 promoter may explain, in part, the
targeting of this region in the human IL-12p40 promoter by HIV infection, and may add
another level of regulation of host cell genes in general by HIV. Although the extent of
binding alteration at each site individually may not be dramatic, particularly in the
supershift data, the sum total of these changes, in the complete endogenous promoter
with the potential additional effects on cooperation between neighbouring sites, may

have a significant impact on transcriptional activation of the IL-12 p40 promoter. The
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sum total of the observed alterations may dramatically destabilize the promoter, and
cause a reduction in recruitment of basal transcription machinery (260).

The observed differences in promoter regulation between THP-1 and MDM are
likely a consequence of the disparate physiology of the two cell populations. THP-1
cells are immortalized while MDM are primary adherent cell cultures, and the two
populations represent different stages of differentiation within the myeloid cell lineage.
These differences are additionally reflected in the observations of nuclear factor binding
to the C/EBP, IRF-1, and NF-IL-6 sites of the IL-12 p40 promoter. Binding of nuclear
factors to each of these sites was LPS-responsive in MDM, but LPS-unresponsive in
THP-1 cells. The different responses of the IL-12 p40 promoter to LPS stimulation and
HIV infection in THP-1 cells and MDM highlights that there are likely distinct IL-12
p40 transcription activation cascades in each cell population, that converge on a central
important regulatory region. While there was variability in the magnitude of binding
alterations among monocyte donors, future analyses correlating the level of in vitro
infection with degree of IL-12 suppression and magnitude of binding alterations may
highlight the importance of regulation of specific nuclear factor binding elements in

HIV-mediated suppression of IL-12 p40.

E. LPS Signalling and MAP Kinase Activation in Mock- and HIV-Infected Myeloid

Cells:
HIV infection of both THP-1 cells and MDM suppressed LPS-induced
phosphorylation of p38 MAPK, and reduced levels of phosphorylated INK MAPK. In

addition, phosphorylation and degradation of IxkBa in response to LPS stimulation was
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impaired in HIV-infected THP-1 and MDM. As these kinases or signalling mediators
regulate activation and function of Ets, NF-kB, AP-1, IRF, and Spl family members
(261-263), and NF-kB and p38 MAP kinase have been strongly linked to IL-12
induction (127, 128), it is likely that transcriptional inhibition of IL-12 p40 by HIV
infection occurs, at least in part, via repression of activation of these LPS-induced
signalling mediators. The exact molecular targets of HIV in the LPS-mediated NF-xB
and MAPK activation cascade remain to be identified. In HIV-infected THP-1 cells, the
decreased phosphorylation and degradation of IxkBa and subsequent defect in NF-xB
activation is consistent with the observed decrease in binding of NF-«xB proteins to the
IL-12 p40 promoter, and with a role for the NF-kB site in promoter activation as
supported in the literature and by the mutagenesis data presented. The association
between impaired IxkBo phosphorylation and degradation, and NF-xB activation is less
obvious in MDM, given the enhanced binding to the NF-xB element in HIV-infected
MDM. However, a decrease in binding of NF-kB p50 and c-Rel was observed at the Ets-
2 element in HIV-infected MDM. The enhanced nuclear factor binding observed at the
NF-kB site in MDM was not attributed to altered binding of NF-«B proteins themselves,
therefore it is possible that the IkBo/NF-kB activation defect does not specifically
involve the NF-xB element directly in MDM. Although the NF-xB site is vital for

promoter activation, perhaps the change with HIV infection reflects recruitment of other
factors, active repressors, or inactive cooperative transactivators to this site, acting alone
or in cooperation with other positive or negative cis- or trans-activating factors.

As HIV Tat and Nef proteins reportedly alter MAPK activation in several

systems (264-266), modulation of host-cell transcriptional machinery via aberrant
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MAPK activation is a highly plausible mode of suppression of IL-12 p40 expression in
HIV-infected myeloid cells. In the U937 myeloid cell line, exogenous Nef (264) or
exogenous Tat treatment (267) enhanced activation of JNK MAP kinase. Similar JNK
activation was observed in Jurkat T cells treated with soluble Tat (265) and H9 cells
transfected with Tat (267). In addition, ERK activation is enhanced by expression of a
GST-Tat fusion protein in Jurkat cells (266), and by incubation of T lymphocytes with
Tat protein (268). SIV binding to Jurkat cells expressing CCRS activates all three MAP
kinases (269) and in vitro HIV infection of T lymphocytes enhances p38 MAPK activity
(270). Although these studies imply that Tat or Nef likely enhances MAPK activation,
these studies were mostly performed by transient transfection or exogenous addition of
HIV proteins in lymphocytes as opposed to myeloid cells. As reported in this thesis,
during HIV infection, activation of JNK and p38 in response to LPS stimulation is
impaired. These findings likely differ from published studies based on the cells studied,
and the culture conditions assessed.

The observations that activation of JNK and p38 MAP kinases is impaired in
HIV-infected THP-1 cells and MDM are consistent with observations in our laboratory
regarding the role of MAPKs in IL-12 p40 expression. Briefly, inhibition of p38 MAPK
with SB203580 in LPS-treated THP-1 and MDM resulted in decreased IL-12 p40
protein expression, while inhibition of JNK MAP kinase with dexamethasone or
SP600125 suppressed IL-12 p40 protein and mRNA. Conversely, inhibition of ERK
MAP kinase with PD98059 had no demonstrable effect on IL-12 p40 protein or mRNA
expression in MDM or THP-1 cells (personal communication with Marybeth Cameron
and Fiona Frappier). These observations are consistent with literature reports in which

p38 MAP kinase is linked to IL-12 p40 expression, and together with data presented in
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this thesis, validate the proposition that HIV-mediated inhibition of IL-12 p40
expression in myeloid cells is attributed, in part, to decreased activation of p38 and JNK
MAP kinases. ERK MAPK on the other hand, seems to be dispensable for IL-12 p40
expression, and in fact may be inhibitory (128, 132, 133). The observed decrease in
phosphorylation and degradation of IkBa in HIV-infected LPS-stimulated THP-1 cells
and MDM, indicative of a defect in NF-xB activation, is consistent with reports in the
literature indicating that NF-«B is critical for p40 promoter activation (113, 115), and in
agreement with the mutagenesis data reported herein.

Additional preliminary work ongoing in the laboratory supports the suggestion
that inhibition of p38 and JNK MAP kinases produces alterations in LPS-inducible
binding of nuclear factors to the NF-kB, AP-1, and Sp1 sites of the IL-12 p40 promoter
in THP-1 cells. Specifically, inhibition of p38 MAPK impaired LPS-inducible nuclear
factor binding to the AP-1 site, while inhibition of JNK MAPK suppressed transcription
factor binding to the NF-kB and AP-1 IL-12 p40 promoter elements. Inhibition of ERK
MAPK had no effect on nuclear factor binding to the NF-xB or AP-1 sites, and LPS-
induced binding to the Spl element was insensitive to inhibition of any of the MAP
kinases. Taken together with the results reported herein, these observations strengthen
the link between impaired JNK and p38 MAPK phosphorylation and altered nuclear
factor binding to at least the NF-xB and AP-1 sites of the IL-12 p40 promoter, and the

contribution of these changes to impaired expression of IL-12 p40 observed in HIV-

infected myeloid cells.
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FIGURE 46: Proposed Mechanisms of HIV-Mediated Suppression of Interleukin-12
Expression in Myeloid Cells.

(A) Schematic representation of proposed mechanism(s) of inhibition of IL-12
p40 expression following HIV infection of THP-1 cells. Following reverse-transcription,
integration, and HIV viral gene expression, LPS-induced activation of p38 and JNK
MAP kinases is impaired, in addition to inhibition of degradation of IxkBo and
subsequent NF-kB activation. These alterations in MAPK activity likely contribute to
reduction in nuclear factor binding to the NF-xB, AP-1, and potentially the Spl site of
the IL-12 p40 promoter, leading to impaired transcription and subsequent translation of
the IL-12 p40 subunit. HIV infection also appears to reduce cellular levels of NF-kB p65
‘protein which may contribute to the observed decrease in its binding to the IL-12 p40
promoter. These effects of HIV are independent of the activity of IL-10, TGF-p, IL-4,
IL-13, and IFN-y, or of any host or viral soluble factors in infected THP-1 cell cultures.

(B) In HIV-infected MDM, similar defects in IkBo degradation and activation of
p38 and JNK MAPK occur. These defects, along with decreased expression of c-Rel,
and augmented expression of c-Fos may contribute to the observed alterations in nuclear
factor binding to the IL-12 p40 promoter. Specifically, binding to the Ets-2 element is
reduced, while nuclear factor binding to NF-xB, AP-1, and Spl is increased. Whether
these increases are secondary to the decrease in binding of the large multiprotein
complex at Ets-2, or represent binding of transcriptionally inactive factors remains to be
determined. Aside from the conserved defects in MAPK activation in both cell types
following HIV infection, the central Sp1/Ets-2/AP-1/NF-kB region of the IL-12 p40
promoter seems to be a common molecular target in the regulation of IL-12 p40
expression by HIV infection. The dotted oval indicates the position of a nucleosome
over the IL-12 p40 promoter, which may be an additional target of IL-12 p40 gene
regulation by HIV in this region of the promoter.
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F. Model of IL-12 p40 Regulation in HIV-Infected Myeloid Cells:

The proposed mechanism of HIV-mediated inhibition of LPS-induced IL-12 p40
expression, based on the results reported in this work, is summarized in figure 46. In
THP-1 cells (panel A), infection with HIV exerts several effects, all of which likely
contribute to impaired LPS-inducible transcription of the IL-12 p40 gene. Activation of
p38 and JNK MAP kinases in response to LPS is impaired in HIV-infected THP-1 cells,
as is phosphorylation and turnover of IkBa, indicating a defect in NF-kB activation. As
inhibition of these MAP kinases by pharmacological inhibitors (M. Cameron and F.
Frappier, personal communication) blocks IL-12 p40 expression, HIV-mediated
impairment of activation of these kinases likely contributes to the suppression of IL-12
p40 following HIV infection. This inhibition is likely related to the observed overall
decrease in binding of nuclear factors to the NF-xB, AP-1, and Spl promoter elements
(including impaired binding 'of NF-xB p50, p65, c-Rel, c-Fos, c-Jun, Spl, and Sp3) and
with the reversal of LPS-induced effects on nuclear complex formation at these sites,
following HIV infection. Additionally, HIV infection seems to reduce NF-kB p65
protein expression in THP-1 cells, which méy contribute to the observed reduction in
binding of this protein to the NF-kB site.

MDM infected with HIV (panel B) also exhibit defects in p38 and JNK
phosphorylation, and in IxkBo phosphorylation and degradation. Again, as in THP-1
cells, these effects are likely significant contributors to diminished IL-12 p40 expression,
in accordance with data from the literature and inhibitor studies (M. Cameron and F.
Frappier), and likely reflect aberration in activation of myeloid cell nuclear factors. The

overall enhancement in nuclear factor binding to the NF-xB, AP-1 and Spl sites, and the
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reversal of the effects of LPS observed in mock-infected MDM may reflect increased
attachment of inhibitory factors or inclusion of nuclear facﬁors which bind but may be
defective in transcription potential. The decrease in Ets-2 binding (including NF-xB p50,
c-Rel, Ets-2, IRF-1, and ICSBP) may also reflect decreased recruitment of vital
stimulatory transcription factors to the promoter following HIV infection. At the Ets-2
site, the decrease in c-Rel binding observed may be a significant defect, as c-Rel has
been demonstrated to be particularly vital for p40 expression, along with IRF-1 and
ICSBP as determined using murine knockout models (123, 124).

Although the exact alterations in nuclear factor binding occurring in THP-1 cells
and MDM infected with HIV are empirically different, likely attributed to the different
stages of maturation, and alternate physiology of the two cell types, several effects of

HIV are conserved. In both cell types, p38, JNK, and NF-kB activation are affected,

without an effect on ERK activation, indicating that p38, JNK, and IxBa are likely
important targets of HIV-mediated inhibition of IL-12 expression. In addition, the
conserved central region of the promoter being affected by HIV implies importance of
this region in IL-12 regulation and modulation by HIV. The conserved location of the
effect of HIV on the IL-12 p40 promoter may be consistent with impaired TLR-
dependent nucleosome remodelling re(iuired for IL-12 p40 promoter activation (117).
Although alterations in binding of specific nuclear factors to the IL-12 p40 promoter
have begun to be identified, the ultimate functional consequences of these alterations
cannot be appreciated until the complete makeup of factors binding these sites in mock-
and HIV-infected cells is elucidated. The functional status of proteins bound to the

promoter elements in terms of transactivation potential has not yet been determined.
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In addition to these similarities, both THP-1 cells and MDM require infection
with replication-competent virus to achieve full suppression of IL-12 p40 expression.

This suppression was not mediated by soluble host or viral products, including

cytokines, in either cell type.

