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In human immunodeficiency virus type 1 (HIV-1) latently infected cells, NF-�B plays a major role in the
transcriptional induction of HIV-1 replication. Hence, downregulation of NF-�B activation has long been sought for
effective anti-HIV therapy. Tumor necrosis factor alpha (TNF-�) stimulates I�B kinase (IKK) complex, a critical
regulator in the NF-�B signaling pathway. A novel IKK inhibitor, ACHP {2-amino-6-[2-(cyclopropylmethoxy)-6-
hydroxyphenyl]-4-piperidin-4-yl-nicotinonitrile}, was developed and evaluated as a potent and specific inhibitor for
IKK-� and IKK-�. In this study, we examined the ability of this compound to inhibit HIV-1 replication in OM10.1
cells latently infected with HIV. When these cells were pretreated with ACHP, TNF-�-induced HIV-1 replication was
dramatically inhibited, as measured by the HIV p24 antigen levels in the culture supernatants. Its 50% effective
concentration was approximately 0.56 �M, whereas its 50% cytotoxic concentration was about 15 �M. Western blot
analysis revealed inhibition of I�B� phosphorylation, I�B� degradation, p65 nuclear translocation, and p65
phosphorylation. ACHP was also found to suppress HIV-1 long terminal repeat (LTR)-driven gene expression
through the inhibition of NF-�B activation. Furthermore, ACHP inhibited TNF-�-induced NF-�B (p65) recruit-
ment to the HIV-1 LTR, as assessed by chromatin immunoprecipitation assay. These findings suggest that ACHP
acts as a potent suppressor of TNF-�-induced HIV replication in latently infected cells and that this inhibition is
mediated through suppression of IKK activity.

Although the recent progress in combination therapy against
viral reverse transcriptase and protease has achieved consid-
erable reduction of the viral load in human immunodeficiency
virus type 1 (HIV-1)-infected individuals and significant im-
provement in survival, chemotherapy could not be terminated
unless chronically infected cell populations, such as resting
memory T cells and monocytes/macrophages, could be eradi-
cated (15, 51, 53). Thus, it is crucial to inhibit HIV-1 replica-
tion in the latently infected cells. Molecular analyses of HIV-1
replication have revealed a concerted complexity that regulates
the viral life cycle (52). Among the various steps of the viral life
cycle, the step of transcription from HIV-1 provirus is con-
ceived to be crucial for viral replication, since amplification of
the viral genetic information is attainable only through tran-
scription. It is through this step that HIV acquires genetic
variation, thus enabling the emergence of HIV quasispecies
containing clones resistant to host immune responses and anti-
HIV drugs. In addition to the virus-encoded transcriptional
transactivator Tat, several cellular factors are known to regu-
late HIV-1 transcription (29, 52). Among these host factors,
nuclear factor �B (NF-�B) is known to play a major role in
regulated HIV-1 gene expression (44, 48, 52).

NF-�B is an inducible cellular transcription factor that reg-
ulates a wide variety of cellular and viral gene expression,
including that of HIV (6, 7, 22, 44, 48, 50, 65). Recently, two

