JOURNAL OF VIROLOGY, Dec. 2001, p. 11408-11416
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.23.11408-11416.2001

Vol. 75, No. 23

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

NF-kB cis-Acting Motifs of the Human Immunodeficiency Virus

(HIV) Long Terminal Repeat Regulate HIV Transcription
in Human Macrophages

SUSANA ASIN,l GARY D. BREN,1 EVA M. CARMONA,l NANCIE J. SOLAN,1
AND CARLOS V. PAYALZ3*

Department of Immunology" and Divisions of Infectious Diseases* and Experimental Pathology,?
Mayo Clinic, Rochester, Minnesota 55905

Received 29 January 2001/Accepted 3 August 2001

The role of NF-kB in the reactivation of human immunodeficiency virus (HIV) from latency in CD4 T
lymphocytes is well documented. However, its role in driving HIV transcription in human macrophages, which
contain a constitutive nuclear pool of NF-kB, is less well understood. In this study we have investigated the role
that the constitutive pool of NF-kB and the NF-kB cis-acting motifs of the HIV long terminal repeat (LTR) play
in regulating HIV transcription in human monocytic cells and primary macrophages. Inhibition of the
constitutive nuclear pool of NF-kB (RelA and RelB) in the promonocytic U937 cell line using dominant-
negative IkBa significantly decreases HIV replication. Moreover, it is demonstrated that in the differentiated
monocytic cell line THP1, which contains a constitutive nuclear pool of NF-kB (RelB),an HIV provirus
containing mutations of the kB cis-acting sites in the LTR is transcriptionally impaired. Reduction of the
constitutive pool of NF-kB in human macrophages by an adenovirus vector expressing a dominant-negative
IkBa also reduces HIV transcription. Lastly, mutation of the NF-kB cis-acting sites in the LTR of an RS HIV
provirus completely abrogates the first cycle of HIV transcription. These studies indicate that the cis-acting
NF-kB motifs of the HIV LTR are critical in initiating HIV transcription in human macrophages and suggest

that the constitutive nuclear pool of NF-kB is important in regulating HIV transcription in these cells.

Tissue macrophages are important targets of human immu-
nodeficiency virus (HIV) (18, 19, 26). The ability of HIV to
infect and replicate in these nondividing cells significantly con-
tributes to the pathogenesis of AIDS. Since the viral cytopathic
effects in this cell population appear to be minimal, the in-
fected macrophage behaves as a major viral reservoir facilitat-
ing persistent HIV replication, spreading virus via cell-to cell-
contact, and hence accelerating disease progression (30). How
HIV transcription is regulated in macrophages is less well
understood. At least two differences are noted between resting
CD4 T cells and differentiated macrophages. Macrophages do
not die upon HIV infection, and they have a preexisting pool
of transcription factors that may allow HIV to undergo con-
tinuous gene transcription in collaboration with HIV regula-
tory proteins such as HIV Tat. In CD4 T cells, in contrast, HIV
transcription is dependent on extracellular stimuli that lead to
the translocation of transcription factors to the nuclei. This
triggers HIV transcription and reactivation from latency, and
ultimately cell death (reviewed in references 12 and 38).

HIV replication is tightly regulated at the transcriptional
level through the specific interaction of viral regulatory pro-
teins, namely, Tat and cellular transcription factors binding to
a variety of cis-acting DNA sequences in the HIV long termi-
nal repeat (LTR) (reviewed in reference 9.) One of the main
mediators of HIV LTR transcription is NF-kB (31). NF-kB,
which is an inducible transcription factor in CD4 T cells, is
composed of homo- or heterodimers of Rel family proteins
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(reviewed in references 23 and 42). All of the NF-«kB proteins
contain an N-terminal Rel homology domain, which mediates
DNA binding, dimerization, and interaction with the inhibitory
proteins, or IkBs. In addition, c-Rel, RelA, and RelB contain
a C-terminal transactivation domain (reviewed in references 23
and 42). The classical NF-kB complex (p50/RelA) is seques-
tered in the cytoplasm by interaction with a family of inhibitory
proteins, or IkBs, including IkBa, IkB, IkBe, IkBvy, and the
proto-oncogene Bcl-3 (4, 5), of which IkBa is the best-charac-
terized inhibitor. Following cell activation by a variety of ex-
tracellular stimuli, IkBa is phosphorylated at the N-terminal
residues S32 and S36 by the IkB kinase (IKK) complex, leading
to ubiquitination and subsequent proteasome-mediated degra-
dation (reviewed in reference 22), which allows NF-«B to
translocate to the nucleus, where it activates gene expression.
In addition to the classic inducible pool of NF-kB (p50/RelA),
constitutive nuclear localization of other NF-kB heterodimers
is observed in several cell populations in the absence of acti-
vating stimuli. c-Rel is present mainly in the nuclei of B and T
lymphocytes (24), while constitutive RelB nuclear localization
has been detected in murine dendritic cells (6), mature human
dendritic cells, and differentiated human macrophages (32). In
contrast to the well-characterized mechanisms regulating the
inducible pool of NF-kB, the molecular mechanism regulating
the constitutive NF-kB pool, especially that of RelB, remains
ill defined.

Since the identification of NF-«kB elements in the HIV LTR
(31), multiple studies have addressed the dispensability of this
family of transcription factors in the transcriptional regulation
of the HIV LTR in T cells and its impact on HIV reactivation
from latency (7, 8, 13-15, 17, 27, 35, 36, 39, 45, 46). Differences
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in the type of T cell studied, HIV-driven reporter constructs,
viral stocks, and methodological approaches have yielded con-
flicting results. In general, in transformed CD4 T-cell lines, the
HIV LTR kB sites are dispensable for viral replication (27),
but they are relevant in regulating HIV transcription in pri-
mary T cells (1, 7). Study of the interaction between NF-«B
and HIV in both human monocytic cells and transformed hu-
man macrophages has mainly focused on how monocyte dif-
ferentiation may lead to HIV expression (20, 37, 41) and how
HIV infection leads to NF-«kB activation. In the promonocytic
cell line U937, HIV activates the inducible pool of NF-kB (3,
21, 40, 43) as a result of enhanced IkBa degradation (10, 29)
that is believed to be secondary to IKK activation (2). How-
ever, differentiated macrophages already have a constitutive
pool of NF-«kB in their nuclei. Therefore, apart from the HIV
induction of NF-kB, it is unclear what role, if any, the preex-
isting pool of NF-kB or the NF-k B cis-acting motifs play in
regulating HIV transcription.