G. Concluding Remarks:

Overall, this body of work makes a significant contribution to our understanding
of the mechanism of HIV-mediated immunosuppression in infected myeloid cells. While
in this system, decreased IL-12 p40/p70 occurred in the absence of altered expression of
IL-12 p35 and was strictly dependent upon viral replication, and independent of other
soluble host or viral factors or de novo protein synthesis, there are almost certainly
additional mechanisms at work in unfractionated PBMC, and in the in vivo setting. The
lack of a role for other cytokines in HIV-induced suppression of IL-12 production in
isolated, infected MDM does not account for the contribution of cytokines produced by,
and cell-cell contact with, other PBMC populations. In particular, T lymphocytes
producing aberrant patterns of cytokines, and exhibiting altered expression of
costimulatory molecules, may influence IL-12 production and HIV replication within
monocytes/macrophages in vivo. While IFN-y did not have a significant effect on IL-12
p40 expression in this system, IFN-y is pivotal to IL-12 regulation and Th1-responses as
a whole. This, in addition to the observation that IFN-y levels may be compromised in

HIV-infected individuals (223), likely adds to the defect in IL-12 production in response

to stimulation.
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The CD40/CD40 ligand axis of induction of IL-12 production was not examined
in this work, but warrants future investigation. While the literature suggests that CD40
expression on antigen-presenting cells in HIV seropositive donors is not compromised
and in fact may be augmented relative to healthy control subjects (271), CD40 ligand
upregulation on activated T cells from HIV infected donors is impaired (90), and may
add to the mechanisms contributing to impairment of IL-12 expression. Early findings in
this series of investigations showed no modulation of IL-12 p35 mRNA in infected
isolated myeloid cells, but this conflicts with observations in PBMC (11). In addition, a
recent report demonstrated the presence of multiple IL-12 p35 mRNA species
originating from different transcription start sites in the IL-12 p35 promoter depending
on the presence or absence of stimulation with LPS (272). In the absence of stimulation,
IL-12 p35 transcripts contained an additional ATG site in the 5’ untranslated region
which inhibited translation of this mRNA species, and following LPS treatment,
transcription initiated from an alternate location, producing IL-12 p35 mRNA devoid of
this upstream ATG, thereby allowing translation. This, and regulation of dimerization of
the p35 and p40 subunits, and glycosylation of p35 allowing secretion of p70 may be
additional levels of regulation of IL-12 production, and may be subject to modulation by
HIV infection. While experiments reported herein focus on p40 subunit regulation, due
to the close correlation between p40 expression and bioactive p70 production in our
system and as reported by others, p35 is rate limiting and absolutely required for p70
formation, and therefore warrants consideration. However, given the close association
between p40 and p70 expression, understanding discrete mechanisms of IL-12 p40
regulation in particular, at the cellular level is of paramount importance in understanding

immunopathogenesis of HIV infection.
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H. Relevance/Impact of the Current Work:

This body of work describes for the first time a mechanism of inhibition of IL-12
p40 gene expression by HIV infection that is independent of the activity of other
cytokines, and strictly requires HIV replication. This suppression occurs at least in part,
at the level of transcription of the IL-12 p40 gene, independent of de novo protein
synthesis, and is not due to the presence of soluble host or viral inhibitory proteins in
culture. This work is also the first demonstration of the effects of HIV infection on
molecular regulation of LPS-induced activation of the human IL-12 p40 promoter,
which may occur via inhibition of IxkBo degradation and p38 and JNK MAP kinase
activation in human myeloid cells. This is also the first demonstration that in addition to
the NF-xB and Ets-2 IL-12 p40 promoter elements, the AP-1 and Spl1 sites are integral
for LPS-induced transcription and are a targets of regulation of IL-12 p40 expression.
Having identified the -350/-105 promoter region as a key control point in HIV-mediated
suppression of IL-12 p40 transcription, future examination of interactions of HIV
proteins with host cell signalling machinery will pinpoint the intracellular molecular
mechanism of suppression of IL-12 by HIV.

Interleukin-12 is a crucial cytokine in the generation of cell-mediated immune
responses necessary for defence against a variety of pathogens. As cell-mediated
immunity and IL-12 production are compromised in HIV-infected individuals, gaining
an understanding of how HIV modulates IL-12 production in myeloid cells may lead to
novel approaches to therapy, improving cell-mediated immunity responses to

opportunistic pathogens and enhancing HIV-specific adaptive immunity. Although
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initial clinical trials of the subcutaneous administration of recombinant human IL-12
failed to demonstrate any evidence for improvement in host immune function (273),
modulating the endogenous production of IL-12, or enhancing the expression of IL-12 in
combination with other immune-based approaches may still prove to be beneficial in
individuals with HIV infection. In addition, understanding intracellular molecular
regulation of IL-12, and the influence of other PBMC populations and soluble mediators
on this regulation, will eventually extend our knowledge to other disorders arising from
or exacerbated by alterations in IL-12 expression or Thl responses. In addition, a
comprehensive understanding of control of IL-12 expression will facilitate the
exploitation of IL-12 as an immunotherapeutic agent for tumours or infectious diseases

directly or indirectly via its inclusion in vaccination regimens as a potent adjuvant.

163



V. REFERENCES

Kobayashi, M., L. Fitz, M. Ryan, R. M. Hewick, S. C. Clark, S. Chan, R.
Loudon, F. Sherman, B. Perussia, and G. Trinchieri. 1989. Identification and
purification of natural killer cell stimulatory factor (NKSF), a cytokine with
multiple biologic effects on human lymphocytes. J Exp Med 170:827.

Trinchieri, G. 2003. Interleukin-12 and the regulation of innate resistance and
adaptive immunity. Nat Rev Immunol 3:133.

de Jong, E. C., P. L. Vieira, P. Kalinski, J. H. Schuitemaker, Y. Tanaka, E. A.
Wierenga, M. Yazdanbakhsh, and M. L. Kapsenberg. 2002. Microbial
compounds selectively induce Thl cell-promoting or Th2 cell- promoting

dendritic cells in vitro with diverse th cell-polarizing signals. J Immunol
168:1704.

Belladonna, M. L., J. C. Renauld, R. Bianchi, C. Vacca, F. Fallarino, C.
Orabona, M. C. Fioretti, U. Grohmann, and P. Puccetti. 2002. IL-23 and IL-12

have overlapping, but distinct, effects on murine dendritic cells. J Immunol
168:5448.

Pflanz, S., J. C. Timans, J. Cheung, R. Rosales, H. Kanzler, J. Gilbert, L.
Hibbert, T. Churakova, M. Travis, E. Vaisberg, W. M. Blumenschein, J. D.
Mattson, J. L. Wagner, W. To, S. Zurawski, T. K. McClanahan, D. M. Gorman,
J. F. Bazan, R. de Waal Malefyt, D. Rennick, and R. A. Kastelein. 2002. IL-27, a
heterodimeric cytokine composed of EBI3 and p28 protein, induces proliferation
of naive CD4(+) T cells. Immunity 16:779.

Trinchieri, G., M. Wysocka, A. D'Andrea, M. Rengaraju, M. Aste-Amezaga, M.
Kubin, N. M. Valiante, and J. Chehimi. 1992. Natural killer cell stimulatory
factor (NKSF) or interleukin-12 is a key regulator of immune response and
inflammation. Prog Growth Factor Res 4:355.

Ma, X., M. Aste-Amezaga, and G. Trinchieri. 1996. Regulation of interleukin-12
production. Ann N Y Acad Sci 795:13.

D'Andrea, A., M. Rengaraju, N. M. Valiante, J. Chehimi, M. Kubin, M. Aste, S.
H. Chan, M. Kobayashi, D. Young, E. Nickbarg, and et al. 1992. Production of

natural killer cell stimulatory factor (interleukin 12) by peripheral blood
mononuclear cells. J Exp Med 176:1387.

Snijders, A., C. M. Hilkens, T. C. van der Pouw Kraan, M. Engel, L. A. Aarden,
and M. L. Kapsenberg. 1996. Regulation of bioactive IL-12 production in
lipopolysaccharide-stimulated human monocytes is determined by the expression
of the p35 subunit. J Immunol 156:1207.

164



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ma, X., J. M. Chow, G. Gri, G. Carra, F. Gerosa, S. F. Wolf, R. Dzialo, and G.
Trinchieri. 1996. The interleukin 12 p40 gene promoter is primed by interferon
gamma in monocytic cells. J Exp Med 183:147.

Chougnet, C., T. A. Wynn, M. Clerici, A. L. Landay, H. A. Kessler, J. Rusnak,
G. P. Melcher, A. Sher, and G. M. Shearer. 1996. Molecular analysis of
decreased interleukin-12 production in persons infected with human
immunodeficiency virus. J Infect Dis 174:46.

Marshall, J. D., J. Chehimi, G. Gri, J. R. Kostman, L. J. Montaner, and G.
Trinchieri. 1999. The interleukin-12-mediated pathway of immune events is

dysfunctional in human immunodeficiency virus-infected individuals. Blood
94:1003.

Kato, T., R. Hakamada, H. Yamane, and H. Nariuchi. 1996. Induction of IL-12
p40 messenger RNA expression and IL-12 production of macrophages via
CD40-CD40 ligand interaction. J Immunol 156:3932.

Hayes, M. P., J. Wang, and M. A. Norcross. 1995. Regulation of interleukin-12
expression in human monocytes: selective priming by interferon-gamma of
lipopolysaccharide-inducible p35 and p40 genes. Blood 86:646.

Ma, X., J. Sun, E. Papasavvas, H. Riemann, S. Robertson, J. Marshall, R. T.
Bailer, A. Moore, R. P. Donnelly, G. Trinchieri, and L. J. Montaner. 2000.
Inhibition of IL-12 production in human monocyte-derived macrophages by
TNF. J Immunol 164:1722.

Modlin, R. L., and P. F. Barnes. 1995. IL12 and the human immune response to
mycobacteria. Res Immunol 146:526.

Gillessen, S., D. Carvajal, P. Ling, F. J. Podlaski, D. L. Stremlo, P. C. Familletti,
U. Gubler, D. H. Presky, A. S. Stern, and M. K. Gately. 1995. Mouse
mterleukin-12 (IL-12) p40 homodimer: a potent IL-12 antagonist. Fur J Immunol
25:200.

Gately, M. K., D. M. Carvajal, S. E. Connaughton, S. Gillessen, R. R. Warrier,
K. D. Kolinsky, V. L. Wilkinson, C. M. Dwyer, G. F. Higgins, Jr., F. J. Podlaski,
D. A. Faherty, P. C. Familletti, A. S. Stern, and D. H. Presky. 1996. Interleukin-

12 antagonist activity of mouse interleukin-12 p40 homodimer in vitro and in
vivo. Ann N Y Acad Sci 795:1.

Heinzel, F. P., A. M. Huyjer, F. N. Ahmed, and R. M. Rerko. 1997. In vivo
production and function of IL-12 p40 homodimers. J Immunol 158:4381.

Ling, P., M. K. Gately, U. Gubler, A. S. Stern, P. Lin, K. Hollfelder, C. Su, Y. C.

Pan, and J. Hakimi. 1995. Human IL-12 p40 homodimer binds to the IL-12
receptor but does not mediate biologic activity. J Immunol 154:116.

165



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Carra, G., F. Gerosa, and G. Trinchieri. 2000. Biosynthesis and posttranslational
regulation of human IL-12. J Immunol 164:4752.

Presky, D. H., H. Yang, L. J. Minetti, A. O. Chua, N. Nabavi, C. Y. Wu, M. K.
Gately, and U. Gubler. 1996. A functional interleukin 12 receptor complex is

composed of two beta-type cytokine receptor subunits. Proc Natl Acad Sci U S A
93:14002.

Zou, J., D. H. Presky, C. Y. Wu, and U. Gubler. 1997. Differential associations
between the cytoplasmic regions of the interleukin-12 receptor subunits betal
and beta2 and JAK kinases. J Biol Chem 272:6073.

Nagayama, H., K. Sato, H. Kawasaki, M. Enomoto, C. Morimoto, K. Tadokoro,
T. Juji, S. Asano, and T. A. Takahashi. 2000. IL-12 responsiveness and
expression of IL-12 receptor in human peripheral blood monocyte-derived
dendritic cells. J Immunol 165:59.

Taoufik, Y., M. G. de Goer de Herve, J. Giron-Michel, D. Durali, E. Cazes, M.
Tardieu, B. Azzarone, and J. F. Delfraissy. 2001. Human microglial cells express
a functional IL-12 receptor and produce IL-12 following IL-12 stimulation. Eur J
Immunol 31:3228.

Gubler, U., and D. H. Presky. 1996. Molecular biology of interleukin-12
receptors. Ann N Y Acad Sci 795:36.

Szabo, S.J., A. S. Dighe, U. Gubler, and K. M. Murphy. 1997. Regulation of the
interleukin (IL)-12R beta 2 subunit expression in developing T helper 1 (Thl)
and Th2 cells. J Exp Med 185:817.

Rogge, L., L. Barberis-Maino, M. Biffi, N. Passini, D. H. Presky, U. Gubler, and
F. Sinigaglia. 1997. Selective expression of an interleukin-12 receptor
component by human T helper 1 cells. J Exp Med 185:825.

Chang, J. T., B. M. Segal, K. Nakanishi, H. Okamura, and E. M. Shevach. 2000.
The costimulatory effect of IL-18 on the induction of antigen-specific IFN-
gamma production by resting T cells is IL-12 dependent and is mediated by up-
regulation of the IL-12 receptor beta2 subunit. Eur J Immunol 30:1113.

Chang, J. T., B. M. Segal, and E. M. Shevach. 2000. Role of costimulation in the
induction of the IL-12/IL-12 receptor pathway and the development of
autoimmunity. J Immunol 164.:100.

Pietrella, D., T. R. Kozel, C. Monari, F. Bistoni, and A. Vecchiarelli. 2001.
Interleukin-12  counterbalances the  deleterious effect of  human
immunodeficiency virus type 1 envelope glycoprotein gpl120 on the immune
response to Cryptococcus neoformans. J Infect Dis 183:51.

166



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Thierfelder, W. E., J. M. van Deursen, K. Yamamoto, R. A. Tripp, S. R. Sarawar,
R. T. Carson, M. Y. Sangster, D. A. Vignali, P. C. Doherty, G. C. Grosveld, and
J. N. Thle. 1996. Requirement for Stat4 in interleukin-12-mediated responses of
natural killer and T cells. Nature 382:171.

Heufler, C., F. Koch, U. Stanzl, G. Topar, M. Wysocka, G. Trinchieri, A. Enk, R.
M. Steinman, N. Romani, and G. Schuler. 1996. Interleukin-12 is produced by
dendritic cells and mediates T helper 1 development as well as interferon-gamma
production by T helper 1 cells. Eur J Immunol 26:659.

O'Garra, A., N. Hosken, S. Macatonia, C. A. Wenner, and K. Murphy. 1995. The
role of macrophage- and dendritic cell-derived IL12 in Thl phenotype
development. Res Immunol 146:466.

Flesch, I. E., J. H. Hess, S. Huang, M. Aguet, J. Rothe, H. Bluethmann, and S. H.
Kaufmann. 1995. Early interleukin 12 production by macrophages in response to
mycobacterial infection depends on interferon gamma and tumor necrosis factor
alpha. J Exp Med 181:1615.

