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Following integration, HIV-1 in most cases produces active infection events; however, in some rare instances, latent infection
events are established. The latter have major clinical implications, as latent infection allows the virus to persist despite antiretro-
viral therapy. Both the cellular factors and the viral elements that potentially determine whether HIV-1 establishes active or la-
tent infection events remain largely elusive. We detail here the contribution of different long terminal repeat (LTR) sequences
for the establishment of latent HIV-1 infection. Using a panel of full-length replication-competent virus constructs that reflect
naturally occurring differences of HIV-1 subtype-specific LTRs and targeted LTR mutants, we found the primary ability of
HIV-1 to establish latent infection in this system to be controlled by a four-nucleotide (nt) AP-1 element just upstream of the
NF-�B element in the viral promoter. Deletion of this AP-1 site mostly deprived HIV-1 of the ability to establish latent HIV-1
infection. Extension of this site to a 7-nt AP-1 sequence massively promoted latency establishment, suggesting that this pro-
moter region represents a latency establishment element (LEE). Given that these minimal changes in a transcription factor bind-
ing site affect latency establishment to such large extent, our data support the notion that HIV-1 latency is a transcription factor
restriction phenomenon.

Antiretroviral therapy (ART) reduces the viral load to ex-
tremely low or undetectable levels, but, following cessation of

ART, viral infection rebounds within a few weeks. It is believed
that the major viral reservoir driving this viral resurgence is a
population of latently HIV-1-infected CD4� memory T cells (1–
6). Owing to the extremely long half-life of the memory T cells in
which the latent virus resides, in the absence of any de novo infec-
tion, natural eradication would take �70 years (7, 8). The only
way forward toward a cure for HIV-1 infection would thus be a
therapeutic strategy that actively purges this viral reservoir.

Essential to the development of effective reactivation strategies
would be a comprehensive understanding of how latency is estab-
lished and controlled. Once integrated, HIV-1 can essentially be
viewed as another cellular gene. In many ways, the HIV-1 pro-
moter is highly similar to a series of promoters of cellular genes
that are not active in resting T cells but are upregulated following
T cell activation. Among these, the most notable are cellular pro-
moters for the interleukin-2 (IL-2) receptor (CD25), tumor ne-
crosis factor alpha (TNF-�), IL-2, IL-6, and IL-8 (9, 10). All of
these, as in the case of HIV-1, have a CD28-responsive element
(CD28RE) that is crucial for efficient gene expression, and as for
HIV-1 reactivation, stimulation of CD28 is essential for the effi-
cient activation of these genes. None of these genes is expressed in
memory T cells, which constitute the majority of the latent HIV
reservoir. Their expression is restricted by the absence of tran-
scription factors, with no requirement of a special restrictive chro-
matin environment. For all of these genes, as for HIV-1, paused
RNAP II polymerase has been found bound to the transcription
start site and restriction of P-TEFb and TFIIH, two important
components of the actively transcribing RNA polymerase II com-
plex, has been shown to contribute to a latent/nonexpressing phe-
notype (11, 12).

As with all genomic DNA, following integration, the latent

HIV-1 long terminal repeat (LTR) is expected to be embedded in
a chromatin structure. The current model of latent HIV-1 infec-
tion suggests that following integration, nucleosome positioning
and the formation of a restrictive chromatin environment on the
latent HIV-1 LTR are the key players for the control of latent
HIV-1 infection (13–15). DNA methylation patterns at the viral
LTR have been suggested by some to stabilize latent infection (16,
17). Two nucleosomes have been described to be located at well-
defined positions on the latent HIV-1 LTR (see Fig. 2). The two
nucleosomes, nuc-0 and nuc-1, are positioned at nucleotides (nt)
40 to 200 and nt 465 to 610, respectively, and are separated by a
nucleosome-free region of approximately 265 nt (18, 19). This
nucleosome-free region includes the CD28RE, the enhancer ele-
ment, and the core promoter. For HIV-1 subtype B viruses, the
most relevant transcription factor binding sites in this area are the
two NF-�B sites in the enhancer element as well as the three Sp-1
sites in the core promoter. Nuc-1 is then positioned downstream
of the CATATAA box and the transcriptional start site and over-
laps a series of three AP-1 sites, which also are essential for HIV-1
transcription (20–23).

Recently, Rafati et al. reported that for latent HIV-1 infection
events, the two nucleosomes that are found at the LTR would be
actively repositioned away from their predicted DNA binding sites
as a function of the presence of BAF or PBAF, respectively, to
possibly restrict access of activating transcription factors to the
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LTR (24). Similar findings had been reported in 2007 for the in-
active IL-2 receptor (CD25) promoter (25), again emphasizing the
similarities between latent HIV-1 infection and certain inactive T
cell-specific cellular genes that are controlled primarily by tran-
scription factor restriction.

While the role of chromatin restriction for HIV-1 latency con-
trol is emphasized by some, the importance of transcription factor
restriction for HIV latency establishment was suggested early on,
when it was hypothesized that in primary T cells, HIV-1 latency is
generated by viral shutdown during the transition of activated T
cells to a memory phenotype (5). The idea was that transcription
factor restriction caused by the transition of an infected T cell to a
resting state would shut down viral transcription. No direct exper-
imental evidence for this hypothesis has been provided, but re-
striction of P-TEFb and TFIIH, two important components of the
actively transcribing RNA polymerase II complex, has been shown
to contribute to a latent phenotype (11, 12). To this end, paused
RNA polymerase II complex has been found associated with the
latent LTR promoter (11, 26–29).

If transcription factor restriction were to be the driving force
behind the establishment of latent HIV-1 infection, we hypothe-
sized that it should be possible to generate virus LTR mutants that
would establish different levels of latent infection in a standard-
ized cellular environment. Similar ideas had been pursued earlier;
however, in those experiments, attenuating mutations that would
detrimentally affect the ability of the virus to drive gene expression
and viral replication were used. Some of these attenuating muta-
tions, e.g., one affecting the TAR element, have actually been suc-
cessfully used to increase the percentage of latently infected cells in
a model of HIV latency in primary T cells (12, 28, 30). However,
while such mutations can be efficiently exploited to optimize ex-
perimental systems for a particular purpose, there is little evidence
that such mutations are relevant for latency establishment in vivo
(3, 31, 32). In fact, the ability of latent viruses to efficiently repli-
cate upon ex vivo cell stimulation was a prerequisite for the success
of the initial studies that identified and quantified the latent HIV-1
reservoir in patients (3, 33–35). In our study, only LTR mutations/
alterations that were otherwise nonattenuating and that were de-
rived from naturally occurring prototypic, subtype-specific LTR
templates were considered. Using a series of subtype-specific LTR
mutants that were otherwise syngeneic, we found that a 147-nt
region (�1 to �147 relative to the transcriptional start site), from
a prototypic HIV-1 subtype E virus, substituting for the original
HIV LAI subtype B (LAI-B) sequence, would prevent latency es-
tablishment. In contrast, inserting the subtype A- or subtype C-
specific 147-nt region into HIV LAI-B resulted in a massive in-
crease in latent infection events. We narrowed down the possible
actual elements responsible for these differences in latency estab-
lishment efficacy to an AP-1 binding site in the CD28RE of the
LTR enhancer/core element just upstream of the NF-�B element.
Extension of this 4-nt AP-1 site to a 7-nt AP-1 motif as seen in
subtype A or subtype C viruses again massively increased the ca-
pacity of these viruses to establish latent infection events. Removal
of this AP-1 site would practically abrogate the ability of these
mutants to establish latent infection events. The results of these
genetic perturbation experiments suggest that HIV-1 latency es-
tablishment and possibly latency maintenance are likely con-
trolled at the level of transcription factor restriction. We here dis-
cuss the possible implications of our findings for future strategies
to target the latent HIV-1 reservoir.

