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SUMMARY

 

Progressive immunodeficiency in HIV infection is paralleled by a decrease in IL-12 production, a cytok-
ine crucial for cellular immune function. Here we examine the molecular mechanisms by which HIV
infection suppresses IL-12 p40 expression. HIV infection of THP-1 myeloid cells resulted in decreased
LPS-induced nuclear factor binding to the NF-

 

k

 

B, AP-1, and Sp1 sites of the IL-12 p40 promoter. By
site-directed mutagenesis we determined that each of these sites was necessary for transcriptional acti-
vation of the IL-12 p40 promoter. Binding of NF-

 

k

 

B p50, c-Rel, p65, Sp1, Sp3, c-Fos, and c-Jun proteins
to their cognate nuclear factor binding sites was somewhat impaired by HV infection, although a role
for other as yet unidentified factors cannot be dismissed. The cellular levels of these transcription factors
were unaffected by HIV infection, with the exception of a decrease in expression of NF-

 

k

 

B p65, con-
sistent with the observed decrease in its binding to the IL-12 p40 promoter following HIV infection.
Analysis of regulation of upstream LPS-induced MAP kinases demonstrated impaired phosphorylation
of JNK and p38 MAPK, and suppressed phosphorylation and degradation of I

 

k

 

B

 

a

 

 following HIV infec-
tion. These results suggest that alterations in nuclear factor binding to numerous sites in the IL-12 p40
promoter, together may contribute to the suppression in IL-12 p40 transcription previously reported.
These effects on nuclear factor binding may be a direct effect of HIV infection on the IL-12 p40 pro-
moter, or may occur indirectly as a consequence of altered MAP kinase activation.
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INTRODUCTION

 

Interleukin (IL)-12 is a 70 kD heterodimeric cytokine, consisting
of p40 and p35 monomeric subunits covalently linked by a
disulphide bond [1,2]. IL-12 p70 is produced mainly by myeloid
cells, including monocytes/macrophages, and dendritic cells, in
response to CD40 ligation during antigen presentation, or follow-
ing recognition of bacterial components by CD14 and toll-like
receptor (TLR) family members [3–8]. Early production of IL-12
from responding cells following exposure to bacteria or bacterial
products is vital for promoting cell-mediated immune responses
via evoking IFN-

 

g

 

 production from natural killer cells and T lym-
phocytes, and via skewing Th cell development towards the Th

 

1

 

phenotype [9–12]. In this manner, IL-12 is critical for elimination
of intracellular bacterial and parasitic infections by organisms

including 

 

Leishmania major

 

, 

 

Toxoplasma gondii

 

, and 

 

Mycobacte-
rium tuberculosis

 

, and may be key in elimination of some viral
infections [13–18].

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 differentially regulated. While expres-
sion of the p35 subunit is considered to be constitutive and occurs
in many cell types, expression of the inducible p40 subunit is
restricted to cell types capable of producing bioactive IL-12 p70
[19–21]. 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 [22–26]. As IL-12 p40 protein and mRNA closely par-
allel 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.

The human IL-12 p40 promoter contains at least 8 putative
transcription factor binding sites including C/EBP, NF-

 

k

 

B, PU.1,
Ets-2, AP-1, Sp1, NF-IL-6, and IRF-1 (Fig. 1a) [27]; however,
the relative contribution of each of these sites in promoter
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activation remains poorly understood. In the murine RAW
264·7 macrophage cell line, the C/EBP and NF-

 

k

 

B elements
exhibit a functional synergy in promoter activation [28]. The
presence of the NF-

 

k

 

B element in murine J774 cells, which is
known to bind NF-

 

k

 

B p50/p65 and p50/c-Rel heterodimers [29],
is essential for pathogen-induced promoter activation [30]. A
large multiprotein complex comprised of p50, c-Rel, ICSBP,
IRF-1, and Ets-2 proteins forms at the Ets-2 site in stimulated
murine RAW 264·7 macrophages [31,32], the inhibition of
which contributes to Fc receptor 

 

g

 

-mediated suppression of IL-
12 p40 expression [33]. While a requirement for ICSBP and
IRF-1 proteins in IL-12 production has been demonstrated in
knockout mice [34,35], and IRF-1 and ICSBP synergize to acti-
vate the IL-12 p40 promoter in the absence of intact NF-

 

k

 

B or
Ets-2 sites [36], the role of the IRF-1 DNA binding element in
promoter activation specifically has not been determined. In
addition, the contributions of the NF-IL-6, Sp1, and AP-1 sites
in p40 transcription have not been evaluated.

The immunodeficiency that occurs during HIV infection is
associated with a dramatic decline in cell-mediated immunity, in
parallel with impaired secretion of IL-12 [22,37]. This defect in IL-
12 production does not reflect a global deficiency in inflammatory
cytokine secretion by myeloid cells, as expression of TNF-

 

a

 

 and
IL-1

 

b

 

 is not reduced [37]. 

 

In vitro

 

, addition of IL-12 to PBMC
from HIV positive individuals partially restores proliferation and
IL-2 secretion in response to HIV envelope peptides, or to p24
antigen, and enhances NK cytotoxicity and HIV-specific CTL
lytic function [38–40]. Taken together these observations suggest
that the defect in cell-mediated immune responses following HIV
infection  may  be  somewhat  reversible,  and  that  IL-12  may
play a significant role in HIV-specific adaptive immune responses.
Examination of the mechanism(s) of HIV-mediated suppression
of IL-12 synthesis is therefore crucial for furthering our under-
standing of HIV immunopathogenesis.