major signaling pathways leading to receptor-mediated NF-�B
activation have been classified: the canonical and noncanonical
(alternative) pathways. In the canonical pathway, a diverse
range of stimuli, such as tumor necrosis factor alpha (TNF-�),
viral and bacterial pathogens, and stress-inducing agents (24),
stimulate the signal transduction pathways that lead to the
activation of NF-�B. In cells, NF-�B, a hetero- or homodimer
consisting of the Rel family proteins p65 (RelA), RelB, c-Rel,
p50/p105, and p52/p100, resides in the cytoplasm and is com-
plexed with an inhibitory molecule, I�B (6). Stimulation acti-
vates the I�B kinase (IKK) complex composed of two catalytic
subunits, IKK-� and IKK-�, and a regulatory subunit, IKK-�
(22). IKK rapidly phosphorylates I�B� on its two NH2-termi-
nal serine residues (Ser32 and Ser36) (21, 41, 71). Phosphor-
ylation targets I�B� for its ubiquitination and degradation by
the �-transducin repeat-containing protein ubiquitin ligase and
26S proteasome, respectively, thus allowing free NF-�B to
translocate to the nucleus to activate gene expression (22). In
this event, IKK-� and IKK-� mainly regulate I�B degradation,
while IKK-� is dispensable (22), although its nuclear function
remains essential for the transcriptional activity of NF-�B (1,
70). The noncanonical pathway, however, is strictly dependent
on the NF-�B-inducing kinase (NIK)-mediated activation of
IKK-�, which phosphorylates p100, causing its inducible pro-
cessing into p52 (60, 68). This IKK-�/IKK-�-independent path-
way is induced in response to stimuli, such as lymphotoxin B
(18), B-cell-activating factor (16), and CD40 ligand (17).
Moreover, recent reports by us and others have shown that
IKK-� also phosphorylates p65 at Ser536, which is pivotal for
the transcriptional competence of NF-�B when it is bound to
the promoter sequence of target genes in the nucleus (27, 28, 56).
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The role of NF-�B in activating HIV transcription has been
extensively studied. HIV-1 replication is positively regulated by
several cytokines, or T-cell activators, most of which act either
completely or partially via NF-�B (4, 8, 38). NF-�B has been
shown to regulate viral transcription via the two NF-�B sites
located in the HIV-1 long terminal repeat (LTR) enhancer
region (44) and is further enhanced through synergism with
Sp1 (34, 49). In HIV-1 latently infected cells, activation of
NF-�B could trigger the transcription of viral genes, including
the transactivator Tat, resulting in an explosive increase in
HIV replication (29, 47, 52). Treatment with compounds that
block NF-�B activation inhibits HIV-1 gene expression and
viral replication (3, 20, 33, 45, 59, 63, 64). Hence, downregu-
lation of NF-�B activity by suppressing NF-�B or the signaling
proteins involved in the NF-�B activation pathway, such as the
IKKs (23, 30), is considered a feasible target for future anti-
HIV therapy.

To control HIV-1 expression from latently infected cells, we
examined the effect of a novel IKK inhibitor, 2-amino-6-
[2-(cyclopropylmethoxy)-6-hydroxyphenyl]-4-piperidin-4-yl-
nicotinonitrile (ACHP). ACHP was found on a massive screen-
ing to have specific inhibitory action on IKK-� and IKK-� (42,
43). The 50% inhibitory concentrations for IKK-� and IKK-�
are 8.5 and 250 nmol/liter, respectively, measured by in vitro
kinase assays, and those for other kinases, such as IKK-�, Syk,
and mitogen-activated protein kinase kinase kinase 4, were
greater than 20 �mol/liter (42). ACHP also showed good aque-
ous solubility and cell permeability, thus demonstrating high
bioavailability in mice and rats (43).

In this study, we demonstrate the inhibitory action of ACHP
on I�B� phosphorylation and its degradation, as well as the
nuclear translocation and phosphorylation of p65, resulting in
the reduction of HIV production in HIV-1 latently infected
cells. Furthermore, NF-�B (p65) binding to the HIV-1 LTR
was also abolished by this compound. From these findings, this
compound and its derivatives appear to be feasible candidates
for novel anti-HIV therapy.

MATERIALS AND METHODS

Reagents. An IKK inhibitor, ACHP, was a kind gift from T. Murata of Bayer
Yakuhin Inc. (Kyoto, Japan). Human recombinant TNF-� was purchased from
Roche and used at 1 ng/ml for NF-�B stimulation. Antibodies for I�B�, p65
(RelA), and �-actin were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA), while antibodies for phospho-I�B� (Ser32) and phospho-p65 (Ser536) were
purchased from Cell Signaling Technology (Beverly, MA). The pooled sera from
HIV-1-infected individuals were kindly given by T. Hamano (National Institute
of Infectious Diseases, Tokyo, Japan). Horseradish peroxidase-conjugated sec-
ondary antibodies were obtained from Amersham Biosciences (Little Chalfont,
United Kingdom) (rabbit and mouse) and from DAKO (DAKO A/S, Denmark)
(goat).

Cell lines. OM10.1 cells (13), a human macrophage/monocytic cell line latently
infected with HIV-1, and MOLT4/IIIB cells (3), a T-cell line chronically infected
with HIV-1 (IIIB strain), were used in the antiviral assays. The OM10.1 cells and
MOLT4/IIIB cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum, penicillin, and streptomycin at 37°C in a 5% CO2 incubator. To
maintain the latency in OM10.1 cells, 20 �M of AZT was added to culture media
and was removed prior to experiments (3, 58, 59, 64).