Wenner, C. A., M. L. Guler, S. E. Macatonia, A. O'Garra, and K. M. Murphy.
1996. Roles of IFN-gamma and IFN-alpha in IL-12-induced T helper cell-1
development. J Immunol 156:1442.

Mason, N., J. Aliberti, J. C. Caamano, H. C. Liou, and C. A. Hunter. 2002.
Cutting edge: identification of c-Rel-dependent and -independent pathways of
IL-12 production during infectious and inflammatory stimuli. J Immunol
168:2590.

Bliss, S. K., B. A. Butcher, and E. Y. Denkers. 2000. Rapid recruitment of
neutrophils containing prestored IL-12 during microbial infection. J Immunol
165:4515.

Yawalkar, N., A. Limat, C. U. Brand, and L. R. Braathen. 1996. Constitutive
expression of both subunits of interleukin-12 in human keratinocytes. J Invest
Dermatol 106:80.

Dalpke, A. H., M. K. Schafer, M. Frey, S. Zimmermann, J. Tebbe, E. Weihe, and
K. Heeg. 2002. Immunostimulatory CpG-DNA activates murine microglia. J
Immunol 168:4854.

Sweet, M. J., and D. A. Hume. 1996. Endotoxin signal transduction in
macrophages. J Leukoc Biol 60:8.

Schroder, N. W., S. Morath, C. Alexander, L. Hamann, T. Hartung, U.

Zahringer, U. B. Gobel, J. R. Weber, and R. R. Schumann. 2003. Lipoteichoic
acid (LTA) of S. pneumoniae and S. aureus activates immune cells via toll-like

167



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

receptor (TLR)-2, LPS binding protein (LBP) and CD14 while TLR-4 and MD-2
are not involved. J Biol Chem.

Moller, A. W., K. B. Haug, R. Ovstebo, G. B. Joo, A. B. Westvik, and P. Kierulf.
2001. Non-mannose-capped lipoarabinomannan stimulates human peripheral
monocytes to expression of the "early immediate genes" tissue factor and tumor
necrosis factor-alpha. Thromb Res 102:273.

Dziarski, R., R. I. Tapping, and P. S. Tobias. 1998. Binding of bacterial
peptidoglycan to CD14. J Biol Chem 273:8680.

Ulevitch, R. J., and P. S. Tobias. 1995. Receptor-dependent mechanisms of cell
stimulation by bacterial endotoxin. Annu Rev Immunol 13:437.

Stefanova, 1., M. L. Corcoran, E. M. Horak, L. M. Wahl, J. B. Bolen, and 1. D.
Horak. 1993. Lipopolysaccharide induces activation of CD14-associated protein
tyrosine kinase p53/56lyn. J Biol Chem 268:20725.

Meng, F.,, and C. A. Lowell. 1997. Lipopolysaccharide (LPS)-induced
macrophage activation and signal transduction in the absence of Src-family
kinases Hck, Fgr, and Lyn. J Exp Med 185:1661.

Lemaitre, B., E. Nicolas, L. Michaut, J. M. Reichhart, and J. A. Hoffmann. 1996.
The dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent
antifungal response in Drosophila adults. Cell 86:973.

Whitham, S., S. P. Dinesh-Kumar, D. Choi, R. Hehl, C. Corr, and B. Baker.
1994. The product of the tobacco mosaic virus resistance gene N: similarity to
toll and the interleukin-1 receptor. Cell 78:1101.

Medzhitov, R., P. Preston-Hurlburt, and C. A. Janeway, Jr. 1997. A human
homologue of the Drosophila Toll protein signals activation of adaptive
immunity. Nature 388:394.

Poltorak, A., X. He, I. Smirnova, M. Y. Liu, C. Van Huffel, X. Du, D. Birdwell,
E. Alejos, M. Silva, C. Galanos, M. Freudenberg, P. Ricciardi-Castagnoli, B.
Layton, and B. Beutler. 1998. Defective LPS signaling in C3H/HeJ and
C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282:20835.

Zarember, K. A., and P. J. Godowski. 2002. Tissue expression of human Toll-
like receptors and differential regulation of Toll-like receptor mRNAs in

leukocytes in response to microbes, their products, and cytokines. J Immunol
168:554.

Kadowaki, N., S. Ho, S. Antonenko, R. W. Malefyt, R. A. Kastelein, F. Bazan,
and Y. J. Liu. 2001. Subsets of human dendritic cell precursors express different

168



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

toll-like receptors and respond to different microbial antigens. J Exp Med
194:863.

Jarrossay, D., G. Napolitani, M. Colonna, F. Sallusto, and A. Lanzavecchia.
2001. Specialization and complementarity in microbial molecule recognition by
human myeloid and plasmacytoid dendritic cells. Eur J Immunol 31:3388.

Takeuchi, O., K. Hoshino, T. Kawai, H. Sanjo, H. Takada, T. Ogawa, K. Takeda,
and S. Akira. 1999. Differential roles of TLR2 and TLR4 in recognition of gram-
negative and gram-positive bacterial cell wall components. Immunity 11:443.

Yoshimura, A., E. Lien, R. R. Ingalls, E. Tuomanen, R. Dziarski, and D.
Golenbock. 1999. Cutting edge: recognition of Gram-positive bacterial cell wall

components by the innate immune system occurs via Toll-like receptor 2. J
Immunol 163:1.

Underhill, D. M., A. Ozinsky, K. D. Smith, and A. Aderem. 1999. Toll-like
receptor-2 mediates mycobacteria-induced proinflammatory signaling in
macrophages. Proc Natl Acad Sci U S A 96:14459.

Schwandner, R., R. Dziarski, H. Wesche, M. Rothe, and C. J. Kirschning. 1999.
Peptidoglycan- and lipoteichoic acid-induced cell activation is mediated by toll-
like receptor 2. J Biol Chem 274:17406.

Hayashi, F., K. D. Smith, A. Ozinsky, T. R. Hawn, E. C. Yi, D. R. Goodlett, J.
K. Eng, S. Akira, D. M. Underhill, and A. Aderem. 2001. The innate immune

response to bacterial flagellin is mediated by Toll-like receptor 5. Nature
410:1099.

Ahmad-Nejad, P., H. Hacker, M. Rutz, S. Bauer, R. M. Vabulas, and H. Wagner.
2002. Bacterial CpG-DNA and lipopolysaccharides activate Toll-like receptors at
distinct cellular compartments. Eur J Immunol 32:1958.

Alexopoulou, L., A. C. Holt, R. Medzhitov, and R. A. Flavell. 2001. Recognition
of double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3.
Nature 413:732.

da Silva Correia, J., K. Soldau, U. Christen, P. S. Tobias, and R. J. Ulevitch.
2001. Lipopolysaccharide is in close proximity to each of the proteins in its
membrane receptor complex. transfer from CD14 to TLR4 and MD-2. J Biol
Chem 276:21129.

Schromm, A. B., E. Lien, P. Henneke, J. C. Chow, A. Yoshimura, H. Heine, E.
Latz, B. G. Monks, D. A. Schwartz, K. Miyake, and D. T. Golenbock. 2001.
Molecular genetic analysis of an endotoxin nonresponder mutant cell line: a
point mutation in a conserved region of MD-2 abolishes endotoxin-induced
signaling. J Exp Med 194:79.

169



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Shimazu, R., S. Akashi, H. Ogata, Y. Nagai, K. Fukudome, K. Miyake, and M.
Kimoto. 1999. MD-2, a molecule that confers lipopolysaccharide responsiveness
on Toll- like receptor 4. J Exp Med 189:1777.

Hajjar, A. M., D. S. O'Mahony, A. Ozinsky, D. M. Underhill, A. Aderem, S. J.
Klebanoff, and C. B. Wilson. 2001. Cutting edge: functional interactions
between toll-like receptor (TLR) 2 and TLR1 or TLR6 in response to phenol-
soluble modulin. J Immunol 166:15.

Ohashi, K., V. Burkart, S. Flohe, and H. Kolb. 2000. Cutting edge: heat shock
protein 60 is a putative endogenous ligand of the toll-like receptor-4 complex. J
Immunol 164:558.

Okamura, Y., M. Watari, E. S. Jerud, D. W. Young, S. T. Ishizaka, J. Rose, J. C.
Chow, and J. F. Strauss, 3rd. 2001. The extra domain A of fibronectin activates
Toll-like receptor 4. J Biol Chem 276:10229.

Burns, K., J. Clatworthy, L. Martin, F. Martinon, C. Plumpton, B. Maschera, A.
Lewis, K. Ray, J. Tschopp, and F. Volpe. 2000. Tollip, a new component of the
IL-1RI pathway, links IRAK to the IL-1 receptor. Nat Cell Biol 2:346.

Wesche, H., W. J. Henzel, W. Shillinglaw, S. Li, and Z. Cao. 1997. MyD88: an
adapter that recruits IRAK to the IL-1 receptor complex. Immunity 7:837.

Cao, Z., W. J. Henzel, and X. Gao. 1996. IRAK: a kinase associated with the
interleukin-1 receptor. Science 271:1128.

Guha, M., and N. Mackman. 2001. LPS induction of gene expression in human
monocytes. Cell Signal 13:85.

Seki, E., H. Tsutsui, H. Nakano, N. Tsuji, K. Hoshino, O. Adachi, K. Adachi, S.
Futatsugi, K. Kuida, O. Takeuchi, H. Okamura, J. Fujimoto, S. Akira, and K.
Nakanishi. 2001. Lipopolysaccharide-induced IL-18 secretion from murine
Kupffer cells independently of myeloid differentiation factor 88 that is critically
involved in induction of production of IL-12 and IL-1beta. J Immunol 166:2651.

Akira, S., K. Takeda, and T. Kaisho. 2001. Toll-like receptors: critical proteins
linking innate and acquired immunity. Nat Immunol 2:675.

McDermott, E. P., and L. A. O'Neill. 2002. Ras participates in the activation of

p38 MAPK by interleukin-1 by associating with IRAK, IRAK2, TRAF6, and
TAK-1. J Biol Chem 277:7808.

Kawai, T., O. Adachi, T. Ogawa, K. Takeda, and S. Akira. 1999.
Unresponsiveness of MyD88-deficient mice to endotoxin. Immunity 11:1135.

170



76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Kaisho, T., O. Takeuchi, T. Kawai, K. Hoshino, and S. Akira. 2001. Endotoxin-
induced maturation of MyD88-deficient dendritic cells. J Immunol 166:5688.

Kawai, T., O. Takeuchi, T. Fujita, J. Inoue, P. F. Muhlradt, S. Sato, K. Hoshino,
and S. Akira. 2001. Lipopolysaccharide stimulates the MyD88-independent
pathway and results in activation of IFN-regulatory factor 3 and the expression
of a subset of lipopolysaccharide-inducible genes. J Immunol 167:5887.

Kobayashi, K., L. D. Hernandez, J. E. Galan, C. A. Janeway, Jr., R. Medzhitov,
and R. A. Flavell. 2002. IRAK-M is a negative regulator of Toll-like receptor
signaling. Cell 110:191.

Kinjyo, 1., T. Hanada, K. Inagaki-Ohara, H. Mori, D. Aki, M. Ohishi, H.
Yoshida, M. Kubo, and A. Yoshimura. 2002. SOCS1/JAB is a negative regulator
of LPS-induced macrophage activation. Immunity 17:583.

Medvedev, A. E., K. M. Kopydlowski, and S. N. Vogel. 2000. Inhibition of
lipopolysaccharide-induced signal transduction in endotoxin-tolerized mouse
macrophages: dysregulation of cytokine, chemokine, and toll-like receptor 2 and
4 gene expression. J Immunol 164:5564.

Jacinto, R., T. Hartung, C. McCall, and L. Li. 2002. Lipopolysaccharide- and
lipoteichoic acid-induced tolerance and cross- tolerance: distinct alterations in
IL-1 receptor-associated kinase. J Immunol 168:6136.

Yamauchi, P. S., J. R. Bleharski, K. Uyemura, J. Kim, P. A. Sieling, A. Miller,
H. Brightbill, K. Schlienger, T. H. Rea, and R. L. Modlin. 2000. A role for
CD40-CD40 ligand interactions in the generation of type 1 cytokine responses in
human leprosy. J Immunol 165:1506.

Subauste, C. S., M. Wessendarp, R. U. Sorensen, and L. E. Leiva. 1999. CD40-
CD40 ligand interaction is central to cell-mediated immunity against
Toxoplasma gondii: patients with hyper IgM syndrome have a defective type 1
immune response that can be restored by soluble CD40 ligand trimer. J Immunol
162:6690.

Vidalain, P. O., O. Azocar, C. Servet-Delprat, C. Rabourdin-Combe, D. Gerlier,
and S. Manie. 2000. CD40 signaling in human dendritic cells is initiated within
membrane rafts. Embo J 19:3304.

Demangel, C., U. Palendira, C. G. Feng, A. W. Heath, A. G. Bean, and W. J.
Britton. 2001. Stimulation of dendritic cells via CD40 enhances immune

responses to Mycobacterium tuberculosis infection. Infect Immun 69:2456.

Samten, B., B. Wizel, H. Shams, S. E. Weis, P. Klucar, S. Wu, R. Vankayalapati,
E. K. Thomas, S. Okada, A. M. Krensky, and P. F. Bames. 2003. CD40 ligand

171



87.

88.

89.

90.

91.

92.

93.

94.

9s.

trimer enhances the response of CD8+ T cells to Mycobacterium tuberculosis. J
Immunol 170:3180.

Reichmann, G., W. Walker, E. N. Villegas, L. Craig, G. Cai, J. Alexander, and
C. A. Hunter. 2000. The CD40/CD40 ligand interaction is required for resistance
to toxoplasmic encephalitis. Infect Immun 68:1312.

Krug, A., A. Towarowski, S. Britsch, S. Rothenfusser, V. Hornung, R. Bals, T.
Giese, H. Engelmann, S. Endres, A. M. Krieg, and G. Hartmann. 2001. Toll-like
receptor expression reveals CpG DNA as a unique microbial stimulus for
plasmacytoid dendritic cells which synergizes with CD40 ligand to induce high
amounts of IL-12. Eur J Immunol 31:3026.