In this study, we have analyzed HIV transcription in mono-
cytes and human macrophages expressing a constitutive nu-
clear pool of NF-kB. We have determined that the cis-acting
motifs present in the HIV LTR are indispensable for the first
cycle of HIV transcription in these primary cells.

MATERIALS AND METHODS

Antibodies. Expression of RelA and RelB was detected with rabbit polyclonal
specific antibodies (Santa Cruz Biotechnology, Santa Cruz, Calif.). Rabbit poly-
clonal anti p50/p105 and anti p52/p100 antibodies were generated with N-termi-
nal peptides of p105 and p100, respectively. The gp120 envelope protein of
T-tropic clones was detected with an anti-gp120 polyclonal antibody (Center for
Biologics Evaluation and Research, U.S. Food and Drug Administration, Be-
thesda, Md.). The gp120 envelope protein of M-tropic clones was detected with
serum from an HIV-infected patient (AIDS Research and Reference Reagent
Repository, Rockville, Md.).

Plasmids. cDNAs encoding human RelB, RelA, p50, and p52 were cloned into
the pcDNA3 vector (Invitrogen, Carlsbad, Calif.). The HIV LTR-luciferase
reporter plasmid has been described previously (34). HIV LTRAkB-luciferase
contains the AkB mutation described previously (1). The TK-Renilla-luciferase
plasmid contains cDNA encoding Renilla luciferase under the control of an
upstream herpes simplex virus thymidine kinase (TK) promoter (Promega, Mad-
ison, Wis.).

Cells and cell lines. The U937 promonocytic cell line was purchased from the
American Type Culture Collection (ATCC) and grown in RPMI 1640 supple-
mented with 5% heat-inactivated fetal bovine serum (FBS; Intergen, Purchase,
N.Y.), 2 mM glutamine, 100 U of penicillin/ml, and 100 pg of streptomycin/ml.
The generation and characterization of the spleen focus-forming virus (SFFV)-
and IkBa-expressing U937 cell lines have been described previously (2). The
THP1 monocytic cell line was obtained from ATCC and grown in RPMI 1640
supplemented with 10% heat inactivated FBS. Jurkat cells were obtained from
ATCC and cultured in RPMI supplemented with 10% heat-inactivated FBS
(Intergen), 100 U of penicillin/ml and 100 pg of streptomycin/ml, and glutamine
(2 mM).

The chronically HIV type 1 (HIV-1) infected cell line ACH2 was obtained
from the AIDS Research and Reference Reagent Repository and grown in
RPMI 1640 supplemented with 10% heat-inactivated FBS.

Human monocyte-derived macrophages (MDM) were obtained from periph-
eral blood mononuclear cells from buffy coats of healthy volunteers by Ficoll-
Hypaque density gradient centrifugation. A total of 40 X 10° peripheral blood
mononuclear cells were incubated horizontally in RPMI plus 10% human AB
serum for 5 days in T25 flasks. Thereafter, nonadherent cells were removed, and
adherent cells were maintained in 10% FBS until the moment of HIV infection.
In experiments using adenovirus, MDM were purified by negative depletion
using magnetic beads (Stem Cell Inc., Vancouver, British Columbia, Canada).
Monocyte purity was assessed by flow cytometry using an anti-CD14 antibody
and was higher than 80%. The human embryonic kidney cell lines 293T and 293A
were generously provided by Richard Bram and Robert Simari (Mayo Clinic,
Rochester, Minn.) and grown in Dulbecco’s modified Eagle medium supple-
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mented with 10% heat inactivated FBS, 2 mM glutamine, 100 U of penicillin/ml,
and 100 pg of streptomycin/ml.

Nuclear and cytosolic extracts, electrophoretic mobility shift assay, and im-
munoblotting. Nuclear and cytosolic extracts from U937 cells, THP1 cells, and
peripheral blood lymphocytes were prepared by a modification of the method of
Dignam et al. (11) as previously described (29). Nuclear and cytosolic extracts
from MDM were obtained by gentle scraping of the cells in ice-cold-phosphate-
buffered saline containing 0.5 mM EDTA. Cells were then washed with buffer A
(10 mM HEPES [pH 7.9], 1.5 mM MgCl,, 10 mM KCI) and subsequently lysed
for 10 min on ice in buffer A supplemented with 0.1% Nonidet P-40, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and aprotinin, leupeptin,
and pepstatin (all at 2 ug/ml). After centrifugation, cells were washed three times
in buffer A. Nuclei were pelleted by centrifugation, and proteins were extracted
by resuspension in buffer C (20 mM HEPES, 25% glycerol, 0.42 M NaCl, 1.5 mM
MgCl, 0.2 mM [each] EDTA, dithiothreitol, phenylmethylsulfonyl fluoride,
aprotinin, leupeptin, and pepstatin) at 4°C for 1 h. After centrifugation the
supernatants were collected and stored at —70°C or used immediately. Electro-
mobility shift assays were performed as described previously (29). Double
stranded oligonucleotide DNA probes were made by annealing sense and anti-
sense oligonucleotides corresponding to the wild-type consensus sequences for
NF-kB present in the HIV LTR (5'-AGTTGAGGGGACTTTCCCAGGC-3')
and NFAT (5'-CGCCCAAAGAGGAAAATTTGTTTCATA-3"). DNA probes
with mutated binding sites were made corresponding to the sequences NF-kB
mut (5-AGTTGAGGCGACTTTCCCAGG-3') and NFAT mut (5'-CGCCCA
AAGCTT AAAATTTGTTTCATA-3") (with mutated nucleotides italicized).