Numerous agents inhibit IL-12 production by alteration of
binding of nuclear factors to the IL-12 p40 promoter [41–44],
and we have previously demonstrated that HIV infection
directly impairs the rate of transcription of the IL-12 p40 gene
[45]. The purpose of the current investigation is therefore to
thoroughly examine the effect of HIV on LPS-inducible DNA
binding activity of nuclear factors to each of the putative tran-
scription factor binding sites in the IL-12 p40 promoter in
HIV-infected THP-1 myeloid cells. As bacterial stimulation of
IL-12 is defective in HIV-infected myeloid cells independent of
IFN-

 

g

 

 priming [22], this report addresses the molecular mecha-
nism underlying this defect in LPS-induced IL-12 production
in HIV-infected myeloid cells without additional IFN-

 

g

 

 stimula-
tion. The effect of HIV infection on upstream LPS-induced
MAPK/SAPK activation was also determined to provide addi-
tional information regarding the molecular events following
HIV infection that may contribute to decreased expression of
IL-12 p40. Subsequent promoter mutagenesis analysis was per-
formed to investigate the functional significance of the affected
binding sites in p40 promoter activation. Taken together, the
results of this study present a comprehensive evaluation of key
nuclear factor binding sites involved in induction of the IL-12
p40 gene in response to LPS stimulation, and the impact of
HIV infection on these elements and on upstream LPS-
induced signalling mediators, and thus contributes to our
understanding of the molecular events contributing to HIV
pathogenesis.

 

METHODS

 

Virus propagation

 

The dual-tropic HIV-1 clinical isolate, cs204, was a gift from Dr F.
Diaz-Mitoma (Children’s Hospital of Eastern Ontario, Ottawa,
Canada) and is noncytopathic in THP-1 cells, with little to no
alteration in the growth rate or viability of infected THP-1 cell
cultures (unpublished observations). This virus isolate was prop-
agated in the THP-1 cell line (American Type Culture Collection;
Manassas, VA, USA) and TCID

 

50

 

 determinations were made for
the virus stock against THP-1 cells.

In vitro

 

 HIV infection

 

THP-1 cells were incubated with cell-free HIV-1 at a multiplicity
of infection of 0·002 for 6 h at 37

 

∞

 

C. Cells were washed with phos-
phate-buffered saline (PBS) and resuspended in RPMI-1640
medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 

 

m

 

g/ml streptomycin
(Gibco/Invitrogen; Burlington, Ontario, Canada). Cultures were
maintained for 7 days with replenishment of medium every 3–
4 days. This infection protocol results in 

 

>

 

90% suppression of
LPS-induced IL-12 p40 expression in THP-1 cells, with a repro-
ducible rate of infection of 80–90% as determined by flow cytom-
etry and immunofluorescence microscopy, as previously reported
[4].

 

Nuclear extract preparation

 

Mock- and HIV-infected THP-1 cells were cultured with
medium or 1 

 

m

 

g/ml LPS (

 

Salmonella enteriditidis

 

; Sigma;
Oakville, ON, USA) for 2 h prior to extraction of nuclear
DNA binding proteins. THP-1 cells were harvested and
washed with ice-cold PBS. Cell pellets were resuspended in
hypotonic lysis buffer (10 m

 

M

 

 HEPES, 1·5 m

 

M

 

 MgCl

 

2

 

, 10 m

 

M

 

KCl, pH 7·9) and cytoplasmic membranes were disrupted by
mechanical lysis. Nuclear DNA-binding protein was stripped
from pelleted nuclei by incubation in high-salt buffer (20 m

 

M

 

HEPES, 25% glycerol, 420 m

 

M

 

 KCl, 1·5 m

 

M

 

 MgCl

 

2

 

, 2 m

 

M

 

EDTA, pH 7·9), followed by addition of a neutralization buffer
(20 m

 

M

 

 HEPES, 25% glycerol, 0·2 m

 

M

 

 EDTA, pH 7·9). Each
buffer was supplemented with 2 

 

m

 

g/ml pepstatin A, 10 

 

m

 

g/ml
aprotonin, 2 

 

m

 

g/ml leupeptin, 0·5 m

 

M

 

 DTT, and 0·575 m

 

M

 

PMSF (Sigma) prior to use. Supernatants containing nuclear
DNA binding proteins were aliquoted and stored at 

 

-

 

80

 

∞

 

C
until use in DNA binding assays.