Schulz, O., A. D. Edwards, M. Schito, J. Aliberti, S. Manickasingham, A. Sher,
and C. Reis e Sousa. 2000. CD40 triggering of heterodimeric IL-12 p70

production by dendritic cells in vivo requires a microbial priming signal.
Immunity 13:453.

Chougnet, C., E. Thomas, A. L. Landay, H. A. Kessler, S. Buchbinder, S.
Scheer, and G. M. Shearer. 1998. CD40 ligand and IFN-gamma synergistically
restore IL-12 production in HIV-infected patients. Eur J Immunol 28:646.

Montagna, D., R. Maccario, F. Locatelli, V. Rosti, Y. Yang, P. Farness, A.
Moretta, P. Comoli, E. Montini, and A. Vitiello. 2001. Ex vivo priming for long-
term maintenance of antileukemia human cytotoxic T cells suggests a general
procedure for adoptive immunotherapy. Blood 98:3359.

Rolph, M. S., and S. H. Kaufmann. 2001. CD40 signaling converts a minimally
immunogenic antigen into a potent vaccine against the intracellular pathogen
Listeria monocytogenes. J Immunol 166:5115.

Smeltz, R. B., J. Chen, R. Ehrhardt, and E. M. Shevach. 2002. Role of IFN-
gamma in Thl differentiation: IFN-gamma regulates IL-18R alpha expression by
preventing the negative effects of IL-4 and by inducing/maintaining IL-12
receptor beta 2 expression. J Immunol 168:61635.

D'Andrea, A., X. Ma, M. Aste-Amezaga, C. Paganin, and G. Trinchieri. 1995.
Stimulatory and inhibitory effects of interleukin (IL)-4 and IL-13 on the
production of cytokines by human peripheral blood mononuclear cells: priming
for IL-12 and tumor necrosis factor alpha production. J Exp Med 181:537.

Marshall, J. D., S. E. Robertson, G. Trinchieri, and J. Chehimi. 1997. Priming

with IL-4 and IL-13 during HIV-1 infection restores in vitro IL- 12 production
by mononuclear cells of HIV-infected patients. J Immunol 159:5705.

172



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Aste-Amezaga, M., X. Ma, A. Sartori, and G. Trinchieri. 1998. Molecular
mechanisms of the induction of IL-12 and its inhibition by IL- 10. J Immunol
160:5936.

Saemann, M. D., G. A. Bohmig, C. H. Osterreicher, H. Burtscher, O. Parolini, C.
Diakos, J. Stockl, W. H. Horl, and G. J. Zlabinger. 2000. Anti-inflammatory
effects of sodium butyrate on human monocytes: potent inhibition of IL-12 and
up-regulation of IL-10 production. Faseb J 14:2380.

Gazzinelli, R. T., M. Wysocka, S. Hieny, T. Scharton-Kersten, A. Cheever, R.
Kuhn, W. Muller, G. Trinchieri, and A. Sher. 1996. In the absence of
endogenous IL-10, mice acutely infected with Toxoplasma gondii succumb to a
lethal immune response dependent on CD4+ T cells and accompanied by
overproduction of IL-12, IFN-gamma and TNF- alpha. J Immunol 157:798.

Du, C., and S. Sriram. 1998. Mechanism of inhibition of LPS-induced IL-12p40
production by IL-10 and TGF-beta in ANA-1 cells. J Leukoc Biol 64:92.

Bymes, A. A., X. Ma, P. Cuomo, K. Park, L. Wahl, S. F. Wolf, H. Zhou, G.
Trinchieri, and C. L. Karp. 2001. Type I interferons and IL-12: convergence and
cross-regulation among mediators of cellular immunity. Eur J Immunol 31:2026.

Nguyen, K. B., T. P. Salazar-Mather, M. Y. Dalod, J. B. Van Deusen, X. Q. Wei,
F. Y. Liew, M. A. Caligiuri, J. E. Durbin, and C. A. Biron. 2002. Coordinated
and distinct roles for IFN-alpha beta, IL-12, and IL-15 regulation of NK cell
responses to viral infection. J Immunol 169:4279.

Grazia Cappiello, M., F. S. Sutterwala, G. Trinchieri, D. M. Mosser, and X. Ma.
2001. Suppression of Il-12 transcription in macrophages following Fc gamma
receptor ligation. J Immunol 166:4498.

He, J., S. Gurunathan, A. Iwasaki, B. Ash-Shaheed, and B. L. Kelsall. 2000.
Primary role for Gi protein signaling in the regulation of interleukin 12

production and the induction of T helper cell type 1 responses. J Exp Med
191:1605.

Leceta, J., R. P. Gomariz, C. Martinez, C. Abad, D. Ganea, and M. Delgado.
2000. Receptors and transcriptional factors involved in the anti-inflammatory
activity of VIP and PACAP. Ann N'Y Acad Sci 921:92.

Aliberti, J., C. Reis e Sousa, M. Schito, S. Hieny, T. Wells, G. B. Huffnagle, and
A. Sher. 2000. CCRS provides a signal for microbial induced production of IL-
12 by CD8 alpha+ dendritic cells. Nat Immunol 1:83.

Ikegami, R., Y. Sugimoto, E. Segi, M. Katsuyama, H. Karahashi, F. Amano, T.
Maruyama, H. Yamane, S. Tsuchiya, and A. Ichikawa. 2001. The expression of

173



107.

108.

109.

110.

111.

112.

113.

114.

115.

prostaglandin E receptors EP2 and EP4 and their different regulation by
lipopolysaccharide in C3H/HeN peritoneal macrophages. J Immunol 166:4689.

Harizi, H., M. Juzan, V. Pitard, J. F. Moreau, and N. Gualde. 2002.
Cyclooxygenase-2-issued prostaglandin e(2) enhances the production of

endogenous IL-10, which down-regulates dendritic cell functions. J Immunol
168:2255.

Kalinski, P., P. L. Vieira, J. H. Schuitemaker, E. C. de Jong, and M. L.
Kapsenberg. 2001. Prostaglandin E(2) is a selective inducer of interleukin-12
p40 (IL-12p40) production and an inhibitor of bioactive IL-12p70 heterodimer.
Blood 97:3466.

Liu, J., and D. Beller. 2002. Aberrant production of IL-12 by macrophages from
several autoimmune-prone mouse strains is characterized by intrinsic and unique
patterns of NF-kappa B expression and binding to the IL-12 p40 promoter. J
Immunol 169:581.

Eriksson, U., M. O. Kurrer, W. Sebald, F. Brombacher, and M. Kopf. 2001. Dual
role of the IL-12/IFN-gamma axis in the development of autoimmune

myocarditis: induction by IL-12 and protection by IFN-gamma. J Immunol
167:5464.

Magram, J., S. E. Connaughton, R. R. Warrier, D. M. Carvajal, C. Y. Wu, J.
Ferrante, C. Stewart, U. Sarmiento, D. A. Faherty, and M. K. Gately. 1996. IL-
12-deficient mice are defective in IFN gamma production and type 1 cytokine
responses. Immunity 4:471.

Becker, C., S. Wirtz, X. Ma, M. Blessing, P. R. Galle, and M. F. Neurath. 2001.
Regulation of IL-12 p40 promoter activity in primary human monocytes: roles of
NF-kappaB, CCAAT/enhancer-binding protein beta, and PU.1 and identification
of a novel repressor element (GA-12) that responds to IL-4 and prostaglandin
E(2). J Immunol 167:2608.

Plevy, S. E., J. H. Gemberling, S. Hsu, A. J. Dorner, and S. T. Smale. 1997.
Multiple control elements mediate activation of the murine and human
interleukin 12 p40 promoters: evidence of functional synergy between C/EBP
and Rel proteins. Mol Cell Biol 17:4572.

Takeshita, F., and D. M. Klinman. 2000. CpG ODN-mediated regulation of IL-
12 p40 transcription. Eur J Immunol 30:1967.

Murphy, T. L., M. G. Cleveland, P. Kulesza, J. Magram, and K. M. Murphy.
1995. Regulation of interleukin 12 p40 expression through an NF-kappa B half-
site. Mol Cell Biol 15:5258.

174



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Sanjabi, S., A. Hoffmann, H. C. Liou, D. Baltimore, and S. T. Smale. 2000.
Selective requirement for c-Rel during IL-12 P40 gene induction in
macrophages. Proc Natl Acad Sci US A4 97:12705.

Weinmann, A. S., D. M. Mitchell, S. Sanjabi, M. N. Bradley, A. Hoffmann, H.
C. Liou, and S. T. Smale. 2001. Nucleosome remodeling at the IL-12 p40
promoter is a TLR-dependent, Rel-independent event. Nat Immunol 2:51.

Ma, X., G. Gri, and G. Trinchieri. 1996. A novel ets-2-related nuclear factor 1s
involved in transcriptional activation of the human interleukin-12 p40 gene

promoter in response to interferon-gamma and LPS stimulation of monocytic
cells. Ann N Y Acad Sci 795:357.

Ma, X., M. Neurath, G. Gri, and G. Trinchieri. 1997. Identification and
characterization of a novel Ets-2-related nuclear complex implicated in the

activation of the human interleukin-12 p40 gene promoter. J Biol Chem
272:10389.

Na, S. Y., B. Y. Kang, S. W. Chung, S. J. Han, X. Ma, G. Trinchieri, S. Y. Im, J.
W. Lee, and T. S. Kim. 1999. Retinoids inhibit interleukin-12 production in

macrophages through physical associations of retinoid X receptor and
NFkappaB. J Biol Chem 274:7674.

Mazzeo, D., P. Panina-Bordignon, H. Recalde, F. Sinigaglia, and D.
D'Ambrosio. 1998. Decreased IL-12 production and Thl cell development by
acetyl salicylic acid-mediated inhibition of NF-kappaB. Eur J Immunol 28:3205.

D'Ambrosio, D., M. Cippitelli, M. G. Cocciolo, D. Mazzeo, P. Di Lucia, R.
Lang, F. Sinigaglia, and P. Panina-Bordignon. 1998. Inhibition of IL-12
production by 1,25-dihydroxyvitamin D3. Involvement of NF-kappaB
downregulation in transcriptional repression of the p40 gene. J Clin Invest
101:252.

Salkowski, C. A., K. Kopydlowski, J. Blanco, M. J. Cody, R. McNally, and S. N.
Vogel. 1999. IL-12 is dysregulated in macrophages from IRF-1 and IRF-2
knockout mice. J Immunol 163:1529.

Scharton-Kersten, T., C. Contursi, A. Masumi, A. Sher, and K. Ozato. 1997.
Interferon consensus sequence binding protein-deficient mice display impaired

resistance to intracellular infection due to a primary defect in interleukin 12 p40
induction. J Exp Med 186:1523.

Wang, I. M., C. Contursi, A. Masumi, X. Ma, G. Trinchieri, and K. Ozato. 2000.
An IFN-gamma-inducible transcription factor, IFN consensus sequence binding

protein (ICSBP), stimulates IL-12 p40 expression in macrophages. J Immunol
165:271.

175



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Reimann, T., D. Buscher, R. A. Hipskind, S. Krautwald, M. L. Lohmann-
Matthes, and M. Baccarini. 1994. Lipopolysaccharide induces activation of the
Raf-1/MAP kinase pathway. A putative role for Raf-1 in the induction of the IL-
1 beta and the TNF- alpha genes. J Immunol 153:5740.

Kang, B. Y., S. W. Chung, D. Cho, and T. S. Kim. 2002. Involvement of p38
mitogen-activated protein kinase in the induction of interleukin-12 p40
production in mouse macrophages by berberine, a benzodioxoloquinolizine
alkaloid. Biochem Pharmacol 63:1901.

Feng, G. J., H. S. Goodridge, M. M. Harnett, X. Q. Wei, A. V. Nikolaev, A. P.
Higson, and F. Y. Liew. 1999. Extracellular signal-related kinase (ERK) and p38
mitogen-activated protein (MAP) kinases differentially regulate the
lipopolysaccharide- mediated induction of inducible nitric oxide synthase and IL-
12 in macrophages: Leishmania phosphoglycans subvert macrophage IL-12
production by targeting ERK MAP kinase. J Immunol 163:6403.

Yi, A. K., J. G. Yoon, S. J. Yeo, S. C. Hong, B. K. English, and A. M. Krieg.
2002. Role of mitogen-activated protein kinases in CpG DNA-mediated IL-10
and IL-12 production: central role of extracellular signal-regulated kinase in the

negative feedback loop of the CpG DNA-mediated Thl response. J Immunol
168:4711.

Lu, H. T., D. D. Yang, M. Wysk, E. Gatti, I. Mellman, R. J. Davis, and R. A.
Flavell. 1999. Defective IL-12 production in mitogen-activated protein (MAP)
kinase kinase 3 (Mkk3)-deficient mice. Embo J 18:1845.

Goh, K. C., M. J. deVeer, and B. R. Williams. 2000. The protein kinase PKR is
required for p38 MAPK activation and the innate immune response to bacterial
endotoxin. Embo J 19:4292.

Hacker, H., H. Mischak, G. Hacker, S. Eser, N. Prenzel, A. Ullrich, and H.
Wagner. 1999. Cell type-specific activation of mitogen-activated protein kinases

by CpG-DNA controls interleukin-12 release from antigen-presenting cells.
Embo J 18:6973.

Yanagawa, Y., N. Iijima, K. Iwabuchi, and K. Onoe. 2002. Activation of
extracellular signal-related kinase by TNF-alpha controls the maturation and
function of murine dendritic cells. J Leukoc Biol 71:125.

Yap, G., M. Pesin, and A. Sher. 2000. Cutting edge: IL-12 is required for the
maintenance of IFN-gamma production in T cells mediating chronic resistance to

the intracellular pathogen, Toxoplasma gondii. J Immunol 165:628.

Hunter, C. A., C. S. Subauste, V. H. Van Cleave, and J. S. Remington. 1994.
Production of gamma interferon by natural killer cells from Toxoplasma gondii-

176



136.

137.

138.

139.

140.

141.

142.

143.

144.

infected SCID mice: regulation by interleukin-10, interleukin-12, and tumor
necrosis factor alpha. Infect Immun 62:2818.