To characterize the level of expression of the Rel family members in unin-
fected cells, 20 pg of cytosolic and 10 ug of nuclear proteins were analyzed by
sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis. Proteins were
transferred to Immobilon-P membranes (Millipore, Bedford, Mass.) by standard
procedures and blotted with polyclonal antibodies followed by incubation with
horseradish peroxidase (Amersham, Little Chalfont, Buckinghamshire, En-
gland). Immunoreactive proteins were detected with an ECL Western blotting
detection kit (Amersham).

Molecular clones of HIV. Molecular clones HXB-wt and HXB-A-kB were a
generous gift from David Baltimore (California Institute of Technology, Pasa-
dena, Calif.) and were derived from molecular clone HXB-2D in proviral vector
R7. The HXB-A-kB provirus was obtained by replacing the Xhol-Sacl fragment
containing the 3" HIV-1 LTR in proviral clone R7 with a kB mutant LTR from
proviral clone BHS (7).

Macrophage-tropic viruses were derived from molecular clone pAD, kindly
provided by Keith Peden (Division of Viral Products, Office of Vaccine Research
and Review, Center for Biologics Evaluation and Research). To create pAD
AkB, site-directed mutagenesis was performed by amplifying a 3-kb fragment
encompassing the 3" LTR region and subcloning the kB mutant LTR into the
wild-type (wt) LTR via Stul and BamHI sites present in the 3’ end of the proviral
sequence. The mutations were created with the sense primer 5'-TTTCTACTT
TAAACTTTCCGCTTTAAACTTTCC-3' and the antisense primer 5'-GGAA
AGTTTAAAGCGGAAAGTTTAAAGTAGAA-3'. LTR mutations were con-
firmed by DNA sequencing.

Stocks of wt and mutant HIV strains were generated by transfecting 10 pg of
linear viral DNA into 293T cells growing in 180-mm dishes using FuGENEG6
(Roche Diagnostics Corporation, Indianapolis, Ind.). Culture supernatants from
transfected cells were collected 48 h after transfection and clarified by low-speed
centrifugation. The virus was then pelleted by ultracentrifugation through a
cushion of sucrose buffer (20% sucrose, 20 mM Tris [pH 7.4], 100 mM NaCl) and
resuspended in ice-cold RPMI with 10% FBS. The concentrated virus was fil-
tered through a 0.2-pm-pore-size-filter and used immediately or kept frozen at
—70°C until further use. To eliminate HIV proviral DNA contamination, viral
stocks were treated with 10 U of RNase-free DNase per ml and 10 mM MgCl,
for 30 min at room temperature. Viral stocks were quantitated by p24 enzyme-
linked immunosorbent assay (Coulter-Immunotech Immunology, Westbrook,
Maine) to normalize all infections to equivalent viral input.

HIV infection. U937 cells expressing Flag-IkBa-2N and empty vector (SFFV)
U937 control cells were infected with HIV-1; oy o4, Wwhich was obtained through
the AIDS Research and Reference Reagent Program, National Institutes of
Health, from Malcolm Martin. Briefly, 107 exponentially growing U937 cells
were sedimented by low-speed centrifugation and resuspended overnight in 10
ml of supernatant containing 360 ng of HIV-1; v, o4 p24 per ml. After 24 h, cells
were extensively (six times) washed and then cultured in normal medium. For
experiments addressing the first cycle of HIV replication, 107 THP1 cells were
incubated with 10 ml of supernatant containing 1 pg of HIV HXB-2D p24 per
ml, and MDM were cultured with 3 ml of supernatant containing 5 pg of HIV
p24. After 2 h of incubation, both cell types were extensively washed and cultured
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in normal medium until the moment of genomic DNA or RNA extraction.
Mock-infected cells were used as a control.

Detection of HIV proviral DNA. HIV DNA was detected by PCR amplification
from genomic DNA isolated from THP1 cells and MDM (Puregene DNA iso-
lation kit; Gentra Systems, Minneapolis, Minn.). Briefly, 1 X 10° to 2 X 10°
THP1 cells or 5 X 10° to 10 X 10° MDM were lysed with an anionic detergent
in the presence of a DNA stabilizer. Contaminating RNA was removed by
RNase digestion at 37°C for 30 min. Contaminating proteins were eliminated by
salt precipitation. Thereafter, total genomic DNA was precipitated and resus-
pended in 20 to 30 wl of Puregene Hydration Solution (Gentra Systems). HIV
DNA was amplified using the LTR sense primer (5'-GGCTAACTAGGGAAC
CCACTG-3') and the Gag antisense primer (5'-TAATACTGACGCTCTCGC
ACC-3"). The LTR and Gag primers should form a 318-bp fragment following
PCR amplification. HIV DNA was quantitated by comparison with a standard
curve generated by serial dilutions of genomic DNA extracted from ACH2 cells.
The human B-actin gene was amplified with the sense primer 5'-ATGGCCAC
GGCTGCTTCCAGC-3' and the antisense primer 5’CATGGTGGTGCCGC
CAGACAG-3' in order to control for the integrity of cellular DNA. Amplified
products were visualized by electrophoresis in a 3% agarose gel.