 

Electrophoretic mobility shift assays

 

To assess DNA binding activity in nuclear extracts against puta-
tive transcription factor binding sites in the human IL-12 p40 pro-
moter, 5 

 

m

 

g of nuclear extract from each treatment was incubated
in a reaction mixture (1 m

 

M

 

 Tris-HCl pH 7·9, 0·1 m

 

M

 

 EDTA,
4 m

 

M

 

 NaCl, 0·1 m

 

M

 

 

 

b

 

-mercaptoethanol, 0·4% glycerol, 1 m

 

M

 

DTT, 50 

 

m

 

g/ml poly dI·dC, 50 

 

m

 

g/ml BSA) containing a 

 

32

 

P-
labelled double-stranded oligonucleotide probe, representing one
of the individual nuclear factor binding sites. Oligonucleotide
probes used in electrophoretic mobility shift assays are listed in
(Table 1). Independent EMSA analysis of the PU.1 site was not
performed as the NF-

 

k

 

B oligonucleotide overlaps this element.
End-labelling of oligonucleotides with 

 

32

 

P-ATP was performed
with T4 polynucleotide kinase (Amersham) for 1 h at 37

 

∞

 

C in a
reaction mixture containing 50 m

 

M

 

 Tris-HCl pH 7·5, 10 m

 

M

 

MgCl

 

2

 

, 5 m

 

M

 

 DTT, and 50 

 

m

 

g/ml BSA.
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Subsequent supershift analyses were conducted to identify
specific proteins whose binding capability was altered by acute
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.
Specifically, nuclear extracts were combined with the NF-

 

k

 

B oligo
in the presence of NF-

 

k

 

B p50, p65, or c-Rel antibodies; with the
AP-1 oligo in the presence of c-Fos or c-Jun antibodies; or with
the Sp1 oligo and Sp1 or Sp3 antibodies. All antibodies were
purchased  from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA)
and were included in the EMSA/Supershift reaction mixtures at
20 

 

m

 

g/ml.

 

Western blotting of nuclear factors and signalling kinases

 

To examine the impact of HIV infection on myeloid cell
nuclear factor expression, mock- and HIV-infected THP-1 cells
(10

 

6

 

/ml) were stimulated with medium or LPS (1 

 

m

 

g/ml) for
1 h, washed twice in ice-cold PBS, and lysed in RIPA buffer
(50 m

 

M

 

 Tris-HCl pH 7·4, 1% NP-40, 0·25% sodium deoxycho-
late, 150 m

 

M

 

 NaCl, 1 m

 

M

 

 EDTA, 1 m

 

M

 

 PMSF, 1 

 

m

 

g/ml each
aprotonin, leupeptin, pepstatin A, 1 m

 

M

 

 Na

 

3

 

VO

 

4

 

, 1 m

 

M

 

 NaF).
Total cell lysates were stored at 

 

-

 

80

 

∞

 

C until further use. Fifty

 

m

 

g of cell lysate from each treatment were separated by SDS-
PAGE, transferred to PVDF membrane (Immobilon-P,
Millipore, Bedford, MA, USA), and blotted with primary anti-
bodies against NF-

 

k

 

B p50, p65, c-Rel, Sp3, or c-Jun (Santa
Cruz), or against Sp1, or c-Fos (Upstate Biotechnology, Lake
Placid, NY, USA) at concentrations ranging from 0·2 to 0·8 

 

m

 

g/
ml. Membranes were washed in TBST buffer (20 m

 

M

 

 Tris-HCl
pH 7·5, 500 m

 

M

 

 NaCl, 0·05% Tween-20) followed by incuba-
tion with secondary antibodies (

 

a

 

-mouse-HRP or 

 

a

 

-rabbit-
HRP; Bio-Rad Laboratories, Mississauga, Ontario, Canada) at
0·2 

 

m

 

g/ml for 1 h at room temperature. After washing, bound
antibodies were detected by chemiluminescence using Super-
signal West Pico Chemiluminescent Substrate (Pierce; Rock-
ford, IL, USA), and visualized by autoradiography. Following
exposure, membranes were stripped (TBST 

 

+

 

 0·7% 

 

b

 

-
mercaptoethanol) at 50

 

∞

 

C for 20 min, washed, and reprobed
with 

 

a

 

-PCNA antibody (Santa Cruz) to ensure uniform load-
ing of samples.

Similarly, the expression and phosphorylation status of MAP
kinases in mock- or HIV-infected THP-1 cells were monitored by
first blotting membranes with phospho-specific antibodies against
p38 MAPK (p38

 

a

 

), JNK 1 and 2 MAPK, ERK 1/2 MAPK, or
I

 

k

 

B

 

a

 

 (Santa Cruz) followed by stripping and reprobing with
antibodies against the native, unphosphorylated state of these
proteins (Santa Cruz).

 

Wild-type IL-12 p40 promoter/luciferase recombinant 
adenovirus construction

 

As THP-1 cells have proven to be difficult to transfect transiently
with larger plasmids, we have constructed recombinant adenovi-
ral vectors containing the wild-type IL-12 p40 promoter, or
mutants of this promoter at the NF-

 

k

 

B, AP-1 or Sp1 sites, to facil-
itate our investigation of the roles of these sites in promoter
activation. A 3·3- kb IL-12 p40 promoter-containing luciferase
reporter vector (3·3kb-luc) was a kind gift of Dr Giorgio Trinch-
ieri and Dr Xiaojing Ma. A 

 

XhoI

 

 restriction fragment encompass-
ing the entire IL-12 p40 promoter region was subcloned into the
smaller high-copy pGL3 basic luciferase vector (Promega; Mad-
dison, WI, USA). From this pGL3p40 vector, the entire promoter/
luciferase cassette was subcloned as a 

 

SalI

 

 fragment into the E1
region of pRP2159 resulting in formation of pKC2a shuttle
vector. Thus, pKC2a contains an Ad5 inverted terminal repeat,
packaging signal, IL-12 p40 promoter, luciferase cassette, poly-
adenylation sequence, and lox site. This shuttle plasmid was
cotransfected using Superfect (Qiagen Inc.; Mississauga, ON,
USA) along with the pBHGlox

 

D

 

E1, 3Cre adenoviral backbone
plasmid [46] into 293 cells. Following Cre-mediated recombina-
tion between loxP sites in the shuttle and adenoviral backbone
vector, E1/E3 deleted, replication-defective IL-12 p40 promoter/
luciferase-containing recombinant adenovirus was rescued and
purified by caesium chloride buoyant density centrifugation.