Antiviral assay. The antiviral activity of ACHP was evaluated based on the
extent of inhibition of p24 antigen production in OM10.1 cells as previously
described (59, 64). Cells (2 � 105/ml) were incubated with or without ACHP for
1 h and then stimulated with TNF-� (1 ng/ml) for 24 h at 37°C. A time course
experiment (until 72 h) was also conducted. On the other hand, MOLT4/IIIB

cells (2 � 105/ml) were cultured in the absence or presence of ACHP with or
without TNF-� stimulation. The culture supernatants were then collected and

assayed for viral p24 antigen. Experiments were carried out in triplicate and
repeated at least twice. The cytotoxicity of the test compound was also deter-
mined by the WST-1 method (Roche) (58).

Quantitation of HIV-1 replication. Viral p24 antigen levels in the cell super-
natants of OM10.1 and MOLT4/IIIB cells were determined using the commercial
Retrotek HIV-1 p24 antigen enzyme-linked immunosorbent assay (ELISA) kit
(Cellular Products, Buffalo, NY) according to the manufacturer’s instructions.
Assays were performed in triplicate and repeated at least twice.

Transient luciferase assay. 293 cells (1 � 105/well) were transfected with
reporter plasmids using FUGENE 6 transfection reagent (Roche Applied Sci-
ence) according to the manufacturer’s instructions. For each transfection, 0.3 �g
of reporter plasmid, CD12wt-Luc containing wild-type HIV-1 LTR (47) or
CD12mut-Luc containing mutated NF-�B binding sites (59), and 0.1 �g of the
internal control plasmid, phRL-TK, expressing Renilla luciferase, were used (57).
Twenty-four hours after transfection, the cells were treated with ACHP for 30
min and stimulated with TNF-� (5 ng/ml) for 4 h. The transfected cells were then
harvested, and the extracts were subjected to luciferase assay using the Lucif-
erase Assay System (Promega). The luciferase activity was normalized with
Renilla luciferase activity as an internal control to assess the transfection effi-
ciency. The data are presented as the increase in luciferase activities (means �
standard deviations) relative to the control from triplicate transfections.

Preparation of whole-cell and nuclear extracts. OM10.1 cells (1 � 106/ml)
were treated with or without ACHP for 1 h and stimulated with or without
TNF-� (1 ng/ml) at various times. The cells were then washed with cold phos-
phate-buffered saline and resuspended in lysis buffer (20 mM Tris, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1 mM Na3VO4, 5 mM NaF, 1 mM phenylmethylsul-
fonyl fluoride [PMSF], 1% Triton X-100, and protease inhibitors [Roche Diag-
nostics GmbH, Mannheim, Germany]), incubated on ice for 10 min, and centri-
fuged at 15,000 rpm for 15 min. The supernatant was then collected (whole-cell
extract) and stored at 	80°C until it was used. In order to prepare the nuclear
extract, sedimented cells were resuspended in cytoplasmic lysis buffer (Chemicon
International, Tenecula, CA) and incubated for 15 min on ice. The cells were
vortexed and then centrifuged at 15,000 rpm for 10 min, and the supernatant was
removed. The cell pellets were washed twice with cytoplasmic buffer to remove
any trace of proteins from the cytoplasmic extracts, resuspended in 20 �l of
nuclear lysis buffer (Chemicon International, Tenecula, CA), and incubated on
ice for 15 min. The cell suspensions were then sonicated for 10 s and centrifuged
at 15,000 rpm for 10 min, and the supernatant fractions were stored at 	80°C until
they were used. The protein content was measured by a detergent-compatible pro-
tein assay kit (Bio-Rad, Hercules, CA).