MATERIALS AND METHODS
Cell culture, plasmids, and reagents. All T cell cultures were maintained
in RPMI 1640 supplemented with 2 mM L-glutamine, 100 U/ml penicillin,
100 �g/ml streptomycin, and 10% heat-inactivated fetal bovine serum
(FBS). FBS was obtained from HyClone (Logan, UT) and was tested on a
panel of latently infected cells to ensure that the utilized FBS batch did not
spontaneously trigger HIV-1 reactivation (36, 37). The phorbol esters
13-phorbol-12-myristate acetate (PMA) and prostratin, the histone
deacetylase (HDAC) inhibitors valproic acid, sodium butyrate (NaBu),
and trichostatin A (TSA), the DNA methyltransferase inhibitor 5=-azacy-
tidine, and the cell-differentiating agent N=-N=-hexamthylene-bisacet-
amide (HMBA) were purchased from Sigma. Suberoylanilide hydroxamic
acid (SAHA; vorinostat) was purchased from Cayman Chemicals. Re-
combinant human TNF-� was obtained from R&D.

J2574 reporter T cells. J2574 reporter T cells were generated by retro-
virally transducing Jurkat T cells with an HIV-1 reporter construct
(p2574) in which an HIV-1 subtype B LTR controls the expression of
green fluorescent protein (GFP). The HIV-1 LTR and the GFP gene are
separated by a 2,500-bp spacer element. Lentiviral particles were pro-
duced by transfecting 293T cells with p2574 and supplying gag-pol-rev-tat
in trans. Vesicular stomatitis virus G (VSV-G) was used as a viral envelope
protein. Following lentiviral transduction of Jurkat cells, all cells that
spontaneously expressed GFP were removed by cell sorting. The GFP-
negative population was then activated with PMA to identify all cells that
would harbor an inducible LTR-GFP-LTR integration event. Cells that
turned GFP positive following stimulation were again selected by cell
sorting. GFP expression in this population ceased after a few days, leaving
a population of GFP-negative reporter cells. The amount of founder cells
for this population is calculated to represent �100,000 individual integra-
tion events.

HIV-1 vectors. Some of the utilized HIV-1 clones have been previ-
ously described (38, 39). These clones are derived from the subtype B LAI
molecular clone (40) but have a subtype-specific 3= LTR from position
�147 to position �63, stretching from the noncoding part of U3 to the R
region, including the complete TAR hairpin. During virus production, the
U3 region of the 3= LTR is inherited by the viral progeny, and the recom-
binant progeny thus contains a subtype-specific �147 to �1 region. For
the purpose of simplification, we refer to the viruses as LAI-B for the
parental subtype B construct and LAI-A, LAI-C, and LAI-E for the viruses
that hold the �147 to �1 LTR sequence of a prototypic HIV-1 strain of
subtype A, subtype C, and subtype E (CRF01_AE), respectively. In all
cases, viral stocks were prepared by transfection of the plasmids into 293T
cells. Viral supernatants were then harvested 2 days posttransfection, di-
vided into aliquots, and stored at �80°C.

To generate the NL43-AP-1 mutants, the NL43 viral plasmid was di-
gested with XhoI and NcoI and the generated fragment was cloned into
pGEMTeasy vector. All manipulations of the 3= LTR were generated in
this pGEM-3=LTR construct. To generate NL–�AP-1, forward primer AT
CGAGCTTGCTACAAGGGACTTTCCGC and reverse primer GCAGTT
CTTGAAGTACTCCGGATGCAGCT were used to delete the AP-1 site
(TGAC) present in wild-type NL43 (NL43 wt). To generate NL-7nt/AP-1,
the forward primer TCAAGAACTGCtgacacaGAGCTTGCTAC and the
reverse primer AGTACTCCGGATGCAGCTCTCGG were used to gener-
ate the 7-nt AP-1 site (TGACACA; indicated with lowercase characters in
the forward primer sequence). The respective PCR products were treated
with DpnI to digest the methylated template DNA, the PCR products were
ligated and transformed, and colonies with the correct plasmids were
identified. The mutated XhoI-NcoI fragments were then transferred into
the NL43 backbone.

EMSAs. Freshly isolated primary human CD4� T cells or CA5 T cells
were stimulated with PMA (25 ng/ml) and ionomycin (1.5 �M) for 90
min. Nuclear extracts were prepared as described previously (41). An
AP-1 consensus oligonucleotide was used to generate a 32P-labeled probe.
Three HIV LTR oligonucleotides, reflective of the AP-1 and NF-�B sites
shown (see Fig. 5), were used as unlabeled competitors. The AP-1 consen-
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sus sequence (21 nt) was CGCTTGATGACTCAGCCGGAA; the NL4-3
wild-type sequence (61 nt) was TTCAAGAACTGCTGACATCGAGCTT
GCTACAAGGGACTTTCCGCTGGGGACTTTCCTAACT; the NL-7nt/
AP-1 sequence (61 nt) was TTCAAGAACTGCTGACACAGAGCTTGCT
ACAAGGGACTTTCCGCTGGGGACTTTCCTAACT; and the NL–
�AP-1 sequence (57 nt) was TTCAAGAACTGCATCGAGCTTGCTACA
AGGGACTTTCCGCTGGGGACTTTCCTAACT. Electrophoretic mobility
shift assays (EMSAs) were performed as previously described (42). Briefly,
1 �g of nuclear protein extract, 25,000 cpm of 32P-labeled probe, EMSA
binding buffer (500 mM Tris-HCI, pH 7.5; 500 mM KCl; 15 mM MgCl2;
10 mg/ml bovine serum albumin [BSA]; 50% glycerol; 5 mg/ml single-
stranded sperm DNA; 1 mM dithiothreitol [DTT]), and anti-c-Fos anti-
body or the indicated competitors were mixed and incubated for 45 min at
room temperature. The mixtures were then loaded and subjected to elec-
trophoresis on a 6% gradient using prepoured DNA retardation gels
(Novex, San Diego, CA). Radioactive bands were detected by conven-
tional autoradiography.