 

Promoter mutagenesis and recombinant adenovirus construction

 

From the pKC2a vector, a 1·4 kb 

 

SmaI

 

 restriction fragment con-
taining the proximal IL-12 p40 promoter region was subcloned
into a pUC19 vector to facilitate mutagenesis. Individual mutants
of the IL-12 p40 promoter construct at the NF-

 

k

 

B, AP-1, Ets-2,
and Sp1 sites were generated by site-directed mutagenesis using
the QuickChange Mutagenesis Kit (Stratagene; La Jolla, CA,
USA) according to manufacturers’ instructions. Mutants were
confirmed by sequencing and the 1·4 kb mutant IL-12 p40-
containing 

 

SmaI

 

 fragments were substituted back into the parent
pKC2a vector. The wild-type and mutant sequences are listed in
Fig. 1b. Following 

 

ClaI

 

 digestion of mutant IL-12 p40/luciferase
containing plasmids, fragments containing the entire IL-12 p40
mutant promoter/luciferase constructs were inserted into the
p

 

D

 

E1sp1a shuttle plasmid [47], and cotransformed with pRP2014
adenoviral vector backbone plasmid into the 

 

E. coli

 

 BJ5183
strain. Following homologous recombination between overlap-
ping portions of the shuttle and backbone vectors, recombinant
E1/E3-deleted IL-12 p40 mutant promoter/luciferase-containing
adenoviral genome plasmids were purified by alkaline lysis, and
transfected into 293 cells for packaging of replication-defective

 

Table 1.

 

Oligonucleotide probe sequences for EMSA analysis of nclear factor binding to the human IL-12 p40 promoter

Binding site Location in IL-12 p40 promoter Oligonucleotide sequence

C/EBP  

 

-

 

72/

 

-

 

80 5

 

¢

 

-TTG TTT TCA ATG TTG CAA CAA GT-3

 

¢

 

NF-

 

k

 

B  106/-115 5¢-AGG AAC TTC TTG AAA TTC CCC CAGAAGGTTTT-3¢
Ets-2 -208/-213 5¢-AAA GTC ATT TCC TCT TAG TTC ATTA-3¢
AP-1 -229/-235 5¢-TCC TTC CTT ATT CCC CAC CCA-3¢
Sp1 -345/-350 5¢-GTC TGA CCG CCC CTT GGC-3¢
NF-IL-6 -512/-520 5¢-GTA TGT TTC TGA AAT TAA TGT AGG-3¢
IRF-1 -719/-730 5¢-TGA GGG TAT TTC ACT TTC TGC TCC-3¢



332 K. A. Chambers et al.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 137:329–340

recombinant adenovirus particles, which were purified by caesium
chloride buoyant density centrifugation. All virus stock prepara-
tions were determined to have incorporated the desired promoter
constructs, and the titre of each vector was determined concur-
rently by plaque assay on 293 cells.

IL-12 p40 luciferase assays
THP-1 cells (2 ¥ 106/ml) were infected with recombinant adenovi-
rus vectors containing the wild-type or mutant IL-12 p40 pro-
moter/luciferase vectors (m.o.i. = 50), for 6 h at 37∞C prior to
washing with PBS and plating in RPMI + 10% FBS at 2 ¥ 106/ml.
After 24 h, THP-1 cells were stimulated with medium or LPS
(1 mg/ml) for an additional 48 h, determined in preliminary exper-
iments to be optimal for luciferase detection from the LPS-
stimulated wild-type promoter. Cells were lysed and assayed for
luciferase activity, using the Enhanced Firefly Luciferase Assay
Kit (BD Biosciences/Pharmingen; Mississauga, ON, Canada)
according to manufacturers’ instructions. Luciferase activity
among the different experimental conditions was normalized
according  to  the  total  protein  content  of  cellular  extracts,  and
the multiplicity of infection of each recombinant adenovirus
remained constant between assays.

RESULTS

Nuclear factor recruitment to the human IL-12 p40 
promoter in HIV-infected THP-1 Cells
Several putative transcription factor binding sites have been iden-
tified within the human and murine IL-12 p40 promoters, includ-
ing C/EBP, NF-kB, PU.1, Ets-2, AP-1, Sp1, NF-IL-6, and IRF-1,
yet the significance of each site in promoter activation is poorly
understood. Since inhibitors of IL-12 synthesis can act via targeted
disruption of nuclear factor binding to at least the NF-kB and Ets-
2 promoter elements [33,41–44], we have surveyed each of the
identified binding sites in the human IL-12 p40 promoter for alter-
ations 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, using 32P-labelled oligonucleotide
probes representing each of the individual putative transcription
factor binding sites represented in the human IL-12 p40 promoter.