Detection of integrated DNA. To detect HIV DNA integrated into the host cell
chromosome, genomic DNA was extracted and amplified by PCR using the Alu
sense primer (5'-GCCTCCCAAAGTGCTGGGATTA-3") and the Gag anti-
sense primer described above. PCR amplification products were extracted with
phenol-chloroform and subsequently digested with Aval and Avall restriction
enzymes (Roche Diagnostics Corporation). Digested products were separated by
electrophoresis in a 3% agarose gel, transferred overnight onto nylon transfer
membranes (Nitran, Keene, N.H.), and hybridized with a y->’P-labeled HIV
probe encompassing the sequence 5'-AGAGATTTTCCACACTGACTA-3' in
the US region of the HIV LTR. HIV DNA products were visualized by autora-
diography. ACH2 cells containing 1 copy of integrated viral DNA per cell were
used as a control.

Analysis of HIV RNA. The first cycle of HIV transcription was detected by
reverse transcription-PCR using oligonucleotide primers complementary to the
flanking region of the common splice donor and acceptor sites of the env, tat, and
rev genes. A 5-ul volume of total RNA extracted from an equivalent number of
uninfected and HIV-infected cells was reverse transcribed with 20 U of avian
myeloblastosis virus reverse transcriptase (Roche Diagnostics Corporation).
Thereafter, 10 wl of this reaction product was subjected to PCR with the sense
primer M669 (5'-GTGTGCCCGTCTGTTGTGTGACTCTGGTAAC-3', nucle-
otides 558 to 588) and the antisense primer LA23 (5'-GCCTATTCTGCTATG
TCGACACCC-3', nucleotides 5815 to 5792) of the HXB-2D molecular clone of
HIV. The M669 and LA23 primers yield a 214-bp product from spliced RNAs.
In experiments using cDNA from MDM, amplification products were resolved in
a 3% agarose gel, transferred overnight onto Nitran nylon transfer membranes,
and hybridized with a 3>P-labeled HIV probe encompassing the US region of the
HIV LTR. The early transcripts were visualized by autoradiography. ACH2 cells
and THP1 cells chronically infected with HIV HXB-wt and AxB were used as
controls.

Adenovirus infection. Recombinant replication-deficient adenoviral vectors
encoding alkaline phosphatase (AD5AP) or the superrepressor of NF-«B activity
IkBaSer32-36 (AD5IkBaSer32-36) were generously provided by Robert Simari
(Mayo Clinic). Viruses were propagated in 293A cells and were purified by
ultracentrifugation through two cesium chloride gradients. For experiments ad-
dressing the inhibition of NF-kB proteins, 5-day-old MDM (4 X 10° cells per
flask) were infected with AD5AP or ADS5IkBaSer32-36 at a multiplicity of
infection of 100 in 300 pl of RPMI-1% FBS. After 2 h, cells were overlaid with
RPMI containing 10% FBS and kept at 37°C until the moment of HIV infection.
Uninfected cells were used as a control. The efficiency of adenovirus infection
was evaluated in cells growing in 6-well plates (10° cells per well) 2 days after
infection by staining for intracellular expression of alkaline phosphatase. Ade-
novirus infection of MDM purified from CD14™ cells resulted in 90 to 100%
positivity for akaline phosphatase.

Gene transfection and reporter assays. One million Jurkat cells per experi-
mental point were transiently transfected by FUGENEG6 (Roche Molecular Bio-
chemicals, Indianapolis, Ind.) according to the manufacturer’s protocol. Trans-
fected Jurkat cells were lysed in the Passive Lysis Buffer supplied in the Dual-
Luciferase Reporter Assay System (Promega) according to the instructions in the
accompanying technical manual. Briefly, 20 l of lysates was mixed with 100 .l
of Luciferase Assay Reagent II (Promega), and luminescence was measured with
a Berthold Lumat to analyze firefly luciferase levels. Then 100 pl of Stop & Glo
Reagent (Promega) was added and luminescence was again measured to analyze
Renilla luciferase levels. Relative luciferase units (RLU) are equivalent to firefly
luciferase values normalized to Renilla luciferase values.
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FIG. 1. Molecular characterization of the nuclear pool of NF-xB
in promonocytic cells and analysis of HIV replication. (A) Immuno-
blotting of cytosolic (C) and nuclear (N) extracts in SFFV- and IkBa-
2N-expressing U937 cells with anti-RelA, anti-RelB, and anti-p100/p52
antibodies. (B) HIV p24 values in the culture supernatants of HIV
LAV-BN-infected SFFV- and IkBa-2N-expressing U937 cells at day
30 postinfection. (C) Immunoblotting of cytosolic (C) and nuclear (N)
extracts from THP1 cells with anti-RelA, anti-RelB, and anti-p100
antibodies. (D) HIV p24 values in the culture supernatants of THP1
cells infected with HIV HXB2D-wt and HXB2D-AkB at day 14 postin-
fection.

RESULTS

Functional relevance of the constitutive nuclear pool of
NF-kB present in monocytic cells in the regulation of HIV
persistence. Using a promonocytic U937 cell line that ex-
presses a constitutive pool of NF-kB in the nucleus (U937-
SFFV-bis) and the control clone expressing a dominant-nega-
tive IkBa transgene (SFFV-IkBa-2N) (2), we characterized
and investigated the role of the constitutive NF-kB pool in
regulating HIV persistence. The molecular composition of the
nuclear pool of NF-«B in the U937-SFFV and U937-IkBa-2N
cell lines was first characterized. The pool of NF-kB in the
nuclei of U937-SFFV cells is composed of RelA and RelB
(Fig. 1A, lane 2), and stable expression of IkBa-2N abrogates
this nuclear localization (lane 4). These nuclear samples were
devoid of cytosolic contamination, as p100 was present only in
the cytosolic compartment (lanes 1 and 3), although a faster-
migrating cross-reactive band was noted in nuclear extracts of
these cells. The same nuclear extracts were then analyzed by
gel shift assays with an oligonucleotide containing the HIV
LTR NF-«B binding sites, confirming the presence of these
NF-«kB components (data not shown).
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To determine the role of this constitutive nuclear pool of
NF-«kB in regulating HIV replication, these cells were then
infected with HIV strain LAV.04 and viral replication was
evaluated by measuring HIV p24 levels in the cell culture
supernatant at various time points after infection. As shown in
Fig. 1B, there was a significant reduction in the levels of p24 in
supernatants from IkBa-2N-expressing U937 cells at 30 days
after infection compared to supernatants from SFFV-express-
ing control cells, suggesting that the nuclear presence of RelA
and RelB in these promonocytic cells may impact HIV persis-
tence.