FCM. Infection levels in the cell cultures were monitored by analysis of
GFP expression using flow cytometry (FCM). FCM analysis was per-
formed on a Guava easyCyte flow cytometer (Guava Technologies, Inc.),
which allows for direct sample analysis in 96-well plates. The EasyCyte
flow cytometer allows for the determination of absolute cell numbers in a
sample, a function that was used to ensure that the levels of cell viability in
all experiments were comparable. Cell sorting experiments were per-
formed using a FACSAria flow cytometer (Becton, Dickinson). Data anal-
ysis was performed using either CellQuest (Becton, Dickinson) or Guava
Express (Guava Technologies, Inc.).

RESULTS
Generation of a GFP-reporter T cell population for HIV-1 infec-
tion. Potential differences in the ability of HIV-1 subtypes to es-
tablish latent infection would be best studied using reporter T cells
in which the transcription status of HIV-1 infection events is in-
dicated at the single-cell level by a directly accessible surrogate
marker such as GFP. Several different GFP reporter cell lines have
been previously published; however, all of these reporter T cell
lines are of a clonal nature (43–45). As it has been previously
reported that HIV-1 subtype promoter activity would be influ-
enced by the host cell type (39), we wanted to at least avoid a
potential influence of the clonal nature of these cell lines on our
studies. We thus initially generated a reporter T cell population
using an HIV-1 NL43-based LTR-GFP-LTR reporter vector
(p2574) that would be expected to have the same integration site
profile as HIV-1 (see Materials and Methods). Based on input
material calculations, this population of J2574 T cells should rep-

resent �100,000 diverse founder cells and thus limit the influence
of potential clonal effects on our observations.

In the J2574 population, TNF-� stimulation caused a 3-fold
increase in GFP expression, and PMA stimulation caused a 20-
fold increase in the absence of Tat. Retroviral transduction with a
Tat-expression vector triggered a �300-fold GFP shift in the
transduced population and can be readily distinguished from
stimulation-induced shifts in the baseline activity of the LTR-
GFP-LTR reporter (Fig. 1). In this reporter T cell population, viral
replication studies can be performed by directly measuring the
increase in the numbers of of GFP-positive cells over time using
flow cytometric analysis, without the requirement to perform
other labor-intensive analyses such as p24 Gag protein determi-
nations or reverse transcription (RT) activity assays. By the same
means, changes in the viral transcriptional activity status (latent/
active) in a cell population can be determined at the single-cell
level. This J2574 reporter T cell population was used for the sub-
sequent studies.

Reduced level of latency establishment in HIV-1 LAI-E infec-
tion. HIV-1 transcription efficacy is mostly regulated by tran-
scription factors binding to the extended core/enhancer element
of the viral LTR. Thus, we hypothesized that changes in this region
would affect latency establishment efficacy if transcription factor
restriction primarily governs latency establishment. To test this
idea, we used a panel of fully replication-competent chimeric vi-
ruses that differed only in the sequence �147 nt to �1 nt relative
to the transcriptional start site. In the various chimeric viruses, the
sequence �147 nt to �1 nt was derived from prototypic, subtype-
specific sequences for the HIV-1 subtypes A, B, C1, D, E, F, and G
(38, 39) (Fig. 2A).

We initially tested whether the ability of HIV-1 LAI-E to drive
higher levels of HIV-1 replication would result in an altered ability
to establish latent infection events at the population level. For this
purpose, we infected J2574 T cells with either LAI-B or LAI-E.
From day 1 postinfection, the cultures were maintained in the
presence of RT inhibitors to prevent the potential establishment of
preintegration latency and to avert ongoing viral replication that
would interfere with the establishment of a stable, latently HIV-1-
infected reservoir in the respective cell populations. The results of
three independent experiments performed at different infection
levels are shown in Fig. 2. To allow for a meaningful comparison of
the capacities of the respective viruses to establish a pool of latently

FIG 1 GFP regulation by stimulation and Tat expression in J2574 cells. (A) To determine the responsiveness of the quantitative GFP marker to stimulation or
to HIV-1 Tat, we stimulated J2574 cells with TNF-� or PMA and determined changes in GFP mean channel fluorescence (MCF) intensity after 48 h using flow
cytometric analysis. To determine the effect of HIV-1 Tat, as a noncytopathic surrogate for HIV-1 infection, on the integrated LTR-GFP-LTR reporter vectors,
we retrovirally transduced J2574 T cells with a Tat-expression vector and determined GFP mean channel fluorescence on day 6 postransduction (Tat).
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infected cells, we chose infection cultures that on day 4 postinfec-
tion would produce similar levels of active infection (Fig. 2B).
Active and latent infection levels in these infection cultures were
then monitored until day 23, when a stable latent reservoir would
have been established (46). Other than in LAI-B-infected cell pop-

ulations, LAI-E infection cultures had not produced a reservoir of
silently infected cells on day 3 postinfection (data not shown).
HIV-1 subtype B routinely established a substantial level of silent
infection events early after infection, and we previously demon-
strated that the majority of latent infection events are derived from

FIG 2 The enhancer/core promoter element of the LTR controls HIV-1 latency establishment. (A) Schematic overview of the HIV-1 LTR showing some of the
key elements and transcription factor binding sites, including the positions of the nucleosomes. The 147-nt enhancer/core promoter region that is exchanged in
the different viral constructs is indicated by a box (subtype specific). (B) Input infection for three independent infection experiments using LAI-B and LAI-E were
measured as the level of GFP-positive cells on day 3 postinfection. The size of the latent infection reservoir was then determined on day 23 postinfection by
comparing the percentages of GFP-positive cells under baseline conditions (black columns) and 24 h following PMA stimulation (gray columns). For each
infection experiment, the size of the latent reservoir is indicated by gray arrows. C, control. (C) Flow cytometric data for one representative latency establishment
experiment. Initial active infection levels of J2574 reporter T cells with either LAI-B or LAI-E were determined by flow cytometric analysis for GFP expression on
day 4 postinfection. On day 23, when stable latent infection was established, samples of the respective cell populations were stimulated for 24 h with PMA (10
ng/ml) and active infection levels in control and PMA treated cell cultures were determined by flow cytometric analysis. The difference between the percentages
of GFP-positive cells in the PMA-treated cell population and the control cell cultures represents the latent infection reservoir.
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this population of silently infected cells (46). On day 23 postinfec-
tion, all infection cultures using LAI-B virus had established an
appreciable reservoir of latently infected T cells, whereas LAI-E
infections had produced no or only a minimal latent reservoir
(Fig. 2C). Note that viability in the cell cultures on days 5 to 7
routinely dropped as a function of the infection level and then
recovered over time. For example, viability in infection cultures
that on day 3 exhibited active infection in 60% of the cells would
drop to �40% on days 5 to 7 postinfection. However, we did not
notice any cytopathicity difference between the various viruses
used in these studies.