As depicted in Fig. 2, THP-1 cells infected in vitro with HIV-
1 exhibited a decrease in the level of LPS-inducible binding of
nuclear factors to the NF-kB site within the IL-12 p40 promoter
relative to mock-infected LPS-stimulated controls (Fig. 2a left
panel, lane 2 versus lane 4). This decrease in nuclear factor bind-
ing to the NF-kB site was accompanied by a reduction in binding
of p50, p65, and c-Rel proteins (Fig. 2a right panel, lanes 3–5 ver-
sus lanes 8–10, respectively). By densitometry this corresponded
to a 57·07% decrease in p50, 36·72% decrease in p65, and 86·75%
decrease in c-Rel binding to the NF-kB site in LPS-stimulated,
HIV-infected THP-1 cells relative to mock-infected, LPS-
stimulated controls.

Similarly, HIV infection produced a minor decrease in LPS-
inducible nuclear protein binding to the Sp1 site (Fig. 2b, lane 2
versus 6, a 9·4% reduction by densitometry), with a concomitant
decrease in binding of Sp1 and Sp3 to this site. By densitometric
analysis, binding of Sp1 and Sp3 was reduced by 43·6% and
61·4%, respectively, in LPS-stimulated HIV-infected THP-1 cells,
compared to LPS-stimulated mock-infected controls. The effects
of HIV infection on nuclear factor binding at the AP-1 element in
THP-1 cells is more striking than the effects at the NF-kB and Sp1
sites. HIV infection reduced the overall level of complex binding
at this element (Fig. 2c, lane 2 versus lane 6), and additionally
reversed the effects of LPS on nuclear factor binding. Specifically,
the LPS-induced decrease in protein binding that occurs at the
AP-1 site in mock-infected cells (lane 2 versus lane 1) is not
observed in the presence of HIV infection (lane 6 versus lane 5),
in addition to the overall reduction in the level of nuclear factor
recruitment to the AP-1 site. Supershift analysis revealed reduced
LPS-induced binding of c-Fos, and c-Jun proteins following HIV
infection (44·1% and 32·4% reduction, lane 3 versus 7 and lane 4
versus 8, respectively) although their participation in binding to
the AP-1 site appears minimal. As with the NF-kB and Sp1 sites
which did not exhibit complete retardation in nuclear complex

Fig. 1. Proximal human IL-12 p40 promoter constructs. (a) Schematic representation of putative transcription factor binding sites and
their location within the proximal human IL-12 p40 promoter. Adapted from X. Ma et al. (1996) Temp. Journal of Experimental Medicine
183: 147–157. (b) Schematic representation of NF-kB, AP-1, and Sp1 IL-12 p40 promoter mutants in the context of a luciferase reporter
construct, relative to the wild-type promoter.

IRF-1 NF-IL6 Sp1 AP-1 Ets-2 PU.1 NF-kB C/EBP TATA

–730/–719 –520/–512 –350/–345 –235/–229 –213/–208 –126/–122 –115/–106 –80/–72 –28/–22

WT.. .............CCGCCC......CTTATTCC......TTTCCT......TTGAAATTCCCC.......

AP-1M...........CCGCCC......CTGACTTG.....TTTCCT.......TTGAAATTCCCC.........

Ets-2M...........CCGCCC......CTTATTCC......TTTCTT.......TTGAAATTCCCC.........

NF-kBM........CCGCCC......CTTATTCC......TTTCCT.......TTCCCATTCCCC.........

Sp1M.............AAGCCC......CTTATTCC.....TTTCCT.......TTGAAATTCCCC...........

Sp1 AP-1 Ets-2 NF-kB

Luciferase

(a)

(b)
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mobility by incubation with nuclear factor specific antibodies, it is
likely that additional factors interact with AP-1 site in addition to
the cognate AP-1 family binding proteins, which may be subject to
additional regulation by HIV infection. Binding of nuclear factor-
directed antibodies was specific, as supershifted complexes were
not observed using a control goat-IgG antibody (data not shown).

In contrast to the effects of HIV on nuclear factor binding
to the NF-kB, AP-1, and Sp1 elements of the IL-12 p40

promoter, acute HIV infection of THP-1 cells did not cause
alteration in protein binding to the C/EBP, Ets-2, IRF-1 or NF-
IL-6 (Fig. 3a–d, respectively). Together, these observations illus-
trate that the central NF-kB, AP-1 and Sp1 region (-350/-105
relative to the transcription start site) of the IL-12 p40 pro-
moter is a significant target of transcriptional inhibition of the
IL-12 p40 gene following acute HIV infection in the THP-1
myeloid cell line.

Fig. 2. Supershift analysis of nuclear factor binding to 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 mg/ml). Nuclear extracts were harvested and incubated
with 32P-labelled oligonucleotide probes containing transcription factor consensus sites for (a) NF-kB (b) Sp1 or (c) AP-1, in the presence
or absence of nuclear factor-specific antibodies as indicated. Images shown are representative of three independent experiments. Arrows
indicate the presence or absence of supershifted complexes.
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Functional significance of IL-12 p40 transcription factor 
binding sites in LPS-induced promoter activation
While numerous transcription factor binding sites have
been mapped in the human and murine IL-12 p40 promot-
ers by virtue of their consensus sequences, it is unclear
what the relative contribution of each individual site is to

the activation of the promoter. To determine whether sites
exhibiting alterations in nuclear factor binding following
HIV infection of myeloid cells are actually functional in
activation of the IL-12 p40 promoter by LPS, site-directed
mutagenesis of the NF-kB, AP-1, and Sp1 sites was
performed.