Mastroeni, P., J. A. Harrison, J. H. Robinson, S. Clare, S. Khan, D. J. Maskell,
G. Dougan, and C. E. Hormaeche. 1998. Interleukin-12 is required for control of
the growth of attenuated aromatic-compound-dependent salmonellae in BALB/c

mice: role of gamma interferon and macrophage activation. Infect Immun
66:4767.

Micallef, M. J., T. Ohtsuki, K. Kohno, F. Tanabe, S. Ushio, M. Namba, T.
Tanimoto, K. Torigoe, M. Fujii, M. Ikeda, S. Fukuda, and M. Kurimoto. 1996.
Interferon-gamma-inducing factor enhances T helper 1 cytokine production by
stimulated human T cells: synergism with interleukin-12 for interferon-gamma
production. Eur J Immunol 26.:1647.

Romani, L., A. Mencacci, L. Tonnetti, R. Spaccapelo, E. Cenci, S. Wolf, P.
Puccetti, and F. Bistoni. 1994. Interleukin-12 but not interferon-gamma
production correlates with induction of T helper type-1 phenotype in murine
candidiasis. Eur J Immunol 24:909.

Mattner, F., J. Magram, J. Ferrante, P. Launois, K. Di Padova, R. Behin, M. K.
Gately, J. A. Louis, and G. Alber. 1996. Genetically resistant mice lacking
interleukin-12 are susceptible to infection with Leishmania major and mount a
polarized Th2 cell response. Eur J Immunol 26:1553.

Ghalib, H. W., J. A. Whittle, M. Kubin, F. A. Hashim, A. M. el-Hassan, K. H.
Grabstein, G. Trinchieri, and S. G. Reed. 1995. IL-12 enhances Thl-type
responses in human Leishmania donovani infections. J Immunol 154:4623.

Macatonia, S. E., N. A. Hosken, M. Litton, P. Vieira, C. S. Hsieh, J. A.
Culpepper, M. Wysocka, G. Trinchieri, K. M. Murphy, and A. O'Garra. 1995.
Dendritic cells produce IL-12 and direct the development of Th1 cells from naive
CD4+ T cells. J Immunol 154:5071.

Manetti, R., F. Gerosa, M. G. Giudizi, R. Biagiotti, P. Parronchi, M. P. Piccinni,
S. Sampognaro, E. Maggi, S. Romagnani, G. Trinchieri, and et al. 1994.
Interleukin 12 induces stable priming for interferon gamma (IFN-gamma)
production during differentiation of human T helper (Th) cells and transient IFN-
gamma production in established Th2 cell clones. J Exp Med 179:1273.

Bertagnolli, M. M., B. Y. Lin, D. Young, and S. H. Herrmann. 1992. IL-12

augments antigen-dependent proliferation of activated T lymphocytes. J Immunol
149:3778.

Eberl, G., and H. R. MacDonald. 2000. Selective induction of NK cell
proliferation and cytotoxicity by activated NKT cells. Eur J Immunol 30:985.

177



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Gately, M. K., R. R. Warrier, S. Honasoge, D. M. Carvajal, D. A. Faherty, S. E.
Connaughton, T. D. Anderson, U. Sarmiento, B. R. Hubbard, and M. Murphy.
1994. Administration of recombinant IL-12 to normal mice enhances cytolytic

lymphocyte activity and induces production of [FN-gamma in vivo. Int Immunol
6:157.

Chehimi, J., S. E. Starr, I. Frank, M. Rengaraju, S. J. Jackson, C. Llanes, M.
Kobayashi, B. Perussia, D. Young, E. Nickbarg, and et al. 1992. Natural killer
(NK) cell stimulatory factor increases the cytotoxic activity of NK cells from

both healthy donors and human immunodeficiency virus-infected patients. J Exp
Med 175:789.

Denis, M. 1994. Interleukin-12 (IL-12) augments cytolytic activity of natural
killer cells toward Mycobacterium tuberculosis-infected human monocytes. Cell
Immunol 156:529.

Orange, J. S., and C. A. Biron. 1996. An absolute and restricted requirement for
IL-12 in natural killer cell IFN-gamma production and antiviral defense. Studies
of natural killer and T cell responses in contrasting viral infections. J Immunol
156:1138.

Orange, J. S., B. Wang, C. Terhorst, and C. A. Biron. 1995. Requirement for
natural killer cell-produced interferon gamma in defense against murine
cytomegalovirus infection and enhancement of this defense pathway by
interleukin 12 administration. J Exp Med 182:1045.

Chehimi, J.,, N. M. Valiante, A. D'Andrea, M. Rengaraju, Z. Rosado, M.
Kobayashi, B. Perussia, S. F. Wolf, S. E. Starr, and G. Trinchieri. 1993.
Enhancing effect of natural killer cell stimulatory factor (NKSF/interleukin-12)
on cell-mediated cytotoxicity against tumor- derived and virus-infected cells. Eur
J Immunol 23:1826.

Ely, K. H., L. H. Kasper, and I. A. Khan. 1999. Augmentation of the CD8+ T
cell response by IFN-gamma in IL-12-deficient mice during Toxoplasma gondii
infection. J Immunol 162:5449.

Flynn, J. L., M. M. Goldstein, K. J. Triebold, J. Sypek, S. Wolf, and B. R.
Bloom. 1995. IL-12 increases resistance of BALB/c mice to Mycobacterium
tuberculosis infection. J Immunol 155:2515.

Gazzinelli, R. T., M. Wysocka, S. Hayashi, E. Y. Denkers, S. Hieny, P. Caspar,
G. Trinchieri, and A. Sher. 1994. Parasite-induced 1L-12 stimulates early IFN-

gamma synthesis and resistance during acute infection with Toxoplasma gondii.
J Immunol 153:2533.

Paul, W. E. 1999. Fundamental Immunology. Lippincott-Raven Publishers,
Philadelphia, p. 533.

178



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Wilson, C. C., W. C. Olson, T. Tuting, C. R. Rinaldo, M. T. Lotze, and W. J.
Storkus. 1999. HIV-1-specific CTL responses primed in vitro by blood-derived
dendritic cells and Th1-biasing cytokines. J Immunol 162:3070.

Tuting, T., A. Gambotto, P. D. Robbins, W. J. Storkus, and A. B. DeLeo. 1999.
Co-delivery of T helper 1-biasing cytokine genes enhances the efficacy of gene
gun immunization of mice: studies with the model tumor antigen beta-
galactosidase and the BALB/c Meth A p53 tumor-specific antigen. Gene Ther
6:629.

Wild, J., M. I. Grusby, R. Schirmbeck, and J. Reimann. 1999. Priming MHC-I-
restricted cytotoxic T lymphocyte responses to exogenous hepatitis B surface
antigen is CD4+ T cell dependent. J Immunol 163:1880.

Belyakov, I. M., M. A. Derby, J. D. Ahlers, B. L. Kelsall, P. Earl, B. Moss, W.
Strober, and J. A. Berzofsky. 1998. Mucosal immunization with HIV-1 peptide
vaccine induces mucosal and systemic cytotoxic T lymphocytes and protective
immunity in mice against intrarectal recombinant HIV-vaccinia challenge. Proc

Natl Acad Sci US A4 95:1709.

Mbawuike, I. N., K. Fujihashi, S. DiFabio, S. Kawabata, J. R. McGhee, R. B.
Couch, and H. Kiyono. 1999. Human interleukin-12 enhances interferon-gamma-
producing influenza-specific memory CD8+ cytotoxic T lymphocytes. J Infect
Dis 180:1477.

Chouaib, S., J. Chehimi, L. Bani, N. Genetet, T. Tursz, F. Gay, G. Trinchieri, and
F. Mami-Chouaib. 1994. Interleukin 12 induces the differentiation of major
histocompatibility complex class I-primed cytotoxic T-lymphocyte precursors
into allospecific cytotoxic effectors. Proc Natl Acad Sci US A 91:12659.

Bhardwaj, N., R. A. Seder, A. Reddy, and M. V. Feldman. 1996. IL-12 in
conjunction with dendritic cells enhances antiviral CD8+ CTL responses in vitro.
J Clin Invest 98:7135.

Torigo, S., T. Thara, and H. Kamiya. 2000. IL-12, IFN-gamma, and TNF-alpha
released from mononuclear cells inhibit the spread of varicella-zoster virus at an
early stage of varicella. Microbiol Immunol 44:1027.

Cousens, L. P., R. Peterson, S. Hsu, A. Dorner, J. D. Altman, R. Ahmed, and C.
A. Biron. 1999. Two roads diverged: interferon alpha/beta- and interleukin 12-
mediated pathways in promoting T cell interferon gamma responses during viral
infection. J Exp Med 189:1315.

Giorgi, J. V., I. L. Fahey, D. C. Smith, L. E. Hultin, H. L. Cheng, R. T.

Mitsuyasu, and R. Detels. 1987. Early effects of HIV on CD4 lymphocytes in
vivo. J Immunol 138:3725.

179



165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Musey, L. K., J. N. Krieger, J. P. Hughes, T. W. Schacker, L. Corey, and M. J.
McElrath. 1999. Early and persistent human immunodeficiency virus type 1
(HIV-1)-specific T helper dysfunction in blood and lymph nodes following acute
HIV-1 infection. J Infect Dis 180:278.

Ridge, J. P., F. Di Rosa, and P. Matzinger. 1998. A conditioned dendritic cell can
be a temporal bridge between a CD4+ T-helper and a T-killer cell. Nature
393:474.

Huang, X. L., Z. Fan, C. Kalinyak, J. W. Mellors, and C. R. Rinaldo, Jr. 2000.
CD8(+) T-cell gamma interferon production specific for human
immunodeficiency virus type 1 (HIV-1) in HIV-1-infected subjects. Clin Diagn
Lab Immunol 7:279.

McCune, J. M. 2001. The dynamics of CD4+ T-cell depletion in HIV disease.
Nature 410:974.

Brinchmann, J. E. 2000. Differential responses of T cell subsets: possible role in
the immunopathogenesis of AIDS. Aids 14:1689.

Douek, D. C., L. J. Picker, and R. A. Koup. 2003. T cell dynamics in hiv-1
infection. Annu Rev Immunol 21:265.

Dybul, M., G. Mercier, M. Belson, C. W. Hallahan, S. Liu, C. Perry, B. Herpin,
L. Ehler, R. T. Davey, J. A. Metcalf, J. M. Mican, R. A. Seder, and A. S. Fauci.
2000. CD40 ligand trimer and IL-12 enhance peripheral blood mononuclear cells
and CD4+ T cell proliferation and production of IFN-gamma in response to p24
antigen in HIV-infected individuals: potential contribution of anergy to HIV-
specific unresponsiveness. J Immunol 165:1685.

Matloubian, M., R. J. Concepcion, and R. Ahmed. 1994. CD4+ T cells are
required to sustain CD8+ cytotoxic T-cell responses during chronic viral
infection. J Virol 68:8056.

Wasik, T. J., A. Wierzbicki, V. E. Whiteman, G. Trinchieri, H. W. Lischner, and
D. Kozbor. 2000. Association between HIV-specific T helper responses and CTL
activities in pediatric AIDS. Eur J Immunol 30:117.

Borrow, P., H. Lewicki, B. H. Hahn, G. M. Shaw, and M. B. Oldstone. 1994.
Virus-specific CD8+ cytotoxic T-lymphocyte activity associated with control of

viremia in primary human immunodeficiency virus type 1 infection. J Virol
68:6103.

Koup, R. A., J. T. Safrit, Y. Cao, C. A. Andrews, G. McLeod, W. Borkowsky, C.
Farthing, and D. D. Ho. 1994. Temporal association of cellular immune
responses with the initial control of viremia in primary human immunodeficiency
virus type 1 syndrome. J Virol 68:4650.

180



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Oxenius, A., D. A. Price, P. . Easterbrook, C. A. O'Callaghan, A. D. Kelleher, J.
A. Whelan, G. Sontag, A. K. Sewell, and R. E. Phillips. 2000. Early highly active
antiretroviral therapy for acute HIV-1 infection preserves immune function of
CD8+ and CD4+ T lymphocytes. Proc Natl Acad Sci U S A 97:3382.

Granelli-Piperno, A., V. Finkel, E. Delgado, and R. M. Steinman. 1999. Virus
replication begins in dendritic cells during the transmission of HIV-1 from
mature dendritic cells to T cells. Curr Biol 9:21.

Hsia, K., V. Tsai, N. J. Zvaifler, and S. A. Spector. 1995. Low prevalence of
HIV-1 proviral DNA in peripheral blood monocytes and dendritic cells from
HIV-1-infected individuals. Aids 9:398.

Nakata, K., M. Weiden, T. Harkin, D. Ho, and W. N. Rom. 1995. Low copy
number and limited variability of proviral DNA in alveolar macrophages from
HIV-1-infected patients: evidence for genetic differences in HIV-1 between lung
and blood macrophage populations. Mol Med 1:744.

Takahashi, K., S. L. Wesselingh, D. E. Griffin, J. C. McArthur, R. T. Johnson,
and J. D. Glass. 1996. Localization of HIV-1 in human brain using polymerase

chain reaction/in situ hybridization and immunocytochemistry. Ann Neurol
39:705.

Frankel, S. S., K. Tenner-Racz, P. Racz, B. M. Wenig, C. H. Hansen, D. Heffner,
A. M. Nelson, M. Pope, and R. M. Steinman. 1997. Active replication of HIV-1
at the lymphoepithelial surface of the tonsil. Am J Pathol 151:89.

Frankel, S. S., B. M. Wenig, A. P. Burke, P. Mannan, L. D. Thompson, S. L.
Abbondanzo, A. M. Nelson, M. Pope, and R. M. Steinman. 1996. Replication of
HIV-1 in dendritic cell-derived syncytia at the mucosal surface of the adenoid.
Science 272:1135.

Meltzer, M. S., and H. E. Gendelman. 1992. Mononuclear phagocytes as targets,
tissue reservoirs, and immunoregulatory cells in human immunodeficiency virus
disease. Curr Top Microbiol Immunol 181:239.