Western blotting. Equal amounts of the proteins (14 �g) were resolved on a
10% sodium dodecyl sulfate (SDS)-polyacrylamide gel, transferred onto a poly-
vinylidene fluoride membrane (Millipore Corporation, MA), and reacted with
specific antibodies for various proteins. Expression of HIV-1 viral proteins was
examined by reaction with pooled sera from HIV-1-infected individuals. Detec-
tion of immunoreactive bands was visualized by chemiluminescence using Super-
Signal (Pierce, Rockford, IL).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
with a previously described protocol with some modifications (25). In brief, cells
either with or without ACHP treatment and with or without TNF-� stimulation
were cross-linked by adding formaldehyde to the medium (1% final concentra-
tion) and incubated at 37°C for 10 min. The cells were then washed with cold
phosphate-buffered saline containing protease inhibitors and PMSF and lysed in
SDS-lysis buffer (1% SDS, 50 mM Tris-HCl [pH 8.0], 16.7 mM NaCl, PMSF, and
protease inhibitors), and the chromatin was sheared by sonication 20 times for
30 s each time at one-third of the maximum power with 1 min of cooling on ice
between each pair of pulses (Bioruptor; COSMO Bio, Tokyo, Japan). The lysates
were then collected after centrifugation at 15,000 rpm for 15 min, followed by the
addition of specific antibodies, and the mixture was rotated at room temperature
for 2 h and further incubated for another hour at 4°C. DNA samples were then
precipitated with salmon sperm DNA and protein G-agarose beads (Upstate
Biotechnology, Lake Placid, NY), and cross-linking of the immunoprecipitates
and input DNAs was reversed by incubation at 65°C for 6 h. The DNAs were
then purified using Qiaquick spin columns (QIAGEN), and PCR was performed
with a HotStarTaq Master Mix kit (QIAGEN). The PCR primers used for
amplifying promoters containing the NF-�B binding sites included HIV-1 LTR
promoter (	176 to �61), 5
-CGA GAG CTG CAT CCG GAG TA-3
 and
5
-AGC TTT ATT GAG GCT TAA GC-3
 (37); human I�B� promoter (	316
to 	15), 5
-GAC GAC CCC AAT TCA AAT CG-3
 and 5
-TCA GGC TCG
GGG AAT TTC C-3
 (70); and human �-actin promoter (	980 to 	915),
5
-TGC ACT GTG CGG CGA AGC-3
 and 5
-TCG AGC CAT AAA AGG
CAA-3
 (70).
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RESULTS
ACHP inhibited TNF-�-induced I�B� phosphorylation and

degradation and p65 phosphorylation. Activated IKKs target
the I�B� inhibitor of NF-�B for phosphorylation on Ser32 and

Ser36, leading to the rapid ubiquitylation and degradation of
the inhibitor by the 26S proteasome (44). To assess whether
ACHP (Fig. 1A) modulates this cascade, OM10.1 cells, a mac-
rophage/monocyte cell model widely used in studying thera-

FIG. 1. Effect of ACHP on I�B� phosphorylation and degradation and p65 phosphorylation induced by TNF-�. (A) Chemical structure of
ACHP. (B) Inhibition of phosphorylation of I�B� and p65 by ACHP. OM10.1 cells (1 � 106/ml) were pretreated with or without ACHP for an
hour and then stimulated with TNF-� (1 ng/ml) for the indicated time periods. Whole-cell extracts were fractionated on 10% SDS-polyacrylamide
gel electrophoresis and subjected to immunoblot analysis with the specified antibodies. Immunoblotting of �-actin indicated that equal amounts
of protein were applied in each lane. (C) Inhibitory effect of ACHP on HIV-1 LTR-driven gene expression in 293 cells. A luciferase reporter
plasmid containing wild-type NF-�B binding sequence (CD12wt, left) or its mutant (CD12mt, right) was transfected into 293 cells under the control
of the HIV-1 LTR. After transfection, the cells were incubated in the absence or presence of ACHP for 30 min, stimulated with TNF-� (5 ng/ml)
for 4 h, and harvested for luciferase assay, as described in Materials and Methods. The luciferase activity is indicated as increase relative to the
untreated control (lane 1). The data are mean values plus standard deviations of triplicate experiments.
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peutic interventions (3, 13, 58, 64), were stimulated with
TNF-� for the indicated times in the absence or presence of
ACHP and analyzed for I�B� and NF-�B (p65) expression and
for their phosphorylation status by Western blot analysis.