The inability of HIV-1 LAI-E to establish latent HIV-1 infec-
tion is correlated with an increased replication capacity. We
next tested whether the ability of LAI-E to produce almost exclu-
sively active infection events in J2574 cells would correlate with a
higher level of viral replication than was seen with LAI-B. For this
purpose, we infected J2574 T cells with either LAI-B or LAI-E and
followed viral replication over 5 days. When adjustments for ini-
tial viral infection levels were made, we observed an �5-fold-
higher level of viral replication until day 5 postinfection for LAI-E
(Fig. 3A). Activation of the J2574 T cell population before or dur-
ing infection by PHA-L with the intention to increase cellular
activation levels partially ameliorated some of the replication ad-
vantage, but LAI-E replication was still more efficient (Fig. 3B).
These results indicate that the observed higher replication capac-
ity of the LAI-E LTR is an intrinsic function of the LTR. This
advantage is partially retained when access to NF-�B or other
transcription factors is not limiting as the result of cell activation
(e.g., PHA-L). The replication advantage of LAI-E is thus some-
what independent of the presence of NF-�B and is likely mediated
by another factor that increases baseline transcription. Such a sce-
nario would explain how LAI-E prevents latency formation in
low-level NF-�B activity environments that are favorable for la-
tency formation for LAI-B. As the observed increased replication
capacity is correlated to the exchange of the 147-nt enhancer/core
promoter sequence, these data lend further support to the idea
that establishment of latent infection is a transcription factor phe-
nomenon and that it is inversely correlated to the transcriptional
activity and replication capacity of the virus.

Subtype A and subtype C chimeric viruses generate increased
levels of latent infection. In contrast to LAI-E, which yielded al-
most exclusively productive infection events, we found that LAI-A
and LAI-C produced greatly increased levels of latent infection
compared to HIV-1 LAI-B. Similar to LAI-B, but different from
LAI-E, LAI-A and LAI-C both established a pool of silently in-
fected cells early after infection (day 3) (Fig. 4A). We demon-
strated earlier that this silent infection reservoir serves as the pri-
mary source for latent subtype B infection (46), but we could not
produce any evidence that the silent infection reservoir was more
pronounced in LAI-A or LAI-C infections than in LAI-B infec-
tions. On day 23 postinfection, latency levels determined as a
function of the initial infection level in these cultures were in-
creased by a factor of 3 to 5 relative to LAI-B infection levels (Fig.
4B). Again, the only difference between these two chimeric viruses
and the parental LAI-B was a 147-nt region that would represent a
prototypic subtype A or subtype C enhancer/core promoter se-
quence (38, 39), further emphasizing the governing role of this
sequence for latency formation. The increased ability of LAI-A
and LAI-C to establish latent infection was not associated with a
decrease in replication capacity (Fig. 4C). This is different from
what we observed for LAI-E, where we found the decreased ability
of LAI-E to establish latent infection events to be associated with
an increased ability to replicate relative to LAI-B (Fig. 3). Taken
together, the results suggest a dominant role for the enhancer/core
promoter element of the LTR (�147 nt to �1 nt) for latency
establishment.

An AP-1 transcription factor binding site essentially controls
HIV-1 latency establishment. To detail the exact transcription
factor binding site(s) that would be responsible for the observed
differences in the capacity of these LAI viruses to establish latent
infection events, we used Transcription Element Search Software
(TESS) (47) as a pattern recognition software that would guide
our mutational studies. Among several candidate sites, TESS in-
dicated the presence of a 4-bp AP-1 site in the subtype B-specific
LTR sequence, just upstream of the NF-�B element, that was ex-
tended to a 7-nt AP-1 element in the corresponding subtype A or
subtype C LTR sequence. To test the relevance of this AP-1 ele-
ment for HIV-1 latency establishment, we initially created two
HIV-1 NL43 AP-1 mutants. In HIV-1 NL–�AP-1, we removed
the 4 nt constituting the naturally occurring AP-1 site, whereas in
NL-7nt/AP-1, two nucleotides were exchanged (TC � CA), to
generate a 7-nt AP-1 site as seen in HIV-1 subtype A (or subtype
C). It is important to appreciate that the mutations were limited to
this site and did not include any of the naturally occurring subtype-
specific changes of the NF-�B element sequence that are present in
LAI-A, LAI-B, or LAI-E. With the exception of the AP-1, mutations
NL43 wt, NL–�AP-1, and NL-7nt/AP-1 were syngeneic based on an
HIV-1 NL43 backbone. The relevant original subtype-specific LTR
sequences and the NL43 mutations are shown in Fig. 5.

To compare the abilities of the various LTR mutant viruses to
establish latent infection at the highest experimentally possible
resolution, we infected J2574 reporter T cells with each virus at
various multiplicities of infection (MOIs), resulting in a total of 15
to 25 infections within a range of 5% to 70% active infection on
day 3 postinfection. Again, RT or integrase (INT) inhibitors were
added 24 h following infection to each culture, to prevent the
establishment of preintegration latency and to inhibit ongoing
HIV-1 replication, which would affect the formation of a latent
HIV-1 reservoir (46). As previously reported, a stable latent infec-