Fig. 3. HIV infection of THP-1 cells does not affect recruitment of nuclear factors to the C/EBP, Ets-2, IRF-1, or NF-IL-6 elements of the
IL-12 p40 promoter. THP-1 cells were mock- or HIV-infected, medium- or LPS-stimulated as in Fig. 3. Nuclear extracts were incubated
with 32P-labelled probes containing putative (a) C/EBP (b) Ets-2 (c) IRF-1 or (d) NF-IL-6 binding sites represented in the human IL-12
p40 promoter. Gels shown are representative of three independent trials.
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A 3·3 kb IL-12 p40 promoter construct (a kind gift of Dr Gior-
gio Trinchieri and Dr Xiaojing Ma) was subcloned into a pGL3
basic luciferase vector. Site-directed mutants of the individual
NF-kB (NF-kBm), AP-1 (AP-1m), or Sp1 (Sp1m) sites were gener-
ated, and are shown relative to the wild-type promoter sequence
in Fig. 1b. The wild-type and mutant IL-12 p40 promoter con-
structs were assembled into recombinant adenoviral vectors for
delivery to THP-1 cells. As demonstrated in Fig. 4, mutation of the
NF-kB or AP-1 elements reduced LPS-induced transcriptional
activation of the human IL-12 p40 promoter in THP-1 cells to the
level of the unstimulated wild-type promoter (Fig. 4a). In

addition, mutation of the Sp1 site completely inhibited transcrip-
tional activation of the IL-12 p40 promoter. By EMSA analysis
comparing nuclear factor binding to the mutant versus wild-type
oligonucleotides for each of the NF-kB, AP-1 and Sp1 sites, we
verified that each individual binding site mutation significantly
inhibited nuclear factor binding to the IL-12 p40 promoter
(Fig. 4b). This complete absence of luciferase activity in THP-1
cultures infected with the Sp1 mutant IL-12 p40 promoter recom-
binant adenovirus is not due to a failure to package recombinant
IL-12 p40 promoter/luciferase containing genomes into adenovi-
rus particles (data not shown). These results confirm that each of
the sites within the human IL-12 p40 promoter which were
affected by acute HIV infection of myeloid cells are vital for LPS-
induced activation of the IL-12 p40 promoter, highlighting the sig-
nificance of these sites as targets of modulation of IL-12 p40
expression by HIV.

Effect of HIV infection on nuclear factor expression 
in myeloid cells
Following our observation that acute HIV infection altered bind-
ing of numerous nuclear factors to the NF-kB, AP-1 and Sp1 sites
in THP-1 cells, we examined the impact of HIV infection on over-
all 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 after 7 days in culture, and levels of
nuclear factor expression were determined by Western Blotting.
HIV infection showed no effect on NF-kB p50 or c-Rel expres-
sion, although p65 expression was decreased relative to the mock-
infected control (Fig. 5a), potentially contributing to the reduced
p65 binding at the NF-kB site observed in Fig. 2. By densitometric
analysis of Western Blots, this represented a 75·8% (± 20·4%)
decrease in steady-state levels of p65 protein in HIV infected
unstimulated cells (lane 3 versus lane 1), and a 76·9% (± 3·8%)
decrease in p65 expression in LPS-stimulated, HIV-infected THP-
1 cells relative to LPS-stimulated mock-infected THP-1 (lane 4
versus lane 2). The overall cellular expression of the Sp1 family
proteins Sp1 and Sp3, as well as the AP-1 proteins c-Fos and c-Jun
were also unaffected by HIV infection of THP-1 cells (Figs 5b,c,
respectively). These data suggest that with exception reduced p65
expression, 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 acute HIV infection of myeloid
cells (Fig. 2).

Inhibition of activation of NF-kB 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, culminat-
ing in activation of NF-kB via IkBa phosphorylation and degra-
dation, and activation of p38, JNK and ERK MAP kinases and
their downstream transcription factor substrates [48]. Since alter-
ations 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, we next addressed the impact of
HIV infection on LPS-induced MAP kinase and NF-kB activa-
tion by Western Blotting with antibodies against MAP kinases
and IkBa in their native and phosphorylated states.

As shown in Fig. 6a, acute HIV infection of THP-1 cells
resulted in diminished levels of JNK MAP kinase in HIV-infected
versus mock-infected THP-1 cells (unstimulated cells

Fig. 4. The NF-kB, AP-1, and Sp1 elements of the human IL-12 p40 pro-
moter are required for LPS-induced promoter activation. Recombinant
adenoviral vectors containing a wild-type IL-12 p40 promoter, or a pro-
moter containing mutations of the NF-kB (NF-kBm), AP-1 (AP-1 m), or
Sp1 (Sp1m) 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 mg/ml) for 48 h prior to lysis and quantification of
luciferase activity. (a) This graph compares luciferase activity in THP-1
cells infected with adenovirus carrying the wild-type IL-12 p40 promoter
or NF-kBm, AP-1 m, or Sp1m mutant promoters. Bars represent mean±stan-
dard 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. Raw
luciferase activity is reported as RLU (relative light units) and was nor-
malized between samples according to total protein content of cellular
extracts. (b) EMSA analysis of oligonucleotides representing mutated ver-
sus wild-type NF-kB, AP-1 and Sp1 binding sites, confirming ablation of
LPS-induced nuclear factor binding by site-directed mutagenesis at these
sites.