As shown in Fig. 1B, immunoblotting analysis showed that
I�B� was readily phosphorylated at Ser32 and Ser36 as early as
1 min after TNF-� stimulation. Following its degradation, a
massive increase was observed, indicating the activation of the
I�B� gene by NF-�B (Fig. 1B, first gel, first row) (12, 14, 37,
61). However, treatment with ACHP reduced I�B� phosphor-
ylation in a dose-dependent manner (second and third gels,
first row). ACHP (10 �M) maintained the phosphorylation
approximately at basal levels throughout the time course ex-
periment (third gel, first row). Because I�B� normally under-
goes degradation following phosphorylation, we proceeded to
ascertain whether ACHP blocked its degradation. Remark-
ably, I�B� expression levels were apparently sustained at basal
levels, and no degradation was observed when cells were
treated with 10 �M ACHP, confirming that the preceding step,
I�B� phosphorylation, was inhibited (third gel, second row).

To further explore the status of NF-�B activation in these
cells, we also investigated the phosphorylation levels of the p65
subunit of NF-�B. Figure 1B (third row of each gel) shows
constitutive phosphorylation of p65 at Ser536, which was mark-
edly induced a minute after TNF-� treatment and gradually
decreased in a time-dependent manner. In contrast, pretreat-
ment with ACHP reduced this TNF-�-stimulated phosphory-
lation of p65 (third gel, third row), whereas the total protein
level of p65, like that of I�B�, was maintained at basal levels in
the absence or presence of TNF-� (fourth row of each gel).
�-Actin levels were unchanged (bottom panels), indicating
equal loading of proteins in the gel. These results indicate that
ACHP promoted a substantial defect in the TNF-�-induction
of NF-�B activation.

We then examined the effect of ACHP on HIV-1 gene ex-

pression using a transient luciferase assay. As shown in Fig. 1C,
TNF-� stimulated the gene expression from CD12wt contain-
ing the wild type HIV-1 LTR (47) by approximately threefold.
When cells were pretreated with ACHP, the gene expression
was inhibited in a dose-dependent manner (Fig. 1C, left).
However, when the NF-�B sites were mutated (CD12mt), no
such activation by TNF-� or inhibitory effects of ACHP were
observed ((Fig. 1C), right).

ACHP repressed TNF-�-induced nuclear translocation and
phosphorylation of p65. Because I�B� phosphorylation and its
degradation were inhibited by treatment with ACHP, and since
both are prerequisite steps for the release and transport of
NF-�B to the nucleus, we also examined whether ACHP mod-
ulated this event. Following TNF-� stimulation at 1, 5, 10, 30,
and 60 min, in either the absence or the presence of ACHP,
nuclear extracts from OM10.1 cells were isolated and NF-�B
(p65) was examined by Western blotting analysis. TNF-� treat-
ment resulted in a rapid nuclear accumulation of p65 as early
as 1 min, followed by increase until 30 min, and then drastically
decreased at 60 min (Fig. 2, “Nucl. Ext.,” first gel, second row).
Concurrently, I�B� appeared, indicating its nuclear-export
function (data not shown). Consistent with previous studies
using OM10.1 cells (3, 58, 64), a low level of NF-�B activation,
i.e., nuclear localization of p65, was observed in unstimulated
cells, which was notably reduced by the presence of ACHP
alone (Fig. 2, lanes at 0 min, second row). Whereas TNF-�
induced the accumulation of p65 in the nucleus, ACHP almost
totally abolished this effect (Fig. 2, “Nucl. Ext.,” third gel,
second row), suggesting that the nuclear transport of NF-�B
was inhibited. Immunoblots of the cytoplasmic extracts also
revealed that 10 �M ACHP maintained I�B� protein levels at
basal levels, reaffirming the persistence of latent NF-�B–I�B
complexes (Fig. 2, “Cyto. Ext.,” first row of each gel). In ad-
dition to nuclear translocation, p65 phosphorylation is also
essential for its maximum transcriptional activity (28, 66, 72).

FIG. 2. Effect of ACHP on TNF-�-induced p65 translocation and phosphorylation in the nucleus. OM10.1 cells (1 � 106/ml) were pretreated
with or without ACHP for an hour and then stimulated with TNF-� (1 ng/ml) for the indicated time periods. Nuclear extracts (Nucl. Ext.) were
fractionated by 10% SDS-polyacrylamide gel electrophoresis and immunoblotted with the anti-phospho-p65 (Ser536) antibody (top). The
membrane was reprobed with anti-p65 (upper middle) and anti-PCNA (lower middle) antibodies. Cytoplasmic extracts (Cyto. Ext.) were
immunoblotted with the anti-I�B� and �-actin antibodies (bottom). The purity of the nuclear and cytoplasmic extracts was confirmed with
antibodies specific for PCNA, a known nuclear protein (lower middle) and �-actin, a cytoplasmic protein (bottom), respectively.