Harrold, S. M., G. Wang, D. K. McMahon, S. A. Riddler, J. W. Mellors, J. T.
Becker, R. Caldararo, T. A. Reinhart, C. L. Achim, and C. A. Wiley. 2002.
Recovery of replication-competent HIV type l-infected circulating monocytes

from individuals receiving antiretroviral therapy. 4IDS Res Hum Retroviruses
18:427.

Pope, M. 1999. Mucosal dendritic cells and immunodeficiency viruses. J Infect
Dis 179 Suppl 3:5427.

Cameron, P., M. Pope, A. Granelli-Piperno, and R. M. Steinman. 1996. Dendritic
cells and the replication of HIV-1. J Leukoc Biol 59:158.

181



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Kaiserlian, D., and B. Dubois. 2001. Dendritic cells and viral immunity: friends
or foes? Semin Immunol 13:303.

Wu, L., A. A. Bashirova, T. D. Martin, L. Villamide, E. Mehlhop, A. O. Chertov,
D. Unutmaz, M. Pope, M. Carrington, and V. N. KewalRamani. 2002. Rhesus
macaque dendritic cells efficiently transmit primate lentiviruses independently of
DC-SIGN. Proc Natl Acad Sci U S' A 99:1566.

Pope, M., M. G. Betjes, H. Hirmand, L. Hoffman, and R. M. Steinman. 1995.
Both dendritic cells and memory T lymphocytes emigrate from organ cultures of

human skin and form distinctive dendritic-T-cell conjugates. J Invest Dermatol
104:11.

Pope, M., S. Frankel, R. Steinman, D. Elmore, D. Ho, and P. Marx. 1997.
Cutaneous dendritic cells promote replication of immunodeficiency viruses. 4dv
Exp Med Biol 417:395.

Comeau, M. R., A. R. Van der Vuurst de Vries, C. R. Maliszewski, and L.
Galibert. 2002. CD123bright plasmacytoid predendritic cells: progenitors
undergoing cell fate conversion? J Immunol 169:75.

Ito, T., M. Inaba, K. Inaba, J. Toki, S. Sogo, T. Iguchi, Y. Adachi, K.
Yamaguchi, R. Amakawa, J. Valladeau, S. Saeland, S. Fukuhara, and S. Ikehara.
1999. A CDla+/CD11c+ subset of human blood dendritic cells is a direct
precursor of Langerhans cells. J Immunol 163:1409.

Steinman, R. M., and K. Inaba. 1999. Myeloid dendritic cells. J Leukoc Biol
66:2035.

Pacanowski, J., S. Kahi, M. Baillet, P. Lebon, C. Deveau, C. Goujard, L. Meyer,
E. Oksenhendler, M. Sinet, and A. Hosmalin. 2001. Reduced blood CD123+
(lymphoid) and CD11c+ (myeloid) dendritic cell numbers in primary HIV-1
infection. Blood 98:3016.

Patterson, S., A. Rae, N. Hockey, J. Gilmour, and F. Gotch. 2001. Plasmacytoid
dendritic cells are highly susceptible to human immunodeficiency virus type 1
infection and release infectious virus. J Virol 75:6710.

Chehimi, J., D. E. Campbell, L. Azzoni, D. Bacheller, E. Papasavvas, G. Jerandi,
K. Mounzer, J. Kostman, G. Trinchieri, and L. J. Montaner. 2002. Persistent
decreases in blood plasmacytoid dendritic cell number and function despite
effective highly active antiretroviral therapy and increased blood myeloid
dendritic cells in HIV-infected individuals. J Immunol 168:4796.

Donaghy, H., A. Pozniak, B. Gazzard, N. Qazi, J. Gilmour, F. Gotch, and S.
Patterson. 2001. Loss of blood CD11c¢(+) myeloid and CD11c(-) plasmacytoid

182



198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

dendritic cells in patients with HIV-1 infection correlates with HIV-1 RNA virus
load. Blood 98:2574.

Harrison, T. S., and S. M. Levitz. 1997. Mechanisms of impaired
anticryptococcal activity of monocytes from donors infected with human
immunodeficiency virus. J Infect Dis 176:537.

Chaturvedi, S., and S. L. Newman. 1997. Modulation of the effector function of
human macrophages for Histoplasma capsulatum by HIV-1. Role of the envelope
glycoprotein gp120. J Clin Invest 100:14635.

Baldwin, G. C., J. Fleischmann, Y. Chung, Y. Koyanagi, L. S. Chen, and D. W.
Golde. 1990. Human immunodeficiency virus causes mononuclear phagocyte
dysfunction. Proc Natl Acad Sci U S A 87:3933.

Eales, L. J., O. Moshtael, and A. J. Pinching. 1987. Microbicidal activity of
monocyte derived macrophages in AIDS and related disorders. Clin Exp
Immunol 67:227.

Blauvelt, A., M. Clerici, D. R. Lucey, S. M. Steinberg, R. Yarchoan, R. Walker,
G. M. Shearer, and S. 1. Katz. 1995. Functional studies of epidermal Langerhans
cells and blood monocytes in HIV-infected persons. J Immunol 154:3506.

Rakoff-Nahoum, S., H. Chen, T. Kraus, I. George, E. Oei, M. Tyorkin, E. Salik,
P. Beuria, and K. Sperber. 2001. Regulation of class II expression in monocytic
cells after HIV-1 infection. J Immunol 167:2331.

Dudhane, A., B. Conti, T. Orlikowsky, Z. Q. Wang, N. Mangla, A. Gupta, G. P.
Wormser, and M. K. Hoffmann. 1996. Monocytes in HIV type l-infected
individuals lose expression of costimulatory B7 molecules and acquire cytotoxic
activity. AIDS Res Hum Retroviruses 12:885.

Chirmule, N., T. W. McCloskey, R. Hu, V. S. Kalyanaraman, and S. Pahwa.
1995. HIV gp120 inhibits T cell activation by interfering with expression of
costimulatory molecules CD40 ligand and CD80 (B71). J Immunol 155:917.

Clerici, M., T. A. Wynn, J. A. Berzofsky, S. P. Blatt, C. W. Hendrix, A. Sher, R.
L. Coffman, and G. M. Shearer. 1994. Role of interleukin-10 in T helper cell

dysfunction in asymptomatic individuals infected with the human
immunodeficiency virus. J Clin Invest 93:768.

Clerici, M., F. T. Hakim, D. J. Venzon, S. Blatt, C. W. Hendrix, T. A. Wynn, and
G. M. Shearer. 1993. Changes in interleukin-2 and interleukin-4 production in

asymptomatic, human immunodeficiency virus-seropositive individuals. J Clin
Invest 91:759.

183



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Clerici, M., and G. M. Shearer. 1994. The Th1-Th2 hypothesis of HIV infection:
new insights. Immunol Today 15:575.

Chehimi, J., S. E. Starr, I. Frank, A. D'Andrea, X. Ma, R. R. MacGregor, J.
Sennelier, and G. Trinchieri. 1994. Impaired interleukin 12 production in human
immunodeficiency virus- infected patients. J Exp Med 179:1361.

Clerici, M. 1993. Cell-mediated immunity in HIV infection. Aids 7 Suppl
1:5135.

Clerici, M., D. R. Lucey, J. A. Berzofsky, L. A. Pinto, T. A. Wynn, S. P. Blatt,
M. J. Dolan, C. W. Hendrix, S. F. Wolf, and G. M. Shearer. 1993. Restoration of
HIV-specific cell-mediated immune responses by interleukin-12 in vitro. Science
262:1721.

Benyoucef, S., D. Hober, D. D. Groote, Y. Gerard, G. Lion, L. Bocket, Y.
Mouton, and P. Wattre. 1998. A decreased production of IL12 in vitro is

associated with isolation of cytopathic HIV-1 strains in HIV-1-infected patients.
J Med Virol 55:209.

Landay, A. L., M. Clerici, F. Hashemi, H. Kessler, J. A. Berzofsky, and G. M.
Shearer. 1996. In vitro restoration of T cell immune function in human

immunodeficiency virus-positive persons: effects of interleukin (IL)-12 and anti-
IL-10. J Infect Dis 173:10835.

Angel, J. B., A. Kumar, K. Parato, L. G. Filion, F. Diaz-Mitoma, P. Daftarian, B.
Pham, E. Sun, J. M. Leonard, and D. W. Cameron. 1998. Improvement in cell-
mediated immune function during potent anti-human immunodeficiency virus
therapy with ritonavir plus saquinavir. J Infect Dis 177:898.

Angel, J. B., K. G. Parato, A. Kumar, S. Kravcik, A. D. Badley, C. Fex, D.
Ashby, E. Sun, and D. W. Cameron. 2001. Progressive human
immunodeficiency virus-specific immune recovery with prolonged viral
suppression. J Infect Dis 183:546.

Taoufik, Y., O. Lantz, C. Wallon, A. Charles, E. Dussaix, and J. F. Delfraissy.
1997. Human immunodeficiency virus gp120 inhibits interleukin-12 secretion by
human monocytes: an indirect interleukin-10-mediated effect. Blood 89:2842.

Aste-Amezaga, M., X. Ma, and G. Trinchieri. 1996. Regulation by interleukin-10
of Staphylococcus aureus- and lipopolysaccharide-induced interleukin-12 gene

expression in human peripheral blood mononuclear cells. Ann N Y Acad Sci
795:319. ‘

Daftarian, M. P., F. Diaz-Mitoma, W. D. Creery, W. Cameron, and A. Kumar.

1995. Dysregulated production of interleukin-10 (IL-10) and IL-12 by peripheral
blood lymphocytes from human immunodeficiency virus-infected individuals is

184



219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

associated with altered proliferative responses to recall antigens. Clin Diagn Lab
Immunol 2:712.

Dereuddre-Bosquet, N., P. Clayette, M. Martin, O. Benveniste, P. Fretier, P.
Jaccard, B. Vaslin, A. Lebeaut, and D. Dormont. 1997. Lack of interleukin 10
expression in monocyte-derived macrophages in response to in vitro infection by
HIV type 1 isolates. AIDS Res Hum Retroviruses 13:961.

Bergamini, A., F. Bolacchi, E. Faggioli, R. Placido, S. Vendetti, L. Cappannoli,
L. Ventura, G. Cerasari, I. Uccella, M. Andreoni, and G. Rocchi. 1998. HIV-1
does not alter in vitro and in vivo IL-10 production by human monocytes and
macrophages. Clin Exp Immunol 112:105.

Mirani, M., L. Elenkov, S. Volpi, N. Hiroi, G. P. Chrousos, and T. Kino. 2002.
HIV-1 protein Vpr suppresses IL-12 production from human monocytes by
enhancing glucocorticoid action: potential implications of Vpr coactivator
activity for the innate and cellular immunity deficits observed in HIV-1
infection. J Immunol 169:6361.

Ito, M., T. Ishida, L. He, F. Tanabe, Y. Rongge, Y. Miyakawa, and H. Terunuma.
1998. HIV type 1 Tat protein inhibits interleukin 12 production by human
peripheral blood mononuclear cells. AIDS Res Hum Retroviruses 14:845.

Harrison, T. S., and S. M. Levitz. 1997. Priming with IFN-gamma restores
deficient IL-12 production by peripheral blood mononuclear cells from HIV-
seropositive donors. J Immunol 158:459.

van der Pouw Kraan, T. C., L. C. Boeije, R. J. Smeenk, J. Wijdenes, and L. A.
Aarden. 1995. Prostaglandin-E2 is a potent inhibitor of human interleukin 12
production. J Exp Med 181:7735.

DAIDS. 1997. DAIDS Virology Manual for HIV Laboratories, Vol. January
1997. Division of AIDS, National Institute of Allergy and Infectious Diseases,
National Institutes of Health and Collaborating Investigators, p. 78.

Sonza, S., A. Maerz, S. Uren, A. Violo, S. Hunter, W. Boyle, and S. Crowe.
1995. Susceptibility of human monocytes to HIV type 1 infection in vitro is not
dependent on their level of CD4 expression. AIDS Res Hum Retroviruses 11:769.

Valentin, A., A. Von Gegerfelt, S. Matsuda, K. Nilsson, and B. Asjo. 1991. In
vitro maturation of mononuclear phagocytes and susceptibility to HIV-1
infection. J Acquir Immune Defic Syndr 4:751.

Yoo, J., H. Chen, T. Kraus, D. Hirsch, S. Polyak, I. George, and K. Sperber.

1996. Altered cytokine production and accessory cell function after HIV-1
infection. J Immunol 157:1313.

185



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

Ng, P., R. J. Parks, D. T. Cummings, C. M. Evelegh, and F. L. Graham. 2000.
An enhanced system for construction of adenoviral vectors by the two-plasmid
rescue method. Hum Gene Ther 11:693.

Ausubel, F., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A. Smith,
and K. Struhl. 1995. Short Protocols in Molecular Biology. In Current Protocols
in Molecular Biology. John Wiley & Sons, Inc., p. 9.51.

Lim, S. P., and A. Garzino-Demo. 2000. The human immunodeficiency virus
type 1 Tat protein up-regulates the promoter activity of the beta-chemokine
monocyte chemoattractant protein 1 in the human astrocytoma cell line U-87
MG: role of SP-1, AP-1, and NF-kappaB consensus sites. J Virol 74:1632.

Bett, A. J., W. Haddara, L. Prevec, and F. L. Graham. 1994. An efficient and
flexible system for construction of adenovirus vectors with insertions or
deletions in early regions 1 and 3. Proc Natl Acad Sci U S A 91:8802.

Skeen, M. J., M. A. Miller, T. M. Shinnick, and H. K. Ziegler. 1996. Regulation
of murine macrophage IL-12 production. Activation of macrophages in vivo,
restimulation in vitro, and modulation by other cytokines. J Immunol 156:1196.

Patella, V., G. Florio, A. Petraroli, and G. Marone. 2000. HIV-1 gp120 induces
IL-4 and IL-13 release from human Fc epsilon RI+ cells through interaction with
the VH3 region of IgE. J Immunol 164:589.