To overcome potential differences that may have existed
between the U937 SFFV and U937 IkBa-2N clones with re-
gard to influencing HIV replication independently of abrogat-
ing the constitutive pool of NF-kB, we utilized another well-
characterized promonocytic cell line known to contain a large
constitutive pool of NF-kB in its nucleus, THP1. Characteriza-
tion of this pool by Western blotting of the nuclear compart-
ment demonstrated that the pool of NF-kB present in the
nucleus of this monocytic cell line was composed mainly of
RelB, with small amounts of RelA and no c-Rel (Fig. 1C; also
data not shown).

To determine how this constitutive pool of NF-«kB present in
the nuclei of THP1 cells influences the replication of HIV, the
molecular clone of HIV HXB-2D harboring mutations (or
not)in both kB sites of the LTR was used. As shown in Fig. 1D,
supernatants from THP1 cells infected with HXB-AkB showed
a significantly lower level of replication than those from THP1
cells infected with the HXB-wt clone at 14 days postinfection,
suggesting that the constitutive pool of NF-kB (RelB) present
in THP1 cells may influence viral transcription.

NF-kB is essential for the first cycle of HIV transcription in
THP1 cells. To confirm that the critical step of the HIV cycle
that is influenced by NF-«kB occurs at the level of transcription,
we characterized, in a sequential manner, viral reverse-tran-
scription, integration, and transcription in THP1 cells infected
with HXB-wt and HXB-AkB.

Proviral DNA was first analyzed by a semiquantitative PCR
assay from total genomic DNA extracted from THP1 cells 15
and 120 min after HIV infection. As shown in Fig. 2A (left
panel; lanes 3 and 4 and lanes 5 and 6, respectively), the
amounts of proviral DNA amplified in cells infected with the
wt and AkB mutant HIV clones were comparable at both time
points, suggesting that equal input of each HIV strain results in
comparable infection rates. The amounts of total DNA ampli-
fied within the various samples were equivalent, as shown by
similar levels of B-actin amplification (Fig. 2A, lower left panel,
lanes 3 to 6). The limit of detection of our assay was 107 copies
of viral DNA, as detected in parallel by amplifications from
serial dilutions of total genomic DNA isolated from ACH2
cells (Fig. 2A, right panel). Thus, the defect in viral replication
observed with the HXB-AkB HIV clone in THP1 cells was not
due to differences in infectivity. Since the LTR and Gag prim-
ers allow the detection of full-length or nearly full-length re-
verse-transcribed cDNA, these results also indicate that the
NF-kB mutation in the HIV clone does not interfere with the
initiation or completion of reverse transcription of HIV.

We next investigated whether the first cycle of HIV tran-
scription is modified in the HXB-AxB compared to the wt HIV
clone. To detect viral transcription, total RNAs from unin-
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FIG. 2. Mutation of the kB sites in the HIV LTR delays the first
cycle of HIV transcription and decreases viral persistence in monocytic
cells. (A) (Top left) HIV DNA amplification from uninfected (NI) and
HIV-infected THP1 cells at 15 and 120 min after infection. The am-
plified 318-bp fragment is indicated. (Bottom left) Human B-actin
amplification within the same samples. (Right) Serial dilution of
known HIV-1 proviral copy numbers amplified from ACH2 cells. (B)
(Top) PCR amplification of the HIV early transcripts (tat/rev, env)
from uninfected (NI) and HIV-infected THP1 cells at 5 and 8 h after
HIV infection. (Bottom) Human B-actin PCR amplification within the
same samples. (C) HIV p24 values in the culture supernatants of THP1
cells infected with HIV-HXB-2D-wt and AxB at different days after
viral infection. The p24 determinations were performed in duplicate.
Error bars, standard errors.

fected and HIV-infected THP1 cells were extracted at various
time points after infection. Following a first step of synthesis of
cDNA, HIV early transcripts were detected by PCR amplifi-
cation using primers directed to the common splice donor and
acceptor sites of the tat, rev, and env regulatory genes of HIV
(47). As shown in Fig. 2B, HIV-specific early transcripts were
detected in THP1 cells infected with the HXB-wt HIV clone
between 5 and 8 h after infection (lane 5). This transcript was
sequenced and found to encompass the corresponding se-
quence of the molecular clone of HIV. From this, it is inferred
that the delay in HIV transcription correlates with the failure
of HIV-infected cells to produce progeny virions. This, in turn,
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results in a significant decrease in the HIV p24 levels gener-
ated in the culture supernatants of THP1 cells infected with
HXB-A«B at different days following HIV infection (Fig. 2C).

Genetic interference with the nuclear pool of NF-k B in
human macrophages reduces HIV replication. To investigate
the role that the constitutive pool of nuclear NF-«kB present in
the nuclei of differentiated macrophages (MDM) plays in reg-
ulating HIV replication, we first attempted to inhibit such
pools using a replication-deficient adenoviral vector expressing
the IkBa dominant-negative protein IkBaSer32-36 (AD5/
$32-36). This adenovirus vector has been shown to partially
inhibit NF-kB in human macrophages (16). To confirm the
function of this reagent in primary human macrophages, nu-
clear and cytosolic extracts were prepared from 7-day-old ad-
herent MDM that were mock infected or adenovirus infected
(AD5/S32-36 or control adenovirus vector [AD5/AP]). As
shown in Fig. 3A, the major component of NF-«kB in the nuclei
of MDM is RelB; RelA is present to a lesser extent (lane 2).
Infection with the adenovirus control vector expressing alka-
line phosphatase (ADS5/AP) does not inhibit, but rather in-
creases the levels of, RelA and specifically RelB (Fig. 3A, lane
4). In contrast, infection with an adenovirus vector expressing
an IkBa-negative dominant transgene (ADS5/S32-36) abro-
gated the majority of nuclear RelA and, albeit incompletely,
the majority of nuclear RelB (Fig. 3A; compare lanes 4 and 6).
The expression of the hemagglutinin (HA)-tagged IkBa trans-
gene was verified by blotting the membrane containing cyto-
solic extracts with anti-HA antibodies (Fig. 3A, lane 5).