550 VICTORIANO ET AL. ANTIMICROB. AGENTS CHEMOTHER.



Concomitant with the appearance of p65 in the nucleus, rapid
phosphorylation of p65 at Ser536 was detected (Fig. 2, “Nucl.
Ext.,” first row). This phosphorylation, however, occurred only
transiently, followed by a marked reduction after 10 min of
TNF-� stimulation, suggesting dephosphorylation of p65. In
contrast, no phosphorylation was observed in the presence of
10 �M ACHP, implying that ACHP efficiently blocked the
phosphorylation of p65 in the nucleus (Fig. 2, “Nucl. Ext.,”
third gel, first row). These observations further strengthen the
view that ACHP impairs the IKK activity that enables p65 to
translocate to the nucleus and phosphorylates p65.

Inhibition of TNF-�-induced HIV-1 production by ACHP
from OM10.1 cells. To examine the effect of ACHP on TNF-
�-induced HIV replication in latently infected OM10.1 cells,
the cells were treated with various concentrations of TNF-�
in the absence or presence of ACHP. After 24 h of incubation,
the culture supernatants were collected and assayed for HIV-1
p24 antigen levels. In agreement with previous studies (3, 58,
64), HIV-1 production was dose-dependently induced by
TNF-� (Fig. 3A). However, in the presence of ACHP, a dose-
dependent inhibition of virus production was observed. A sim-
ilar effect was also observed in the time course experiment
(Fig. 3B). This strongly suggests that ACHP compelled a de-
fect in the TNF-�-induced NF-�B activation in HIV. No sig-
nificant induction was observed with ACHP alone. An effective
concentration for 50% reduction of HIV production was esti-
mated to be approximately 0.56 �M. Meanwhile, the 50%
cytotoxic concentration (CC50) was approximately 15 �M, and
thus, the estimated therapeutic window of ACHP was approx-
imately 27 (Fig. 3D). Moreover, immunoblotting of whole-cell
extracts (Fig. 3C) with the pooled sera from individuals in-
fected with HIV-1 revealed inhibition of the envelope (env)
gene products gp160 and gp41 and the gag gene products p66,
Pr55, and p39 in the presence of 10 �M ACHP, thus confirm-
ing the effect of ACHP on the viral-production step.

We also explored the effect of ACHP on viral production
from MOLT4/IIIB cells chronically infected with HIV-1 (Fig. 4).
Whereas ACHP efficiently suppressed viral production in la-
tently infected cells, no significant inhibition was observed in
chronically infected cells. A slight decrease in HIV production
at 10 �M ACHP, although not statistically significant, was
presumably due to a nonspecific cytotoxic effect of ACHP (Fig.
4A, left). The presence of constitutive viral production in the
absence of TNF-� suggests the involvement of multiple mech-
anisms in the regulation of HIV-1 replication (24). From the
cytotoxicity profile of ACHP, a CC50 value of 11 �M was
obtained for these cells (Fig. 4A, right). There was no effect of
ACHP on the level of HIV production without TNF-� (Fig.
4B). These results also imply that the anti-HIV-1 activity of
ACHP in chronic infection is cell type specific, as previously
reported by others (46).

ACHP suppressed NF-�B binding to HIV-1 LTR. HIV-1
replication, particularly in latently infected cells, such as
OM10.1, is promoted by NF-�B binding to the HIV-1 LTR
upon induction with TNF-� (37, 44, 55). To assess whether
NF-�B binding to the HIV-1 LTR is inhibited by ACHP, ChIP
assays were performed. OM10.1 cells were preincubated with
ACHP and stimulated with TNF-� for 10 min, the time at
which maximum NF-�B binding was observed in repeated ex-
periments. Following stimulation, the cells were cross-linked