Zembala, M., J. Pryjma, A. Plucienniczak, A. Szczepanek, M. Jasinski, L
Ruggiero, P. Piselli, and V. Colizzi. 1995. Interaction of HIV-1 gp120 molecule
fragments with human monocytes: different requirements for tumor necrosis
factor-alpha and IL-6 production. Clin Immunol Immunopathol 75:131.

Choe, W., D. J. Volsky, and M. J. Potash. 2001. Induction of rapid and extensive
beta-chemokine synthesis in macrophages by human immunodeficiency virus

type 1 and gpl20, independently of their coreceptor phenotype. J Virol
75:10738.

Clerici, M., N. L. Stocks, R. A. Zajac, R. N. Boswell, D. R. Lucey, C. S. Via, and
G. M. Shearer. 1989. Detection of three distinct patterns of T helper cell
dysfunction in asymptomatic, human immunodeficiency virus-seropositive

patients. Independence of CD4+ cell numbers and clinical staging. J Clin Invest
84:1892.

Matsuda, S., K. Akagawa, M. Honda, Y. Yokota, Y. Takebe, and T. Takemori.
1995. Suppression of HIV replication in human monocyte-derived macrophages

induced by granulocyte/macrophage colony-stimulating factor. AIDS Res Hum
Retroviruses 11:1031.

186



239.

40.

241.

242,

243.

244.

245.

246.

247.

248.

249.

D'Andrea, A., M. Aste-Amezaga, N. M. Valiante, X. Ma, M. Kubin, and G.
Trinchieri. 1993. Interleukin 10 (IL-10) inhibits human lymphocyte interferon
gamma-production by suppressing natural killer cell stimulatory factor/IL-12
synthesis in accessory cells. J Exp Med 178:1041.

Lotz, M., and P. Seth. 1993. TGF beta and HIV infection. Ann N Y Acad Sci
685:501.

Meyaard, L., E. Hovenkamp, N. Pakker, T. C. van der Pouw Kraan, and F.
Miedema. 1997. Interleukin-12 (IL-12) production in whole blood cultures from
human immunodeficiency virus-infected individuals studied in relation to IL-10
and prostaglandin E2 production. Blood 89:570.

Quinones, M., S. K. Ahuja, P. C. Melby, L. Pate, R. L. Reddick, and S. S. Ahuja.
2000. Preformed membrane-associated stores of interleukin (IL)-12 are a
previously unrecognized source of bioactive IL-12 that is mobilized within
minutes of contact with an intracellular parasite. J Exp Med 192:507.

Lacy, P., S. Mahmudi-Azer, B. Bablitz, S. C. Hagen, J. R. Velazquez, S. F. Man,
and R. Mogbel. 1999. Rapid mobilization of intracellularly stored RANTES in
response to interferon-gamma in human eosinophils. Blood 94:23.

Decoster, E., B. Vanhaesebroeck, P. Vandenabeele, J. Grooten, and W. Fiers.
1995. Generation and biological characterization of membrane-bound,
uncleavable murine tumor necrosis factor. J Biol Chem 270:18473.

Mantovani, A., S. Sozzani, M. Locati, P. Allavena, and A. Sica. 2002.
Macrophage polarization: tumor-associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes. Trends Immunol 23:549.

Schebesch, C., V. Kodelja, C. Muller, N. Hakij, S. Bisson, C. E. Orfanos, and S.
Goerdt. 1997. Alternatively activated macrophages actively inhibit proliferation
of peripheral blood lymphocytes and CD4+ T cells in vitro. Immunology 92:478.

Rodriguez-Sosa, M., A. R. Satoskar, R. Calderon, L. Gomez-Garcia, R.
Saavedra, R. Bojalil, and L. 1. Terrazas. 2002. Chronic helminth infection
induces alternatively activated macrophages expressing high levels of CCRS5
with low interleukin-12 production and Th2-biasing ability. Infect Immun
70:3656.

Smith, W., M. Feldmann, and M. Londei. 1998. Human macrophages induced in
vitro by macrophage colony-stimulating factor are deficient in IL-12 production.
Eur J Immunol 28:2498.

Mijatovic, T., L. Houzet, P. Defrance, L. Droogmans, G. Huez, and V. Kruys.
2000. Tumor necrosis factor-alpha mRNA remains unstable and hypoadenylated

187



250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

upon stimulation of macrophages by lipopolysaccharides. Eur J Biochem
267:6004.

Clark, A. 2000. Post-transcriptional regulation of pro-inflammatory gene
expression. Arthritis Res 2:172.

Roy, S., R. Charboneau, K. Cain, S. DeTurris, D. Melnyk, and R. A. Barke.
1999. Deficiency of the transcription factor c-fos increases lipopolysaccharide-
induced macrophage interleukin 12 production. Surgery 126:239.

Zhu, C., K. Gagnidze, J. H. Gemberling, and S. E. Plevy. 2001. Characterization
of an activation protein-1-binding site in the murine interleukin-12 p40 promoter.

Demonstration of novel functional elements by a reductionist approach. J Biol
Chem 276:18519.

Cook, T., B. Gebelein, and R. Urrutia. 1999. Spl and its likes: biochemical and
functional predictions for a growing family of zinc finger transcription factors.
Ann N Y Acad Sci 880:94.

Nissen, R. M., and K. R. Yamamoto. 2000. The glucocorticoid receptor inhibits
NFkappaB by interfering with serine-2 phosphorylation of the RNA polymerase
II carboxy-terminal domain. Genes Dev 14:2314.

Bergmann, M., L. Hart, M. Lindsay, P. J. Bames, and R. Newton. 1998.
IkappaBalpha degradation and nuclear factor-kappaB DNA binding are
insufficient for interleukin-lbeta and tumor necrosis factor-alpha-induced

kappaB-dependent transcription. Requirement for an additional activation
pathway. J Biol Chem 273:6607.

Sizemore, N., S. Leung, and G. R. Stark. 1999. Activation of
phosphatidylinositol 3-kinase in response to interleukin-1 leads to
phosphorylation and activation of the NF-kappaB p65/RelA subunit. Mol Cell
Biol 19:4798.

De Luca, P., B. Majello, and L. Lania. 1996. Sp3 represses transcription when
tethered to promoter DNA or targeted to promoter proximal RNA. J Biol Chem
271:8533.

Tone, M., M. J. Powell, Y. Tone, S. A. Thompson, and H. Waldmann. 2000. IL-
10 gene expression is controlled by the transcription factors Spl and Sp3. J
Immunol 165:286.

Levi, B. Z., S. Hashmueli, M. Gleit-Kielmanowicz, A. Azriel, and D. Meraro.

2002. ICSBP/IRF-8 transactivation: a tale of protein-protein interaction. J
Interferon Cytokine Res 22:153.

188



260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Smale, S. T. 2003. Selective activation of cytokine genes in macrophages : roles
of rel proteins and nucleosome remodeling complexes. In Regulatory and
Effector Functions of Macrophages. Keystone Symposia, Taos Convention
Center, Taos, NM, USA.

Milanini-Mongiat, J., J. Pouyssegur, and G. Pages. 2002. Identification of two
Spl phosphorylation sites for p42/p44 mitogen-activated protein kinases: their
implication in vascular endothelial growth factor gene transcription. J Biol Chem
277:20631.

Smith, J. L., A. E. Schaffner, J. K. Hofmeister, M. Hartman, G. Wei, D.
Forsthoefel, D. A. Hume, and M. C. Ostrowski. 2000. ets-2 is a target for an akt
(Protein kinase B)/jun N-terminal kinase signaling pathway in macrophages of
motheaten-viable mutant mice. Mol Cell Biol 20:8026.

Ma, W., W. Lim, K. Gee, S. Aucoin, D. Nandan, M. Kozlowski, F. Diaz-
Mitoma, and A. Kumar. 2001. The p38 mitogen-activated kinase pathway
regulates the human interleukin-10 promoter via the activation of Spl

transcription factor in lipopolysaccharide-stimulated human macrophages. J Biol
Chem 276:13664.

Varin, A., S. K. Manna, V. Quivy, A. Z. Decrion, C. Van Lint, G. Herbein, and
B. B. Aggarwal. 2003. Exogenous Nef protein activates NF-kappa B, AP-1, and
c-Jun N-terminal kinase and stimulates HIV transcription in promonocytic cells.
Role in AIDS pathogenesis. J Biol Chem 278:2219.

Manna, S. K., and B. B. Aggarwal. 2000. Differential requirement for p56lck in
HIV-tat versus TNF-induced cellular responses: effects on NF-kappa B, activator
protein-1, c-Jun N-terminal kinase, and apoptosis. J Immunol 164:5156.

Mischiati, C., F. Pironi, D. Milani, M. Giacca, P. Mirandola, S. Capitani, and G.
Zauli. 1999. Extracellular HIV-1 Tat protein differentially activates the JNK and
ERK/MAPK pathways in CD4 T cells. Aids 13:1637.

Kumar, A., S. K. Manna, S. Dhawan, and B. B. Aggarwal. 1998. HIV-Tat

protein activates c-Jun N-terminal kinase and activator protein-1. J Immunol
161:776.

Li, C. J., Y. Ueda, B. Shi, L. Borodyansky, L. Huang, Y. Z. Li, and A. B. Pardee.
1997. Tat protein induces self-perpetuating permissivity for productive HIV-1
infection. Proc Natl Acad Sci U S A 94:8116.

Popik, W., and P. M. Pitha. 1998. Early activation of mitogen-activated protein
kinase kinase, extracellular signal-regulated kinase, p38 mitogen-activated
protein kinase, and c-Jun N-terminal kinase in response to binding of simian

immunodeficiency virus to Jurkat T cells expressing CCRS receptor. Virology
252:210.

189



270.

271.

272.

273.

Cohen, P. S., H. Schmidtmayerova, J. Dennis, L. Dubrovsky, B. Sherry, H.
Wang, M. Bukrinsky, and K. J. Tracey. 1997. The critical role of p38 MAP
kinase in T cell HIV-1 replication. Mol Med 3:339.

Vanham, G., L. Penne, J. Devalck, L. Kestens, R. Colebunders, E. Bosmans, K.
Thielemans, and J. L. Ceuppens. 1999. Decreased CD40 ligand induction in CD4
T cells and dysregulated IL-12 production during HIV infection. Clin Exp
Immunol 117:335.

Babik, J. M., E. Adams, Y. Tone, P. J. Fairchild, M. Tone, and H. Waldmann.
1999. Expression of murine IL-12 is regulated by translational control of the p35
subunit. J Immunol 162:4069.

Jacobson, M. A., J. Spritzler, A. Landay, E. Chan, D. Katzenstein, B. Schock, L.
Fox, J. Roe, S. Kundu, and R. Pollard. 2002. A Phase I, placebo-controlled trial

of multi-dose recombinant human interleukin-12 in patients with HIV infection.
Aids 16:1147.

190



VIL CURRICULUM VITAE

KELLEY CHAMBERS

678 Wildshore Crescent Date of Birth: December 24, 1972
Ottawa, Ontario, Canada, K1V 1Y1 S.IN. 492 995 923

Tel: (613) 737-8160 (work) Citizenship: Canadian

(613) 822-0358 (home)
E-mail: kchambers@obhri.ca

ACADEMIC BACKGROUND

September 1997 — present:

e Currently enrolled in the Ph.D. program in the Department of Biochemistry,
Microbiology & Immunology at the University of Ottawa, under the supervision of
Dr. Jonathan Angel at the Ottawa Health Research Institute (Molecular Medicine
Program), 501 Smyth Road, Ottawa, Ontario, K1H 8L6.

e Successfully completed all coursework, seminar, and research requirements for the
Ph.D. program, and permission to commence writing of the Ph.D. thesis was granted
in December 2002.

e Courses completed: Advanced Topics in Immunology (MIC 8122, grade A), and
Advanced Topics in Virology (MIC 8236, grade A).

e Ph.D. comprehensive exam successfully completed in June 1999 (grade A+).

September 1995 — April 1997:

o Successfully completed M.Sc. degree in the Department of Microbiology &
Immunology at the University of Ottawa, under the thesis supervision of Dr. Lionel
Filion and Dr. William Ross, 451 Smyth Road, Ottawa, Ontario, K1H 8M5

e Courses completed: Basic Immunology (MIC 5124, grade A), and Advanced
Immunochemistry (MIC 8126, grade A)

o Thesis entitled “Immune Damage in Irradiated Mice: Contributions of Differential
Radiosensitivity and Apoptosis in Mononuclear Cells, and Alterations in Natural
Killer Cell Cytolytic Potential” successfully defended in July 1997

September 1991 — April 1995:

e Successfully completed B.Sc. Honours degree in the Department of Biology at
the University of Ottawa, 550 Cumberland, Ottawa, Ontario K1N 6N5

¢ Conducted fourth year Honours research project under the supervision of Dr.
William Ross and Dr. Joanne Dillon

o Graduated with Magna cum laude distinction

191



Scholarships and Awards:

New Investigator’s Award (Basic Science): Canadian Association of HIV Research,
April 2002.

OHTN Studentship Award: September 2001-August 2003

University of Ottawa Excellence Scholarship: September 2001-August 2003

Student and Fellow Travel Award from the 9™ Conference on Retroviruses and
Opportunistic Infections, February 2002 )

MRC Doctoral Scholarship: May 1998 — April 2001

Also awarded NSERC studentship and OGS studentship in 1998, which were
declined upon acceptance of MRC Doctoral Scholarship (above)

University of Ottawa Excellence Scholarship: May 1998 — April 2001

Student and Fellow Travel Award from the 8" Conference on Retroviruses and
Opportunistic Infections, February 2001

Student and Fellow Travel Award from the 7™ Conference on Retroviruses and
Opportunistic Infections, February 2000

University of Ottawa Admission Scholarship: September 1997 — May 1998

Ontario Graduate Scholarship September 1996 — August 1997

Untversity of Ottawa Admission Scholarship: September 1995 — August 1996
Canada Scholarship from the Department of Industry, Science, and Technology for
high standing in science and mathematics (September 1991- April 1993)

University of Ottawa Undergraduate Admission Scholarship for obtaining an overall
OAC average above 90% (September 1991- April 1992)

Professional Development:

Have given several poster and oral presentations at numerous national and
international scientific conferences;

Assisted in the supervision/mentoring of several graduate and Honour’s students;
Played an integral role in writing and submission of numerous operating grants,
several of which were successfully awarded to Dr. Jonathan Angel;

Taught an advanced level graduate lecture at the University of Ottawa (HIV
Pathogenesis, course organizer: Dr. Karen Copeland).