We next asked if the partial inhibition of the constitutive
pool of NF-kB in the nuclei of MDM correlates with decreased
HIV replication, and if so, if this was secondary to decreased
HIV transcription. To test this, 5-day-old differentiated MDM
were either mock infected or infected with either AD5/S32-36
or the adenovirus control vector (AD5/AP). Two days after
adenovirus infection (the same time at which NF-kB compo-
nents were analyzed as described above and shown in Fig. 3A),
the same MDM cultures were infected with the HIV-1,, wt
molecular clone. As shown in Fig. 3B, preinfection with ADS5/
S32-36 decreased the replication of the R5 HIV strain HIV-
1,p as measured by levels of p24 in the supernatant 3 days
after HIV infection.

HIV-1,, transcription was next evaluated by amplification
of HIV early transcripts from previously synthesized cDNA.
As shown in Fig. 3C (upper panel, lane 6) expression of
IkBaS32-36 (AD5/S32-36) specifically inhibits the appearance
of HIV-1,p, early transcripts. The expected 219-bp fragment
was amplified exclusively from mock-adenovirus AD5/AP-in-
fected and HIV-1,,-infected MDM (lanes 4 and 5, respective-
ly), not from ADS5/S32-36 adenovirus-infected, HIV-1,,-in-
fected MDM (Fig. 3C, lane 6). Amplification of HIV from the
HIV-infected ACH2 line was performed as a control (lane 7).
The same level of B-actin amplification was achieved in all
samples (Fig. 3C, lower panel, lanes 3 through 7).

The above results suggest a partial dependence on the con-
stitutive pool of NF-kB in regulating HIV replication in MDM.
However, the adenovirus vector expressing the IkBaS32-36
transgene did not completely inhibit HIV replication in human
macrophages, nor did it completely eliminate RelB from their
nuclei. We therefore reasoned that to clearly confirm or dis-
prove the role of the constitutive pool of NF-kB in HIV per-
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FIG. 3. Decreases in RelB and RelA nuclear levels correlate with
decreased HIV-PAD-1 replication in MDM. (A) Immunoblotting of
cytosolic (C) and nuclear (N) extracts from uninfected (NI) or adeno-
virus-infected (AD5/AP or AD5/Ser 32-36) MDM, with anti-RelA,
anti-RelB, anti-p100, and anti-FLAG antibodies. (B) HIV p24 values
from the culture supernatants of uninfected (NI) or adenovirus-in-
fected (ADS/AP or ADS5/S32-36) MDM. p24 determinations were
performed in triplicate. Error bars, standard errors. (C) PCR ampli-
fication of early HIV transcripts (tat/rev, env) in MDM mock infected
(HIV) or infected with AD5/S32-36 or the vector control (AD5/AP)
followed by HIV PAD-1 wt infection in the three cases. @, no DNA
input in the PCR; —RNA, reverse transcription in the absence of
RNA. The amplified 219-bp fragment is visualized by Southern blot
hybridization with a y-**P-labeled U5 LTR internal primer.

sistence in human macrophages, we needed to resort to the use
of an RS HIV provirus lacking (or not) functional kB cis-acting
motifs in its LTR. For this purpose we mutated the two cis-
acting kB sites in the HIV LTR as performed previously for
the X4 strain HXB-2D (Fig. 1 and 2). The competencies of
virion assembly of both pAD wt and the AxB mutant were
confirmed to be similar when each proviral DNA was trans-
fected into 293T cells and the resulting HIV envelope ex-
pressed was detected with anti-gp160 antibodies (Fig. 4A) (44).

The kinetics of viral replication of these two clones were
then characterized by measuring HIV p24 levels in the culture
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FIG. 4. Molecular characterization of the NF-kB complex and ki-
netics of HIV-1,, replication in MDM. (A) Assembling of HIV-1,,
wt and AkB in 293 T cells transfected with each provirus. Cell lysates
from these cells were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis followed by immunoblotting with anti-HIV
antibodies. Cell lysates from uninfected MDM (NI) or MDM infected
with HIV were also analyzed. (B) HIV p24 values in the culture
supernatants of MDM infected with HIV-1,, wt and AxB at different
days after infection.

supernatants of primary macrophages infected with equal
amounts of each provirus. As shown in Fig. 4B, minimal levels
of HIV p24 are detected in the supernatants from MDM in-
fected with HIV-1,, AkB compared to those in supernatants
from MDM infected with the HIV wt R5 HIV clone at differ-
ent time points postinfection. In fact, we were unable to detect
any increase in HIV p24 production, even 26 days after HIV
infection, in these primary macrophages. The increase of HIV-
1.p Wt replication in differentiated macrophages may be due
to new infection of previously uninfected resting macrophages
or, alternatively, to the production of cytokines, chemokines,
and/or other regulatory proteins from HIV-infected macro-
phages that ultimately enhance HIV transcription.