FIG. 3. Effect of ACHP on TNF-�-induced HIV-1 production in
latently infected cells. (A) OM10.1 cells (2 � 105/ml) were pretreated
with or without ACHP for 1 hour and then stimulated with TNF-� (1
ng/ml) for 24 h. The cell supernatants were then collected and analyzed
for HIV-1 p24 antigen levels using a commercial ELISA kit. The data
are mean values � standard deviations of triplicate experiments. EC50,
50% effective concentration. (B) Time course experiment showing the
effect of ACHP in OM10.1 cells. Cells (2 � 105/ml) were pretreated in
the absence or presence of ACHP for 1 hour and then stimulated with
or without TNF-� (1 ng/ml) for 24 h. The cell supernatants were then
collected and analyzed for HIV-1 p24 antigen levels using a commer-
cial ELISA kit. The data are mean values � standard deviations of
triplicate experiments. (C) Whole-cell extracts were prepared and im-
munoblotted with human HIV-1-infected serum for the analysis of
HIV-1 viral proteins (whole-cell extracts). The location of each viral
product is indicated by an arrow. �, nonspecific bands. (D) Cytotoxicity
of ACHP on OM10.1 cells. Cell viability was determined by the WST-1
method, and the CC50 value was extrapolated from this measurement.

VOL. 50, 2006 INHIBITION OF HIV REPLICATION BY IKK INHIBITOR 551



and lysed, and DNA was sheared by sonication. The lysates
were immunoprecipitated with anti-p65 antibody and agarose
beads, and DNA-protein cross-links were reversed. The p65-
immunoprecipitated samples and controls were probed by
PCR for HIV-1 LTR sequence containing NF-�B binding sites.
In agreement with our Western blotting results, the kinetics of
NF-�B binding to the HIV-1 LTR showed a rapid recruitment
of NF-�B (p65) to the promoter in response to TNF-� (Fig. 5A,
first gel, first row). A remarkable association was observed
until 30 min and thereafter decreased to an almost unde-
tectable level, suggesting the cytoplasmic export of p65. The
presence of constitutive, almost undetectable NF-�B (p65)

binding in the HIV-1 LTR in unstimulated cells again cor-
related with our Western blot analysis of nuclear p65, thus
conforming to previous studies (19, 26). Similarly, NF-�B
(p65) binding in the I�B� promoter was also detected, al-
though with a slower onset of association (Fig. 5A, second
gel, first row).

In contrast, in the presence of ACHP, both basal and TNF-
�-induced p65 recruitment in both promoters was abolished in
a dose-dependent manner (Fig. 5B, first and second gels, first
row). No amplification was detected with the �-actin promoter
(internal control) or in the absence of anti-p65 antibody, con-
firming the specificity of the DNA immunoprecipitation (Fig.

FIG. 4. Effect of ACHP on chronically HIV-1 infected cells. (A and B, left) Effect of ACHP on HIV-1 production. MOLT4/IIIB cells (2 �
105/ml) were pretreated with or without ACHP for 1 hour and then stimulated with or without TNF-� for 24 h. Cell supernatants were then
collected and analyzed for HIV-1 p24 antigen levels by ELISA. (A and B, right) Cytotoxicity of ACHP on MOLT4/IIIB cells. Cell viability was
determined by the WST-1 assay. The CC50 value was extrapolated from this measurement. The data are mean values plus standard deviations of
triplicate experiments.
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5B, second row of each gel). Collectively, these findings suggest
that ACHP can efficiently block the binding of NF-�B to the
HIV-1 LTR promoter.

DISCUSSION

In this study, we have addressed the question of whether a
novel IKK inhibitor, ACHP, can inhibit HIV-1 replication in a
macrophage/monocyte cell line latently infected with the virus.
We observed that TNF-�-mediated NF-�B signaling could ef-
ficiently induce HIV-1 replication, which was subsequently
blocked by ACHP. I�B� phosphorylation and degradation,
p65 nuclear translocation, and p65 phosphorylation at Ser536
were effectively inhibited by ACHP. Moreover, ACHP sup-
pressed HIV-1 LTR-driven gene expression through the inhi-
bition of the NF-�B activation pathway. We also found, using
a ChIP assay, that TNF-� could activate NF-�B (p65)–DNA
binding to the HIV-1 LTR in OM10.1 cells and that treatment
with ACHP could abolish its binding.