EMPLOYMENT HISTORY

Defense Research Assistant: May 1995 — August 1995
¢ Defense Research Establishment, Ottawa

Completed a study of biological dosimetry and immune suppression following
exposure to ionizing radiation.

Defense Research Assistant: May 1994 — August 1994

e Defense Research Establishment, Ottawa
Initiated a study of biological dosimetry to detect radiation injury, and
standardized methods for future research in this area.

192



Traffic Surveyor/ Statistical Data Collector: May 1993- August 1993

e Regional Municipality of Ottawa-Carleton

Performed traffic surveys under minimal supervision, contributing to regional
traffic planning. Received training to supervise implementation of the program.

Traffic Surveyor/ Statistical Data Collector: May 1992- August 1992

¢ Regional Municipality of Ottawa-Carleton

Performed traffic surveys under minimal supervision, contributing to regional
traffic planning.

PUBLICATIONS, PRESENTATIONS, ABSTRACTS

Publications:

Chambers KA, Parks RJ, Angel JB (2003) Disruption of MAP Kinase Activation
and Nuclear Factor Binding to the IL-12 p40 Promoter in HIV-Infected Myeloid
Cells. (Submitted to Blood).

Chambers KA, Parato KG, Angel JB (2002) Active Cellular Infection of Myeloid
Cells is Required for HIV-1-Mediated Suppression of Interleukin-12 p40
Expression. Cellular Immunology 215: 120-132.

Parato KG, Kumar A, Badley AD, Sanchez-Dardon JL, Chambers KA, Young CD,
Lim WT, Kravcik S, Cameron DW, Angel JB (2002) Normalization of Natural
Killer Cell Function and Phenotype with Effective Anti-HIV Therapy and the Role
of Interleukin-10. AIDS 16(9): 1251-1256.

Phenix BN, Angel JB, Mandy F, Kravcik S, Parato K, Chambers KA, Gallicano K,
Hawley-Foss N, Cassol S, Cameron DW, Badley AD (2000) Decreased HIV-

associated T Cell Apoptosis by HIV Protease. AIDS Research and Human
Retroviruses 16(6): 559-567

Chambers KA, Harrington NP, Ross WM, Filion LG (1998) Relative Alterations in
Blood Mononuclear Cell Populations Reflect Radiation Injury in Mice. Cytometry
31(1): 45-52

Harrington NP, Chambers KA, Ross WM, Filion LG (1997) Radiation Damage and
Immune Suppression in Splenic Mononuclear Cell Populations. Clinical and
Experimental Immunology 107(2): 417-424

Abstracts and Conference Presentations:

Frappier FM, Chambers KA, Angel JB (2003) HIV Inhibition of IL-12 Synthesis is
Mediated by Altering MAPK Activity and Nuclear Factor Binding to the IL-12 p40

193



Promoter. 10™ Conference on Retroviruses and Opportunistic Infections, February
11-15 (Boston, MA).

Chambers KA, Parato KG, Angel JB (2003) Disruption of MAP Kinase Activation
and Nuclear Factor Binding to the IL-12 p40 Promoter in HIV-Infected Myeloid
Cells. Poster presented by KA Chambers at the Keystone Symposium on Regulatory
and Effector Functions of Macrophages, January 30-February (Taos, NM).

Chambers KA, Angel JB (2002) Suppression of IL-12 p40 Transcription by Acute
HIV Infection: Disruption of Nuclear Factor Binding and Inhibition of MAP Kinase
Activation. Oral presentation by K4 Chambers at the 11" Annual Canadian
Conference on HIV/AIDS Research, April 25-28 (Winnipeg, Manitoba).

Chambers KA, Angel JB (2002) Suppression of Interleukin (IL)-12 p40
Transcription by Acute HIV Infection: Disruption of Nuclear Factor Binding and
Inhibition of MAP Kinase Activation. Poster presented by KA Chambers at the 9
Conference on Retroviruses and Opportunistic Infections, February 24-28 (Seattle,

WA)

Chambers KA, Angel JB (2001) Acute Infection of Myeloid Cells with HIV-1 Alters
Transcription Factor Binding to the IL-12 Promoter. Poster presented by KA
Chambers at the 10" Annual Conference on HIV/AIDS Research, Toronto, Canada,
May 2001.

Chambers KA, Angel B (2001) Acute Infection of Myeloid Cells with HIV-1 Alters
Transcription Factor Binding to the IL-12 Promoter. Poster presented by KA4

Chambers at the 8" Conference on Retroviruses and Opportunistic Infections,
Chicago, USA, February 2001.

Chambers KA, Parato KG, Angel JB (2000) Suppression of Interleukin (IL)-12
Production by Acute HIV Infection & the Role of Other Cytokines. Oral presentation
by KA Chambers at the 9" Annual Conference on HIV/AIDS Research, Montreal,
Canada, April 2000.

Chambers KA, Parato KG, Ahmed I, Angel JB (2000) Suppression of Interleukin
(IL)-12 Production by Acute HIV Infection of Myeloid Cells Requires Productive
Infection and May Occur Independently of the Activity of Key Modulatory
Cytokines. Poster presented by KA Chambers at the Keystone Symposium on
Cytokines and Disease, Snowbird Utah, USA, April 2000.

Chambers KA, Parato KG, Angel JB (2000) Suppression of Interleukin (IL)-12
Production by Acute HIV Infection & the Role of Other Cytokines. Poster
presentation by KA Chambers at the 7™ Conference on Retroviruses and
Opportunistic Infections, San Francisco, USA, February 2000.

194



Ross WM, Chambers KA, Filion LG (1996) New R&D Thrusts in Biological
Dosimetry in Canadian Defense Research. Oral presentation by WM Ross at 1996
RSG-23 (NATO Panel 8) Workshop on Assessment, Prophylaxis and Treatment of
Tonizing Radiation Injury in Nuclear Environments, Ottawa, Canada, May 1996.

Chambers KA, Filion LG, Harrington NP, Ross WM (1996) Flow Cytometric
Analysis of WBC from Irradiated Mice: Biological Indicators of Dose and Damage.
Poster presentation by LG Filion at the International Society for Analytical Cytology
XVIII Congress, Rimini, Italy, April 1996.

Ross WM, Chambers KA, Harrington NP, Filion LG (1995) Dose-dependent
Changes in Numbers of Blood MNC in Irradiated Mice. Poster presentation by WM

Ross at the 10™ International Congress of Radiation Research, Wurzburg, Germany,
August 1995.

Chambers KA, Harrington NP, Filion LG, Ross WM (1995) Flow Cytometric
Analysis of Immune-Responsive Blood Mononuclear Cells in Irradiated Mice.
Poster presentation by KA Chambers at the 9™ International Congress of
Immunology, San Francisco, USA, July 1995.

195



Vil

The fesearch reported in this thesis was conducted exclusively by Kelley A.
Chambers, with the following exceptions. The site-directed mutagenesis of the IL-12
p40 promoter, for use in recombinant adenovirus construction was performed by the late
Dr. Michael Montpetit (Health Canada), although the mutagenic oligonucleotides used
in site-directed mutagenesis were designed by Kelley A. Chambers. Sequencing was
performed by the University of Ottawa Biotechnology Research Institute. The
construction of recombinant adenovirus vectors was performed by Dr. Robin Parks and
his research technicians Robert Meulenbroek and Kathy Sargent at the Ottawa Health
Research Institute. The preliminary data mentioned in the Discussion regarding the use
of MAP kinase inhibitors to assess the role of MAPK in IL-12 p40 expression was

generated by Maribeth Cameron and Fiona Frappier in the laboratory of Dr. Jonathan

Angel.

196



APPENDIX I: LIST OF CHEMICALS
RPMI-1640 medium (Gibco/Invitrogen, Burlington, ON)
Fetal bovine serum (FBS; Gibco)
Penicillin (Gibco)
Streptomycin (Gibco)
Fungizone (Bristol Myers Squibb, Montreal, QC)
Phosphate-buffered saline (PBS; Gibco)
Ficoll-Paque Plus (Amersham-Pharmacia Biotech, Baie d’Urfe, QC)
Human type AB serum (Sigma, Oakville, ON)
HIV-1 p24 antigen ELISA (NEN Life Science Products, Boston, MA)
Lipopolysaccharide (LPS; Sigma)
S. aureus Cowan strain-1 (SAC; Calbiochem, Hornby, ON)
Heat-killed M. tuberculosis (MTB; Difco Laboratories, Detroit, MI)
Cycloheximide (CHX; Sigma)
Anti-IL-10 antibody (R&D Systems, Minneapolis, MN)
Anti-TGF-f antibody (R&D Systems)
Interferon-y (R&D Systems)
Interleukin-4 (R&D Systems)
Interleukin-13 (R&D Systems)
Interleukin-12 (R&D Systems)
Anti-human Interleukin-12 antibody (R&D Systems)

HIV-1y3 gp120 (NIH AIDS Research and Reference Reagent Program, Rockville, MD)

Human IL-12 p40 ELISA (R&D Systems)
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TriPure Isolation Reagent (Roche, Laval, QC)

Chloroform (Sigma)

Isopropanol (Sigma)

Ethanol (Commercial Alcohols, Brampton, ON)

Diethylpyrocarbonate (DEPC; Sigma)

RNeasy RNA extraction kit (Qiagen, Mississauga, ON)

RiboQuant Ribonuclease protection assay kit (BD Pharmingen, Mississauga, ON)
Tris-buffered phenol (Gibco)

40% Acrylamide/bis-acrylamide (19:1) (Sigma)

30% Acrylamide/bis-acrylamide (19:1) (BioRad Laboratories, Mississauga, ON)
1¥-Strand cDNA synthesis kit (Clontech, Palo Alto, CA)

Advantage cDNA PCR kit (Clontech)

Ethidium bromide (Sigma)

CD4-microbeads (Miltenyi Biotech, Auburn, CA)

CD8-microbeads (Miltenyi Biotech)

Phytohemagglutinin (PHA; Gibco)

Human IFN-y ELISA (R&D Systems)

GolgiStop (BD Pharmingen)

Bovine serum albumin (BSA; Sigma)

Caltag Fix-and-Perm Kit (Cedarlane, Hornby, ON)

RD1-conjugated anti-HIV-1 p24 antibody (Beckman-Coulter, Mississauga, ON)
PE-conjugated anti-human IL-12 p40/p70 antibody (BD Pharmingen)

PE-labeled mouse 1gG; isotype control (BD Pharmingen)
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Poly-L-lysine (Sigma)

Triton X-100 (Sigma)

Paraformaldehyde (Sigma)
4,6-Diamidino-2-phenylindole (DAPI; Sigma)
Glycerol (Sigma)

FITC-conjugated anti-mouse IgG; (BD Pharmingen)
Sucrose (Sigma)

KClI (Sigma)

NaCl (Sigma)

Hepes (Sigma)

EDTA (Sigma)

EGTA (Sigma)

Spermine (Gibco)

Spermidine (Gibco)

Dithiothreitol (DTT; Sigma)
Phenylmethanesulfonyl fluoride (PMSF; Sigma)
Benzamidine (Sigma)

Iodoacetamide (Sigma)

Trypsin inhibitor (Sigma)

Leupeptin (Sigma)

NP-40 (BDH Chemicals, Toronto, ON)

Tris (Sigma)

RNase inhibitor (Sigma)

a->*P-UTP (Amersham)
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y->*P-ATP (Amersham)

Ammonium sulfate (Sigma)

MgCl, (Sigma)

MnCl, (Sigma)

Creatine phosphate (Sigma)

GTP, ATP, CTP (Amersham)

RNase-free DNase (Sigma)

Yeast tRNA (Gibco)

Proteinase K (Gibco)

SDS (Sigma)

AdvanTAge PCR cloning kit (Clontech)

DH5a supercompetent cells (Gibco)

SOC medium (Gibco) v

LB broth (Sigma)

Bacteriological agar (Sigma)
5-bromo-4-chloro-3-indoyl-B-D-galactopyranoside (X-gal; Gibco)
Isopropyl-1-thio-B-D-galactopyranoside (IPTG; Sigma)
Qiaprep Spin Miniprep kit (Qiagen)

PCR-Script Amp Cloning Kit (Stratagene, La Jolla, CA)
Microspin 400 columns (Amersham)

Sacl restriction enzyme (Amersham)

HindIII restriction enzyme (Amersham)

Isoamyl alcohol (Sigma)
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Sodium acetate (Sigma)

Hybond-ECL nitrocellulose membrane (Amersham)
NaOH (Sigma)

Ammonium acetate (Sigma)

20X SSC (Sigma)

20X SSPE (Sigma)

Deionized formamide (Sigma)

Ficoll (Sigma)

Polyvinyl pyrrolidone (Sigma)

Salmon sperm DNA (Gibco)

T4 polynucleotide kinase (Amersham)

Microspin G-50 columns (Amersham)
Trypsin-EDTA (Gibco)

B-mercaptoethanol (Sigma)

Sodium deoxycholate (Sigma)

Na3;VO, (Sigma)

NaF (Sigma)

BCA protein determination kit (Pierce, Rockford, IL)
4-15% Tris-HCI Ready-gel (BioRad)

Glycine (Sigma)

Immobilon-P PVDF membrane (Millipore, Bedford, MA)
Methanol (Sigma)

Tween-20 (Sigma)
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SuperSignal west pico chemiluminescent substrate (Pierce)

Xhol restriction enzyme (Amersham)

pGL3 Basic vector (Promega, Maddison, WI)

GFX gel purification kit (Amersham)

Calf intestinal alkaline phosphatase (MBI Fermentas, Burlington, ON)
T4 DNA ligase (New England Biomedical, Northborough, MA)

BglII restriction enzyme (Amersham)

QuickChange Site-directed mutagenesis kit (Stratagene)

Enhanced firefly luciferase assay kit (BD Pharmingen)
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