Members of the NFAT family do not bind the NF-kB cis-
acting motifs in human macrophages. The apparent dichot-
omy between the partial inhibition of HIV transcription
achieved by infection with the constitutive pool of NF-«B
present in the nuclei of human macrophages and the near-
complete lack of HIV transcription of HIV provirus containing
mutations in the NF-«B cis-acting DNA binding motifs raised
the question as to whether other transcription factors, separate
from NF-kB members, could be binding to the NF-kB cis-
acting motif. To address this, we focused on members of the
NFAT family of transcription factors, which are known to
interact with NF-kB members, bind to the HIV LTR, and
induce its transcription in a number of transformed cells (25).
Nuclear extracts from 5-day-old MDM were isolated and in-
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cubated with a *?P-labeled oligonucleotide encompassing the
NF-kB cis-acting motifs present in the HIV LTR of HIV-1,,.
As shown in Fig. SA (left panel), MDM nuclear extracts con-
tain NF-kB DNA binding activity, which is lost upon coincu-
bation with an excess of unlabeled NF-«B oligonucleotide but
not with an oligonucleotide containing the critical mutations in
the cis-acting NF-kB motifs. As a control (Fig. 5SA, right panel),
nuclear extracts from peripheral blood lymphocytes treated
with tumor necrosis factor (TNF) were incubated with the
same oligonucleotide combinations, confirming the specificity
of the NF-kB DNA binding activity observed in macrophages.
NF-«B DNA binding activity present in the nuclei of differen-
tiated macrophages and TNF-stimulated primary CD4 T cells
was not competed with an oligonucleotide encompassing the
classical NFAT consensus sequence. NFAT DNA binding ac-
tivity was barely detectable in nuclear extracts from differen-
tiated macrophages (Fig. 5B, left panel), in contrast to that
observed in phorbol myristate acetate (PMA)- and ionomycin-
treated CD4 T cells.

A Macrophages PBLs
| NF-xB [x x x x x X x x_x x|
PROBE: NF-kB mut | X x|
NF-xB X b3
COMPETITION: | NE-XB mut x X
x X
NFAT mut X X
TNF | X X X X X X

E Saa

1 2 3 4 5 6 7 8 9 10 11 12
B

Macrophages PBLs
PROBE: | NFAT [x x x X x_x x|
NFAT mut | X X x|

.| NFAT X X

COMPETITION: | NEAT mut X

PMA & Ionomycin X X X X
12 3 4 5 6 7 8 910

FIG. 5. NF-kB, but not NFAT, present in the nuclei of human
macrophages binds the NF-«B cis-acting motifs of the HIV LTR. (A)
NF-kB DNA binding. Three micrograms of nuclear extracts either
from peripheral blood lymphocytes (PBLs) treated for 30 min either
with TNF (10 ng/ml) for NF-kB binding or with PMA (20 ng/ml) plus
ionomycin (3.5 pg/ml) for NFAT binding or from 5-day-old plastic-
adhered human macrophages was incubated with *?P-labeled DNA
probes as indicated. Competition of DNA binding to the labeled oli-
gonucleotide was analyzed in the presence of a 20-fold excess of non-
labeled DNA probe as indicated. (B) NFAT DNA binding. Extracts
and experimental conditions were the same as for the experiment for
which results are shown in panel A.
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Therefore, these results suggest that it is the NF-kB com-
plex, rather than other transcription factors such as NFAT
family members, that interacts with the NF-kB cis-acting motif.
Moreover, the NF-kB DNA binding activity was eliminated
with anti-p50, anti-RelB, and anti-RelA supershifting antibod-
ies (data not shown).

The replication defect of HIV-1,,, AkB in primary MDM is
at the level of HIV transcription. To further characterize the
mechanism(s) accounting for the differences in replication be-
tween the HIV wt and AkB R5 HIV clones, we first excluded
differences in HIV infection and integration using the same
methodological approach as described for THP1 cells (Fig. 2).
The HIV stocks generated from transfecting each provirus
clone into 293T cells were treated with RNase-free DNase
prior to their use in infection to avoid any plasmid DNA
carryover. Thereafter, the proviral DNA present in the mac-
rophages following HIV infection was analyzed. As shown in
Fig. 6A, as early as 15 min after infection there was no differ-
ence in the amounts of proviral DNA amplified from macro-
phages infected with the wt and the AkB mutant virus, regard-
less of the presence or absence of previous DNase treatment
(upper panel, lanes 3 to 6). The amounts of total DNA ampli-
fied in the various samples were equivalent, as shown by com-
parable levels of B-actin amplification within each sample (Fig.
6A, lower panel). Since the LTR-Gag primers are able to
detect full-length or nearly full-length reverse-transcribed
cDNA, these results confirm that the differences in replication
between the HIV-1,, wt and AkB clones are not due to
differences in infection or reverse transcription. Further, we
determined that viral integration into the host cell was similar
for each provirus (Fig. 6B, lanes 5 and 6).

Based on the above observations, we speculated that the
difference in viral replication in MDM between HIV-1,, wt
and AkB clones must be due to defective transcription of the
AkB clone. To investigate this, the kinetics of viral transcrip-
tion at different times after HIV infection were studied by
determining the HIV early transcripts of the tat, rev, and env
genes. To increase the sensitivity of the method of detection,
PCR products were then hybridized with a specific HIV U5
v-*?P-labeled probe and visualized by autoradiography. As
shown in Fig. 6C (upper panel, lane 6), HIV-specific early
transcripts were present by 69 h after HIV-1,, infection in
only the MDM infected with the wt clone. No transcription was
detected in MDM infected with the mutant virus, even after 5
days of infection (data not shown). Viral cDNA inputs in this
reaction were equivalent, as shown by a comparable hybridiza-
tion signal to the B-actin probe within the same experimental
samples (Fig. 6C, lower panel, lanes 3 to 8). Thus, the lack of
viral transcription in the HIV-1,, AkB clone accounts for its
failure to replicate and hence to persist in human macro-
phages.