70000

60000

50000

40000

30000

20000

10000

0
Wild-
Type

Wild-
Type

NF-k Bm AP-1m Sp1m

– + + + + LPS

IL-12 p40 Promoter construct

Lu
ci

fe
ra

se
 a

ct
iv

ty
 (

R
LU

)

W
ild

-ty
pe

M
ut

an
t

W
ild

-ty
pe

M
ut

an
t

W
ild

-ty
pe

M
ut

an
t

NF-kB AP-1 Sp1

(a)

(b)

*



336 K. A. Chambers et al.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 137:329–340

58·6% ± 21·98%, lane 3 versus lane 1; LPS-stimulated
51·5% ± 4·7%,  lane  4  versus  lane  2),  and  a  similar  reduction
in  phosphorylated  JNK  in  LPS-stimulated  HIV  infected
THP-1 compared to LPS-stimulated mock-infected THP-1
(48·9% ± 21·3%, lane 4 versus lane 2). In addition, LPS-induced
phosphorylation of p38 MAPK was also suppressed by 73·5%
(± 15·8%) in HIV-infected THP-1 cells, without an alteration in
p38 MAPK expression (Fig. 6b, lane 4 versus lane 2). While phos-
phorylation and expression of ERK 1/2 MAPK was unaffected by
HIV infection, phosphorylation and degradation of IkBa and
therefore, NF-kB activation, was impaired in LPS-stimulated
HIV-infected THP-1 cells (Figs 6c,d, respectively). Specifically,
LPS-induced phosphorylation of IkBa was reduced by 59·1%
(± 15·7%, lane 4 versus lane 2) following HIV infection. While
steady-state levels of IkBa protein was unaffected by HIV infec-
tion, we observed a significant increase in cellular IkBa in LPS-
stimulated HIV-infected THP-1 cells compared to mock-infected
controls (lane 4 versus lane 2), indicative of impaired phosphory-
lation-induced degradation of IkBa in HIV-infected THP-1 cells.

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 NF-kB
activation via inhibition of IkBa degradation. Overall, these LPS
signalling defects likely contribute to the reported observations of
altered nuclear factor binding following acute HIV infection.

DISCUSSION

Given its role in cellular immunity, understanding molecular
aspects of IL-12 regulation is of paramount importance in under-
standing HIV immunopathogenesis. Previous investigations have
demonstrated that suppression of IL-12 p40 by HIV infection of
monocytic cells requires active cellular infection and occurs at
least in part at the level of transcription of the IL-12 p40 gene [45].
In this report we show that acute HIV infection of myeloid cells
impairs nuclear factor binding to the central NF-kB/AP-1/Sp1
region of the human IL-12 p40 promoter, and reversed the effects
of activation by LPS on nuclear factor binding to the AP-1 site.

Fig. 5. Effect of acute HIV infection on nuclear factor expression in THP-1. THP-1 cells were mock- or HIV-infected and after 7 days,
stimulated with medium or LPS (1 mg/ml) as in Fig. 3. Fifty mg of whole-cell lysate were electrophoretically separated by SDS-PAGE,
transferred to PVDF membrane and blotted with antibodies against (a) NF-kB p50, p65, and c-Rel proteins; (b) Sp1 and Sp3; (c) c-Fos
and 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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The observed changes in nuclear factor binding may be a conse-
quence of impaired LPS-induced activation of p38 and JNK MAP
kinases, or interference with NF-kB activation.

EMSA analysis of THP-1 cells revealed decreases in nuclear
factor binding to the NF-kB, Sp1, and AP-1 elements of the IL-12
p40 promoter following LPS stimulation of HIV infected cells. In
addition to reducing the overall level of protein binding to the
AP-1 site, HIV infection reversed the effects of LPS stimulation
on nuclear factor binding to this element. LPS-inducible nuclear
factor binding to the C/EBP, Ets-2, NF-IL-6 and IRF-1 sites of the
IL-12 p40 promoter was unaffected by HIV infection. Recruit-
ment of nuclear proteins to their cognate NF-kB, Sp1 and AP-1
binding sites was marginally impaired by HIV infection, indicat-
ing that other as yet undefined nuclear proteins likely bind to
these elements and may participate in HIV-mediated suppression
of LPS-induced IL-12 p40 promoter activation at these sites.
Altered binding of these specific factors could not be explained by
altered expression, with the exception of a decrease in intracellu-
lar p65 protein levels in HIV-infected THP-1 cells. Each of the
NF-kB, AP-1, and Sp1 elements seem to be indispensable for pro-
moter activation as illustrated by the mutagenesis experiments.