FIG 3 LAI-B and LAI-E replication kinetics in J2574 cells. J2574 cells were
infected with either LAI-B or LAI-E, and viral replication was monitored by
determining the percentage of GFP-positive cells at the indicated time points
using flow cytometric analysis. Viral replication efficacy was determined in (A)
unstimulated J2574 cells or (B) J2574 cells stimulated with 1 �g/ml PHA-L,
added to increase intracellular activation levels with respect to NF-�B provi-
sion. All experiments were performed in triplicate.
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tion reservoir is established about 10 days postinfection (46). To
determine whether the LTR mutants would establish different lev-
els of latent infection reservoirs, we initially determined active
infection levels on day 3 postinfection. On day 14 postinfection,
we again took samples from each infection culture and stimulated
these with the phorbol ester PMA, likely the most potent HIV-1-
reactivating agent in this system. At 24 h post-PMA stimulation,
the levels of active HIV-1 infection in the parental unstimulated
populations were compared with the level of induced HIV-1 in-
fection in the corresponding PMA-treated cultures. Both baseline
active HIV-1 expression levels and PMA-induced HIV-1 expres-
sion levels were directly quantified by determining the percentage
of GFP-positive T cells using flow cytometry. In Fig. 5D and E, the
size of this latent viral infection reservoir as measured on day 14
postinfection is plotted over the active infection level determined
on day 3 postinfection. These data indicate that, relative to that of
the parental NL43, the extension of the AP-1 site in NL-7nt/AP-1
using the respective subtype A or C sequence as the template cre-
ated a virus that produced greatly increased levels of latent infec-
tion, similar to those seen with the viral template viruses LAI-A
and LAI-C (Fig. 5D). Conversely, NL–�AP-1, in which the AP-1
site was deleted, produced significantly less latent infection, em-

phasizing the importance of the AP-1 motif for latency establish-
ment (Fig. 5E). NL–�AP-1/E, a slightly extended deletion of the
AP-1 motif which was designed using LAI-E as the template, to-
tally abrogated the ability of this LTR mutant virus to establish any
latent infection (Fig. 5E). The inability of NL–�AP-1/E to estab-
lish latent infection events reproduces our finding for LAI-E, al-
beit NL–�AP-1/E is syngeneic with NL4-3wt outside the �AP-1/E
deletion, including the NF-�B sites. These data suggest that the
extended AP-1 motif likely represents a latency establishment el-
ement (LEE) and should constitute a therapeutic target to trigger
HIV-1 reactivation.

Differential binding affinity of AP-1 to the HIV CD28-re-
sponsive element (AP-1/NF-�B). The finding that a 2-nt muta-
tion or a 4-nt deletion in the vicinity of the NF-�B element trig-
gered a vastly different ability of HIV-1 NL4-3 to establish latent
infection would be suggestive that these mutations locally affect
transcription factor binding, rather than having global effects on
the interaction of the promoter sequence with other higher-level
transcriptional control mechanisms. Given identical cellular en-
vironments, this would provide the viruses with differential abil-
ities to transition to a fully expressing state. In the absence of any
knowledge of what factors bind to this LTR region, it is difficult to

FIG 4 Increased level of latency establishment in LAI-A and LAI-C infections. (A) J2574 reporter T cells were infected with LAI-A, -B, -C, or -E. On day 2
postinfection, samples from each culture were stimulated with PMA to test for the presence of transcriptional silent infection events. Adjusted for comparable
input infection levels, the size of the silent infection reservoir is indicated for each virus. (B) On day 23 postinfection, we determined the size of the latent reservoir
established in each infection culture. To be able to compare the actual ability of each virus to establish latent infection, the size of the established latent infection
is plotted over the input infection level as determined on day 3 postinfection. (C) Replication kinetics of LAI-A, LAI-B, and LAI-C in PHA-L-stimulated J2574
T cells. (D) Flow cytometric data for one representative latency establishment experiment. Initial active infection levels of J2574 reporter T cells with LAI-A were
determined by flow cytometric analysis of GFP expression on day 4 postinfection. On day 23, when stable latent infection was established, samples of the
respective cell populations were stimulated for 24 h with PMA (10 ng/ml) and active infection levels in control and PMA-treated cell cultures were determined
by flow cytometric analysis. The difference between the percentages of GFP-positive cells in the PMA-treated cell population and the control cell cultures
represents the latent infection reservoir.
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test this hypothesis, particularly as it is even unclear whether the
differences in the capacity to establish latent infection events are
caused by gain-of-function or loss-of-function effects. Also, we
would likely have to consider the interaction of the AP-1 motif
with adjacent transcription factor binding sites that define the
respective CD28-responsive element, in particular, the NF-�B
binding sites. In this situation, the most promising way forward
would be to test whether oligonucleotides that represent the var-
ious AP-1 motifs combined with the NF-�B element would actu-
ally differ in their ability to bind to AP-1 factors. For this purpose,
we initially determined which AP-1 factors would be present in
nuclear extracts from relevant T cells (CA5 T cells and primary
CD4� T cells) and found that c-Fos was highly active after induc-
tion (Fig. 6A). c-Fos also seemed to be the primary AP-1 in the
nuclear extracts, as an anti-c-Fos antibody would completely shift
the AP-1 consensus band. When we used oligonucleotides reflect-
ing the AP-1/NF-�B site combinations of NL43 wt, NL-7nt AP-1,

and NL–�AP-1 to compete at different concentrations for bind-
ing of c-Fos to the 32P-labeled AP-1 consensus oligonucleotide, we
found that, relative to the AP-1/NF-�B NL43 wt oligonucleotide,
the NL-7nt AP-1 oligonucleotide was much more efficient at com-
peting for binding of AP-1 to the consensus oligonucleotide. In
contrast, the NL–�AP-1 oligonucleotide did not compete for
binding at either competitor concentration. The experiments pro-
duced identical results when we used nuclear extracts from pri-
mary CD4� T cells (Fig. 6B) or from the latently HIV-1-infected
CA5 T cells (Fig. 6C). While these data do not suggest that AP-1 or,
more specifically, c-Fos is functionally relevant for the establish-
ment of latent HIV-1 infection, the findings are consistent with
the idea that the various AP-1/NF-�B sites exhibit differential lev-
els of affinity for transcription factors. Differential affinity for se-
lect transcription factors, including c-Fos, would thus be sufficient
to explain the differential ability of these LTR mutants to establish
latent HIV-1 infection.

FIG 5 HIV-1 latency establishment is controlled by an AP-1 motif in the CD28RE of the LTR. (A) The structure of the HIV-1 LTR, including the nucleosome
positions and the transcriptional start site (�1). The position of the AP-1 site is indicated. (B) Alignment of prototypic CD28RE sequences (AP-1/NF-�B region)
of NL43, LAI-A, LAI-B, LAI-C, and LAI-E. (C) Alignment of the generated CD28RE regions in NL43 wt, NL-7nt/AP-1, NL–�AP-1, and NL–�AP-1/E. (D) J2574
reporter T cells were infected with increasing amounts of NL43 wt (black triangles) and NL-7nt/AP-1 (gray circles), and the pool of latent HIV-1 infection for
each infection culture was determined on day 14 postinfection (46). The size of the latent reservoir for each infection was plotted over the initial level of infection
as determined on day 3 postinfection. (E) Similar latency establishment experiments were performed using NL43 wt (black triangles), NL–�AP-1 (gray circles),
and NL–�AP-1/E (gray squares). The size of the latently infected cell pool as determined on day 14 postinfection is plotted over the level of initial infection as
determined on day 3.
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LTR sequences comprising the extended negative regulatory
element are not required for the formation of latent HIV-1 in-
fection. To confirm the importance of the identified AP-1 motif-
based latency establishment element, we investigated whether
nonattenuating mutations in other reported regulatory regions of
the HIV LTR would affect HIV-1 latency establishment. For this
purpose, we generated a panel of LTR deletion mutants compris-
ing targeted mutations of individual transcription factor binding
sites within the negative regulatory element (NRE) or complete
and extended NRE deletion mutants (Fig. 7).