RelB is a trans-activator of HIV LTR via the NF-kB cis-
acting motifs. The above results imply that the constitutive
pool of NF-kB present in human macrophages, which is mainly
composed of RelB, is important in driving HIV LTR transcrip-
tion via the NF-kB cis-acting motifs. To determine whether
RelB is transcriptionally active in driving HIV LTR transcrip-
tion, Jurkat cells were cotransfected with RelB expression vec-
tors and its dimer NF-«kB partners, pS0 and p52, and an HIV
LTR luciferase reporter gene containing NF-kB cis-acting mo-
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FIG. 6. The HIV-1,, AkB provirus does not undergo transcrip-
tion in MDM. (A) (Upper panel) HIV DNA PCR amplification from
uninfected (NI) and HIV-infected MDM at different times after in-
fection. The 318-bp fragment encompassing the LTR-Gag sequence is
indicated (LTR-Gag). (Lower panel) Human B-actin PCR amplifica-
tion within the same samples. (B) HIV DNA integration in MDM that
were infected with HIV-1,;, wt or AkB. The viral integrated DNA
LTR fragment is indicated (LTR). Genomic DNA from ACH2 cells
was used as a positive control (lane 2). NI, not infected. (C) (Upper
panel) PCR amplification of early HIV transcripts (tat/rev, env) in
MDM that were infected with HIV-1,, wt or AkB. The amplified
219-bp fragment was visualized by Southern blot hybridization with a
v-*?P-labeled U5 LTR internal primer. cDNA from ACH2 was used as
a positive control. (Lower panel) Human B-actin hybridization in the
same samples.

tifs. As shown in Fig. 7, RelB, in conjunction with either p50 or
p52, trans-activates HIV LTR via the NF-kB motifs in a dose-
dependent manner, confirming that RelB can exert a positive
regulatory activity toward the HIV LTR.

DISCUSSION

Using monocytic cells and primary macrophages, we have
established that the NF-«kB cis-acting motifs present in the
HIV LTR play an essential role in the first cycle of HIV
transcription. To a lesser extent, our studies also support the
important role of RelB in driving HIV transcription in human
macrophages. Several mechanisms have been postulated to
explain how NF-kB regulates HIV reactivation from latency,
especially in quiescent T cells (17, 28). Latent viral infection is
in part maintained by a lack of cellular transcription factors
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FIG. 7. RelB is a positive frans-activator of the HIV LTR via the
NF-kB cis-acting motifs. (A) Jurkat cells were transfected by Fu-
GENESG with 450 ng of either HIV LTR wt or an HIV LTR A«kB-firefly
luciferase reporter construct, 50 ng of a Renilla luciferase reporter
construct under the control of the TK promoter, 1 ng of RelB, RelA,
p50, and/or p52 expression vectors, as indicated, and empty pcDNA3
vector so that each point contained equal amounts of cDNA. Cells
were lysed, and luciferase activity was determined by luminescence.
Readings are expressed in RLU equivalent to expression of firefly
luciferase normalized to the constitutively expressed Renilla luciferase.
(B) Jurkat cells were transfected by FuGENEG6 with 450 ng of an HIV
LTR-firefly luciferase reporter construct, 50 ng of a Renilla luciferase
reporter construct under the control of a TK promoter, 1 pg of p50 or
p52 expression vector, and increasing amounts (0.25, 0.5, and 1.0 pg)
of RelB expression vector, as indicated, along with empty pcDNA3
vector so that each point contained equal amounts of cDNA. Cells
were lysed, and luciferase activity was determined by luminescence.
Readings are expressed in RLU equivalent to expression of firefly
luciferase normalized to the constitutively expressed Renilla luciferase.

needed for the induction of HIV early regulatory genes. Acti-
vation of these proteins by extracellular stimuli could rescue
episomal or integrated proviral DNA to generate transcrip-
tionally active viruses. Thus, upon T-cell activation, DNA bind-
ing of specific combinations of Rel family proteins, particularly
RelA/p50, that are induced to translocate to the nucleus, reg-
ulates the expression of HIV, leading to productive viral infec-
tion (33). In addition to T cells harboring latent HIV, cells of
the monocyte/macrophage lineage also provide for a pool of
HIV in infected individuals (19). In comparison to T cells,
differentiated macrophages are unique because under resting
conditions they already express a constitutive nuclear pool of
NF-kB. Based on the present study, this pool of NF-kB ap-
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pears to be important to allow for a basal level of HIV tran-
scription and replication in the absence of cell stimulation.

Several experimental approaches used here have led us to
conclude that NF-kB heterodimers already present in the nu-
clei of the host cell participate in initiating transcription upon
HIV infection. Attempts at inhibiting the nuclear pool of con-
stitutive NF-kB with a dominant-negative IkBa transgene sug-
gests a key role of NF-kB. However, the IkBa-negative dom-
inant transgene, when used in either promonocytic cells or
human macrophages, was only partially effective in inhibiting
HIV transcription. This may be secondary to the fact that the
IkBa mutant only partially blocked the constitutive pool of
NF-kB in the nuclei. The fact that an HIV provirus containing
mutations in the kB sites is unable to transcribe in human
macrophages suggests that IkBa-insensitive NF-kB members
(RelB) or other transcription factors that could bind to the
NF-kB motifs in the HIV LTR may be important. The former
is documented in the present studies, although its functional
relevance will be determined only when a RelB inhibitor is
identified and functionally characterized. The second possibil-
ity was in part excluded by addressing the potential candidate
role of NFAT family members. However, at this time, we
cannot exclude the possibility that other, non-NFAT transcrip-
tion factors may also influence HIV LTR transcription in dif-
ferentiated macrophages via the NF-«kB cis-acting motifs in
conjunction with NF-«kB.

In summary, this study extends data generated with primary
resting CD4 T cells, in which HIV LTR transcription will ensue
only with functional NF-kB. The main difference is that human
macrophages already, in the absence of specific cellular acti-
vation, contain a pool of NF-kB in the nucleus. This pool,
which is mainly composed of RelB, can, alone or in combina-
tion with other, non-NF-kB transcription factors, exert a pos-
itive transcription on the HIV gene.
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