Although NF-�B plays a central role in mediating inducible
HIV-1 gene expression (44, 48, 52), the coordinated HIV-1
replication with the cellular activation is partially ascribed to
the ability of HIV to assimilate host signaling pathways to
activate viral transcription (24, 55). An essential step in the
stimulus-induced activation of the canonical NF-�B pathway is
the phosphorylation of I�B proteins by the IKK complex (69).
In addition, Asin et al. (2) demonstrated that HIV infection
itself could induce NF-�B activation through the canonical
pathway involving activation, that is, the Ser32 and Ser36 phos-
phorylation of I�B� by IKK-�, thus highlighting the role of
NF-�B in HIV latent infection (11). In fact, transdominant
mutants of I�B� that block NF-�B induction inhibited de novo

HIV-1 infection in T cells by interfering with viral transcription
(32, 54). Furthermore, CD4 engagement with gp120 selectively
enhanced IKK activity and mediated the phosphorylation of
I�B�, while dominant-negative forms of IKKs inhibited gp120-
induced NF-�B activation (11). Moreover, recruitment of
NF-�B to the HIV promoter is considered essential for the
action of Tat and efficient transcriptional elongation (9, 67).
Recent studies using ChIP assays have indicated the impor-
tance of IKK-� for induction of NF-�B-mediated gene expres-
sion by forming a complex with p65 or CBP in these promoter
regions and thus regulating histone H3 phosphorylation, fol-
lowed by acetylation of CBP (1, 70).

Whereas IKK-� is largely responsible for cytokine-induced
I�B� phosphorylation and NF-�B activation (22, 35, 36),
IKK-� was initially implicated in more specified biological
actions, such as formation of secondary lymphoid tissues (39,
62). However, recent studies have revealed an essential role of
IKK-� in the noncanonical/alternative pathway of NF-�B ac-
tivation, such as lymphotoxin � receptor signaling (28) and
NIK-induced p100 processing (16, 17, 18, 22, 60). Moreover,
IKK-� has been implicated in the phosphorylation of p65 at
Ser536 (7, 28, 66, 72). Of note, the point mutation of Ser536
eventually resulted in the failure of nuclear translocation of
NF-�B (40). In addition, since Ser536 is located in the carboxyl-
terminal transactivation domain of p65, it is postulated that the
phosphorylated NF-�B (p65 at Ser536), once bound in the
target DNA, might further recruit basal transcription factors
and transcriptional coactivators, thereby increasing the tran-
scriptional competence of NF-�B (p65) (28).

In spite of a robust effect in latently infected cells, ACHP did
not show a significant inhibitory effect in chronically infected

FIG. 5. ChIP assays for NF-�B (p65) binding to promoters. (A) Kinetics of TNF-�-induced NF-�B binding to the HIV-1 LTR. Ab, antibody.
(B) ACHP-mediated inhibition of TNF-�-induced NF-�B binding to the HIV-1 LTR. OM10.1 cells (1 � 105/ml) were treated with TNF-�
(1 ng/ml) for the indicated time periods, and ChIP assays were performed with anti-p65 antibody or no antibody (negative control). The detection
of the immunoprecipitated DNAs in the HIV-1 LTR (first gel), I�B� (second gel), or �-actin (third gel) promoter was analyzed by PCR with
promoter-specific primers. Input DNA represents total input chromatin (1%).
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cells in which HIV-1 was actively replicating. The reason for
the unresponsiveness of these cells to the compound is unclear.
A previous study of the effects of an NF-�B inhibitor (4, 46)
against chronic HIV infection reported it to be ineffective in
suppressing constitutive HIV-1 production, which is consistent
with what we observed in this study. Hence, it is also possible
that the cellular uptake or intracellular metabolism of ACHP
is different in OM10.1 and MOLT4/IIIB cells. Another plausi-
ble explanation is that the constitutive activation of NF-�B in
chronically infected T cells (24, 31, 55) perpetuates the pro-
duction of other viral proteins, such as Tat and Nef, yielding
more important roles for such proteins in activating and reg-
ulating the expression of HIV-1 than for NF-�B in these cells.
Thus, NF-�B-independent mechanisms appear to be operating
in chronic HIV-1 infection.

Although it is evident that ACHP is not potent in actively
replicating cells, considering the presence of latent reservoirs
that are sources of viral rebounds and its contribution to dis-
ease progression (24), a rationale exists for the use of the
compound in HIV-1 infection. Apparently, given its mecha-
nism, use of ACHP might cause aberrant regulation of inflam-
matory cytokines (5, 10, 43). Therefore, further studies are
needed to further evaluate its feasibility as a potential drug
candidate for novel anti-HIV therapy.
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