In our hands, none of these mutations resulted in attenuated
viral replication capacity in our Jurkat T cell-based experimental
systems (data not shown). In the subsequently performed latency

establishment experiments, neither targeted mutations of individ-
ual transcription factor binding sites within the NRE nor complete
or extended NRE deletion mutants (Fig. 7A) exhibited any change
in the latency establishment phenotype relative to the parental
virus. This was particularly striking with the largest LTR deletions,
which remove more than one-third of the LTR (e.g., �NRE-TCF;
302 of 789 nt). In Fig. 7B, the latency phenotypes for the parental
NL43 and two of the largest deletion mutants (�NRE and �NRE-
TCF) are shown. Taken together, these findings suggest that the
transcription factor binding sites in this region are not important
for HIV-1 latency establishment, adding further support to the
idea that the AP-1 site identified above is crucial for the establish-
ment of latent HIV-1 infection.

FIG 6 Differential affinities of the HIV-1 CD28-responsive elements to c-Fos/AP-1. (A) Induction of AP-1 factor activity in CA5 T cells following stimulation
with 10 ng/ml PMA. (B) EMSA to determine the affinities of the different HIV-1 CD28-responsive elements representing NL wt, NL-7nt/AP-1, and NL–�AP-1
(as seen in Fig. 5) to c-Fos/AP-1 using nuclear extracts from primary CD4� T cells. A 32P-labeled consensus AP-1 site oligonucleotide (C) was either shifted with
an anti-c-Fos MAb or competed with a 200	 or 20	 excess of cold AP-1 consensus oligonucleotide (self) or oligonucleotides representing the respective
CD28-responsive elements of NL43 wt, NL-7nt/AP-1, and NL–�AP-1. The reduction in band intensities is inversely correlated to the affinity of the respective
oligonucleotide to c-Fos/AP-1. (C) EMSA experiments were performed as described for panel B using nuclear extracts from CA5 T cells.

FIG 7 The negative regulatory element of the LTR is not important for HIV-1 latency establishment. (A) To test whether relative nuc-0/nuc-1 positioning would
influence latency establishment, we generated a series of LTR mutants in which we removed parts of the LTR DNA sequence that, following viral integration into
the cellular genome, would be associated with nuc-0. The position of the maximal deletion in the LTR and its effect on nucleosome positioning are depicted. (B)
The various LTR-deletion viruses were used to infect GFP-reporter T cells at different MOIs. On day 2 postinfection, a sample of each culture was stimulated with
PMA to activate transcriptionally silent infection events. The percentage of silently infected cells was then plotted over the percentage of actively infected cells to
obtain latency establishment profiles. Comparing the level of latency establishment over a range of infectivity levels is crucial, as the relative level of latent
infection decreases with increasing infection levels. The latency establishment profiles of three representative experiments comparing wt NL43 with the
�NRE-LTR mutant and with the �NRE-TCF-LTR mutant are depicted.
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A similar knockout approach cannot be pursued for the LTR
regions downstream of the NF-�B element. This LTR region holds
essential transcription factor binding sites (e.g., Sp1, AP-1) (22,
48) or essential functional elements such as the TAR element (49).
Elimination of this region would be lethal to the ability of the LTR
to promote transcription or viral replication. Even smaller manip-
ulations in this area have been repeatedly reported to greatly at-
tenuate the capacity of a virus to promote transcription or to rep-
licate (22, 48). In fact, cells of the ACH-2 cell line, one of the latent
cell lines reported early on, hold an integrated provirus that is
driven into a transcriptional inactive state by an attenuating mu-
tation in the TAR sequence (30), a finding that is now exploited by
some to establish latent infection in primary T cell (12, 28).

Kinetic reactivation profiles of latently LAI-A- and LAI-B-
infected T cells. The observed differences in the abilities of the
utilized HIV-1 LTR mutants to establish latent infection raised the
issue of whether these would also translate into differential levels
of responsiveness to reactivation. Within the panels of latently
infected T cell clones established for each of the viruses, we ob-
served great variation in their responsiveness to a defined stimu-
lus. For example, reactivation by PMA could result in �95% re-
activation for one cell clone or was limited to less than 40% in a
second cell clone. Such variability has also been seen in studies
from other laboratories. For example, reactivation in the various
J-LAT clones from the Verdin laboratory ranged between 30%
and 95% (50). While we made similar observations, we published
only latently infected T cell clones in which reactivation levels
generally exceed the 80% range (37, 46). In our hands, these dif-
ferences are independent of the integration type, referring to the
possibility that latent HIV-1 can integrate in the same orientation
or the converse orientation relative to the transcription direction
of the host gene or even in an intergenic region (51). Due to these
large variations in responsiveness to the different stimuli in the
clonal cell lines, we decided to test the ability of the different
known HIV-1-reactivating agents to trigger reactivation in la-
tently HIV-1-infected T cell populations, in which up to 20% of
the cell population was actually latently HIV-1 infected. Based on
input calculations, these T cell populations hold a minimum of
�10,000 independent latently HIV-1-infected T cell clones. Given
our results showing that LAI-A (or LAI-C) produced more latent
infection events relative to the initially active infection level than
LAI-B, we were particularly interested in using the latent LAI-A
population to address the issue of whether latent LAI-A infection
would be less responsive to known HIV-1-reactivating agents than
latent LAI-B infection.

As shown in Fig. 8A, TNF-�, a strong NF-�B activator, acted
equally well to reactivate latent LAI-A and LAI-B infections at the
population level. Similar results were obtained for the phorbol
esters PMA and prostratin (data not shown). At the population
level, the cell-differentiating agent N=-N=-hexamthylene-bisacet-
amide (HMBA) would trigger relatively high levels of reactivation
in both T cell populations. Suberoylanilide hydroxamic acid
(SAHA; vorinostat), a bimodal drug that triggers cell differentia-
tion and acts as an HDAC inhibitor, was also effective in either
population. SAHA was initially developed as a cell-differentiating
agent to improve HMBA (52) and 2 years later was discovered to
act also as a HDAC inhibitor (53). SAHA was designed using
HMBA and the HDAC inhibitor trichostatin A as structural tem-
plates (52). As reported previously (26, 31, 46), specific HDAC
inhibitors such as trichostatin A, sodium butyrate, and valproic

acid did not trigger relevant levels of reactivation in either cell
population. Similar data were obtained for a population of latently
LAI-C-infected T cells.