Numerous reports have demonstrated that pharmacological
inhibitors of IL-12 synthesis including ASA, 1,25-dihydroxyvita-
min D3, VIP and PACAP act via targeted disruption of nuclear
complex formation at the NF-kB site [41,43,44]. For the first time
our group has demonstrated the involvement of the NF-kB, AP-1,

or Sp1 elements of the IL-12 p40 promoter in HIV-mediated sup-
pression of IL-12 expression. Of additional interest is the obser-
vation that in mock-infected THP-1 cells, LPS reduces nuclear
factor binding to the AP-1 site, indicating that c-Fos, c-Jun, or
other AP-1 binding proteins may function in an inhibitory manner
directly or indirectly via recruitment of inhibitory factors in
unstimulated cells, maintaining an inactive promoter. The nature
of such factors, or whether this represents cooperation between
these elements and the recently identified GA-12 repressor ele-
ment at position -155 in the IL-12 p40 promoter remains to be
determined [49]. While there little current literature evaluating
the role of the AP-1 binding site in human IL-12 p40 expression or
describing specific proteins which may bind this element, c-fos–/–
mice have an enhanced capacity for IL-12 expression [50], indi-
cating that the AP-1 site or AP-1 family members may negatively
regulate IL-12 p40 transcription. The presence of the AP-1 ele-
ment may be required for promoter activation via interaction
with factors binding to adjacent sites, but may also confer a reg-
ulatory mechanism for IL-12 p40 transcription by recruitment of
negative regulatory factors, which are released following LPS
stimulation.

Despite the decrease in nuclear factor binding to the NF-kB
and  Sp1  elements  in  HV-infected  THP-1  cells,  residual  binding
of nuclear complexes to these promoter elements may reflect
recruitment of inhibitory factors to the endogenous promoter, or
may reflect promoter occupancy by transcriptionally inactive or

Fig. 6. Effect of acute HIV infection on MAP kinase and IkBa expression and activation in THP-1 Cells. THP-1 cells were mock- or HIV-
infected and after 7 days, stimulated with medium or LPS (1 mg/ml) for 1 h prior to whole-cell lysis. Fifty mg of whole-cell lysate were
electrophoretically separated, transferred to PVDF membrane and blotted with antibodies against (a) JNK MAP kinase (b) p38 MAP
kinase (c) ERK 1/2 MAP kinase or (d) IkBa proteins. After chemiluminescent detection and autoradiography, membranes were stripped
and reprobed with phospho-specific antibodies as indicated. Images shown are representative of 3 independent experiments.
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improperly modified NF-kB and Sp1 proteins. These observations
may be 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 [51].
Several studies have illustrated that the transcriptional transacti-
vation capacity of NF-kB proteins can be impaired without effects
on nuclear translocation or DNA binding [52,53]. In addition, the
Sp1 family member Sp3 has been shown to repress promoter acti-
vation by Sp1 and numerous other transcriptional activators [54].
In HIV-infected THP-1 cells, it remains to be determined whether
the remaining Sp3 protein associating with the promoter
represses transcriptional activation mediated by Sp1 or other
adjacent nuclear factors.

HIV infection of THP-1 cells suppressed LPS-induced phos-
phorylation of JNK and p38 MAPK. In addition, phosphorylation
and degradation of IkBa in response to LPS stimulation was
impaired in HIV-infected THP-1, consistent with the observed
decrease in nuclear factor binding to the NF-kB site. As these
kinases or signalling mediators contribute to regulation of activa-
tion and function of NF-kB, AP-1, and Sp1 family members
[55,56], and NF-kB and p38 MAP kinase have been strongly
linked to IL-12 induction [48,57], 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 medi-
ators. The exact molecular targets of HIV in the LPS-mediated
NF-kB and MAPK activation cascade remain to be identified. As
HIV Tat and Nef proteins reportedly alter MAPK activation in
several nonmyeloid systems [58–60], modulation of host-cell tran-
scriptional machinery via aberrant MAPK activation is a highly
plausible mode of suppression of IL-12 p40 expression in HIV-
infected myeloid cells.

Recent reports have demonstrated that a nucleosome, posi-
tioned over the NF-kB element in the murine IL-12 p40 pro-
moter, spanning the Sp1, AP-1 and Ets-2 sites in the human
promoter, is selectively remodeled following LPS/IFN-g stimula-
tion, allowing access of nuclear factors to chromatin and
subsequent promoter activation [61]. Regulation of chromatin
structure in the central portion of the IL-12 p40 promoter may
contribute to the transcriptional deregulation of this gene, and
may add another level of regulation of host cell genes in general
by HIV. Although the binding alterations at each of the NF-kB,
AP-1 and Sp1 sites reported here may not be dramatic individu-
ally, the sum total of these changes in the context of the endoge-
nous promoter with the potential additional effects on
cooperation between neighbouring sites and recruitment of tran-
scription cofactors, may have a significant impact on transcrip-
tional activation of the IL-12 p40 promoter.

For the first time, our group has demonstrated the effects of
acute HIV infection on molecular regulation of the human IL-12
p40 promoter, which may occur via inhibition of IkBa degrada-
tion and p38 and JNK MAP kinase activation in myeloid cells.
This is also the first demonstration that in addition to the NF-kB
IL-12 p40 promoter element, the AP-1 and Sp1 sites are integral
for LPS-induced transcription and are a targets of regulation of
IL-12 p40 expression. These findings make a significant contribu-
tion to our understanding of the impact of the HIV virus on
molecular control of a key immunoregulatory cytokine. Elucida-
tion of interactions of HIV proteins with host cell signalling
machinery, and a more in-depth analysis of nuclear factor binding
to and cooperation among these sites, will help pinpoint the

intracellular molecular mechanism of suppression of IL-12 by
HIV. This, in turn will further our understanding of HIV patho-
genesis, and open the door to possible new therapeutic
approaches for managing the impact of HIV infection on the host
immune response.
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