Responsiveness to a particular stimulus or the absence thereof
could be confirmed using a clonal latently infected T cell clone that
was selected based on the ability of several activating stimuli to
trigger full reactivation at the population level. Using this clonal
latently NL43 wt-infected T cell line, we found that PMA, prostra-
tin, and TNF-� all could trigger full reactivation at the population
level in a concentration-dependent manner. The cell-differentiat-
ing agents HMBA and SAHA triggered low levels of reactivation.
The DNA methyltransferase inhibitor 5-azacytidine and the spe-
cific HDAC inhibitors trichostatin A, valproic acid, and sodium
butyrate had no HIV-1-reactivating effect at subtoxic concentra-
tions (Fig. 8B).

Thus, while subtype-specific mutations of the LTR greatly in-
fluence latency establishment in a given cellular environment, our
data do not suggest that the molecular requirements to trigger
HIV-1 reactivation greatly differ between the tested HIV-1 sub-
types.

DISCUSSION

Once integrated, HIV-1 acts merely as another gene controlled by
a promoter that contains a CD28-responsive element (CD28RE),
very much like some T cell activation markers or cytokines (CD25,
IL-2, IL-6, IL-8, TNF-�) (9, 54). Interestingly, none of these genes
is actually expressed in (resting) CD4-positive memory T cells,
which constitute the primary cell type known to harbor latent
HIV-1 (4, 33). Transcription factor restriction is considered the
primary control mechanism for the expression of these cellular
genes, and in vitro stimulation with PHA-L or CD3/CD28 mono-
clonal antibody (MAb) combinations efficiently triggers their ex-
pression, without the requirement for any pharmacological inhib-
itors that would reverse a restrictive, epigenetically altered
chromatin environment. Nevertheless, despite these apparent
similarities, there seems to be a general assumption that latent
HIV-1 infection requires a special restrictive chromatin environ-
ment that would differ from the chromatin environment found
on inducible cellular genes (12, 13, 15, 55–57).

In line with the idea that, given a defined cellular environment,
transcription factor restriction would be key to HIV-1 latency
establishment and control, we here demonstrate that minimal
mutations of a single AP-1 site within the CD28RE just upstream
of the NF-�B element can dramatically alter the capacity of HIV-1
to establish latent infection events.

In the initial experiments, we found that substitution of the
core/enhancer element of a subtype B virus with the correspond-
ing region of a prototypic subtype A or subtype C virus would
greatly enhance the capacity of these chimeric viruses to establish
latent infection, while the subtype E core/enhancer element would
deprive the chimeric virus of the ability to establish latent infec-
tion events. All chimeric viruses were syngeneic in the LTR regions
outside the subtype-specific 147-nt enhancer/core promoter se-
quences, suggesting that any observed differences in the capacity
of these viruses to establish latent infection have to be correlated
with differences in the transcription factor binding site pattern of
the respective 147-nt enhancer/core promoter sequences. HIV-1
latency establishment should thus primarily be a function of tran-
scription factor availability at the time point of infection.

The increase in latent infection observed in LAI-A- and LAI-
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FIG 8 Kinetic reactivation profiles for latent LAI-A and LAI-B infections. (A) A latently HIV-1 LAI-A-infected J2574 T cell population and a latently HIV-1 LAI-B-
infected T cell population were stimulated with the NF-�B-activating cytokine TNF-�, the cell-differentiating agent HMBA, the HDAC inhibitor TSA, and the bimodal
agent SAHA, which acts as both cell-differentiating agent and HDAC inhibitor. SAHA was conceived as a second-generation cell-differentiating agent using HMBA and
TSA as structural templates (52). The level of HIV-1 reactivation over a low-level active background infection was determined 24 h poststimulation by determining the
increase in the numbers of GFP-expressing cells. All compounds were titrated over a concentration range that did not decrease cell viability below 60%. (B) The latently
HIV-1 LAI-B-infected J-BH12 T cell clone was stimulated with increasing amounts of the phorbol esters PMA and prostratin, TNF-�, the cell-differentiating agent
HMBA, the bimodal (cell-differentiating/HDAC-inhibiting) SAHA, the DNA methyltransferase inhibitor 5-azacytidine, and the HDAC inhibitors valproic acid, sodium
butyrate (NaBu), and trichostatin A (TSA). The HIV-1-reactivating compound effect was determined on days 1 to 3 by determinig the percentage of GFP-positive cells
using flow cytometric analysis. For data inclusion, cell viability had to be �30% at the time point of analysis.
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C-infected cells relative to LAI-B infection is interesting in the
context of a previous observation from our laboratory. In the
study by Duverger et al., we demonstrated that for subtype B vi-
ruses, the majority of latent infection events would be derived
from infections that integrated in a nonactive, silent state (46).
The size of this silent infection reservoir that can be observed early
after infection (day 3 or 4) is substantially larger than that of the
stable latent reservoir established at a later time point in these
infected cultures. For LAI-A or LAI-C, which were found to pro-
duce higher levels of latent infection, we would have assumed that
the silent infection reservoir on day 3 postinfection would also be
larger. However, this was not the case. The larger latent reservoir
in these T cell populations could thus be explained only by a de-
creased rate at which silent LAI-A or LAI-C infection events spon-
taneously transition to an active state. This notion is supported by
the finding that LAI-A and LAI-C exhibit slower replication kinet-
ics in Jurkat T cells than LAI-B (Fig. 4). Conversely, the observed
increased replication capacity of the subtype E chimeric virus
LAI-E relative to the subtype B reference virus LAI-B (Fig. 3) in-
dicates that the 147-nt subtype E enhancer/core element provides
the virus with a higher transcriptional baseline activity. This may
then facilitate the initial production of Tat that, once it is made,
feeds back to improve transcriptional elongation and possibly oc-
clude the transcriptional stop signal that is located downstream of
the TAR element (58). As a result, the subtype E chimeric virus can
avoid latent infection. A possible explanation for this effect could
be the growth-associated binding protein (GABP) site that has
replaced the distal NF-�B element in LAI-E and is unique to
HIV-1 subtype E (59). As a member of the family of Ets factors,
GABP is a unique transcription factor that is an obligate multi-
meric complex and has originally been described to control the
immediate early gene activation of herpes simplex virus 1 cytokine
promoters in T cells (60). GABP is also known to enhance IL-2
promoter activity (61, 62). It is thus conceivable that GABP bind-
ing could increase baseline promoter expression of the LAI-E LTR
and thus prevent the establishment of latent infection events.

The ability of a virus to establish latent infection would thus be
a function of the capacity of a given LTR sequence or transcription
factor binding site composition in the context of a given transcrip-
tion factor profile to drive baseline LTR expression in the absence
of Tat.

If this idea were correct, we hypothesized that latency estab-
lishment should be governed by a distinct transcription factor/
binding site interaction within the 147-nt enhancer/core pro-
moter sequence. As we detailed the transcription factor binding
sites that mediate the observed effects on latency establishment,
we identified a single AP-1 site just upstream of the NF-�B ele-
ment as key for the control of latent infection. The 4-nt AP-1 site
in the subtype B-specific LTR sequence is extended to a 7-nt AP-1
element in the corresponding subtype A or subtype C LTR se-
quence. Mutation of the 4-nt AP-1 site in HIV NL43 (subtype B)
to the subtype A (or C) sequence required changes of two nucle-
otide positions and provided HIV NL-7nt/AP-1 with the same
increased relative capacity to establish latent infection events that
is found for LAI-A or LAI-C infections, compared to the parental
subtype B viruses. Conversely, deletion of the 4-nt AP-1 site in
HIV NL–�AP-1 reduced the capacity of the virus to establish la-
tent infection events, demonstrating the importance of this tran-
scription factor binding site for the control of latent HIV-1 infec-
tion. An extended deletion of the AP-1 motif modeled after the

respective LTR sequence found in LAI-E abrogated the ability of
this virus (HIV NL–�AP-1/E) to establish any latent infection.
The different AP-1 motifs of the otherwise syngeneic CD28RE
elements, indeed, exhibited differential levels of binding affinity
for c-Fos. While this finding does not suggest a causal relationship
with the latency establishment profile of the respective full-length
viruses, it provides a proof of principle that the introduced minor
mutations actually alter the composition of transcription factors
binding to the CD28RE, which is in line with the idea that tran-
scription factor restriction is key to the control of latent HIV-1
infection.

It is important to appreciate that in these mutants, other than
in HIV LAI-A or HIV LAI-E, even the NF-�B elements in all three
viruses are identical, supporting the notion that NF-�B may not
be the limiting factor that triggers establishment of latent HIV-1
infection. Also, the finding may suggest that high-level NF-�B
activation may not be required to trigger HIV-1 reactivation if the
transcription factor composition at the AP-1 site can be pharma-
cologically altered to allow the virus to transition from a silent to
an active expression state.

To this end, it is interesting that, as we recently reported,
AS601245, a Jun N-terminal protein kinase (JNK) inhibitor,
would be able prevent HIV-1 reactivation in both primary T cells
and T cell lines, despite high levels of NF-�B activation (63). As
AP-1 is a major molecular substrate of JNK, our data support the
idea that AP-1 may play a central role in HIV-1 latency establish-
ment and maintenance. Again, whether these findings allow for
the argumentum e contrario that it may be possible to selectively
trigger HIV-1 reactivation remains to be seen, but the data
strongly suggest that HIV-1 latency is a transcriptional regulation
phenomenon. Our data suggest that latency establishment is likely
controlled by the transcription factor composition available at the
time point of infection or, more specifically, transcription factor
restriction (11). Following integration, the LTR eventually be-
comes active as a function of the transcription factor binding site
composition and the cellular transcription factor profile. Latency
is then maintained due to continuous transcription factor restric-
tion. At that time, nucleosomes form on the LTR and are posi-
tioned by interaction with other cellular factors such as the SWI/
SNF complex BAF or PBAF (24), similar to reports for cellular
genes, such as CD25, that are also not actively expressed in resting
T cells but can be induced following T cell activation (10, 25, 64).

The results clearly indicate that the capacity of HIV-1 to estab-
lish latent infection events can be modulated by altering the tran-
scription factor binding site composition in a short stretch of the
viral LTR that represents the CD28RE, a key site through which
the cellular environment can affect HIV-1 expression status by
transcription factor restriction (65–68). Again, such regulation
would not be unlike that of cellular genes such as IL-2, IL-8, and
TNF-�. The promoters of these genes also contain a CD28-re-
sponsive element; the genes are not expressed in resting T cells (or
Jurkat T cells) and are differentially regulated through transcrip-
tion factor restriction (9).

As NL-7nt/AP-1 and NL–�AP-1 differ from NL43 wt in only
two and four nucleotides, respectively, at a defined transcription
factor binding site in the LTR, our data suggest that drugs that
would actually alter the transcription factor profile in latently in-
fected cells could be most useful to trigger HIV-1 reactivation. In
particular, cell-differentiating agents could have this capacity. N=-
N=-Hexamthylene-bisacetamide (HMBA), a polar cell-differenti-
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ating agent, has been reported to trigger HIV-1 reactivation (69–
71). HMBA, among many transcription factors, also alters AP-1
fos/jun complex availability (72). Extensive effects of suberoylani-
lide hydroxamic acid (SAHA) on gene expression and transcrip-
tion factor regulation, including effects on c-myc or c-Jun, have
also been described (73, 74). SAHA, another HIV-1-reactivating
agent (75–77), was initially developed as an extremely potent cell-
differentiating agent using HMBA as a structural template (52). It
is now marketed as the HDAC inhibitor vorinostat, representing a
capacity of SAHA that was discovered 2 years after it was pub-
lished as a cell-differentiating agent (53). It is noteworthy that
there is no formal demonstration of whether the bimodal drug
vorinostat acts as an HDAC inhibitor or as a cell-differentiating
agent to trigger HIV-1 reactivation. Another HIV-1-reactivating
drug that is currently being evaluated is disulfiram, also known as
Antabuse (78). Interestingly, disufiram, too, was reported to act as
a cell-differentiating agent (79). In a recent publication, we added
to this list of cell-differentiating agents that would alter the re-
sponsiveness of latent HIV-1 infection, when we demonstrated
that FDA-approved drugs such as dactinomycin, aclacinomycin,
and cytarabine, all drugs with reported cell-differentiating capac-
ity, would prime latent HIV-1 infection for reactivation (51).
Whether any of these drugs will actually be successful in triggering
system-wide HIV-1 reactivation as a monotherapy in patients re-
mains to be seen. Recent studies by Burnett et al. and by our group
suggest that combinatorial use of drugs/compounds that target
latent HIV-1 infection at different levels of molecular control may
be more promising than the currently pursued monotherapeutic
approaches (51, 80). In the context of our finding that an AP-1 site
and not the NF-�B element is key to latency control, the ability of
these cell-differentiating drugs to trigger HIV-1 reactivation could
suggest that drugs with the ability to alter the transcription factor
composition in resting memory T cells could be the key to HIV-1
reactivation in a therapeutic setting.
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