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Abstract
The HIV/AIDS field is gaining momentum in the goal of finding a functional cure for HIV
infection by utilizing strategies that specifically reactivate the latent viral reservoir in combination
with the HAART regimen to prevent further viral spread. Small-molecule inhibitors such as
histone deacetylase (HDAC) and bromodomain and extraterminal (BET) inhibitors can
successfully activate HIV transcription and reverse viral latency in clonal cell lines. However, in
resting CD4+ T cells, thought to be the principal physiological reservoir of latent HIV, their effect
in reactivating the viral reservoir is more variable. It is possible that the discrepant responsiveness
of quiescent primary CD4+ T cells to HDAC and BET inhibitors could be attributed to the limiting
levels of P-TEFb, a key viral transcription host cofactor, in these cells. In this review, we discuss
the role of P-TEFb and the necessity for its mobilization in stimulating viral reactivation from
latency upon treatment with HDAC and BET inhibitors.
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In the global fight against the AIDS pandemic, the success of HAART in suppressing viral
replication below conventional limits of detection and prolonging the lifespan of infected
individuals has been a significant scientific and medical feat. HAART, a combination of
drug inhibitors that target various viral enzymes in the HIV life cycle [1] and the activity of
a single viral host cofactor CCR5 [2], has significantly decreased the morbidity and
mortality associated with the AIDS epidemic. However, HAART is not completely without
challenges or drawbacks. Notwithstanding the numerous published reports on the side
effects and toxicities associated with HAART (reviewed in [3]), the great disappointment of
HAART has been its inability to eradicate a persistent population of integrated and
transcriptionally silent provirus found in resting CD4+ T memory cells [4]. These cells are
the best-characterized viral latent reservoirs [5,6], thought to be formed when an infected
CD4+ T cell escapes virus-mediated cytopathic effects and returns to a resting memory state.
Thus, the resultant memory CD4+ T cell now carries an integrated but transcriptionally
silent virus, which is rendered replication competent upon cellular reactivation [7]. The
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inherent property of memory CD4+ T cells to reactivate upon encountering their cognate
antigen explains the necessity for HIV-infected individuals to adhere to a strict regimen of
HAART, because any interruption in treatment could potentially lead to viral rebound from
latent viral reservoirs [8] and perpetuate the infection of bystander CD4+ T cells.

Latently infected cells are virtually indistinguishable from uninfected cells because they do
not produce any viral proteins, facilitating immune evasion. Moreover, the extremely low
frequency of latently infected cells in vivo further complicates their isolation, detection and
quantification. Additionally, understanding the molecular mechanisms underlying the
establishment of latency has also been impeded due to the lack of a representative in vitro
latency model [9]. Recent estimates of the latent viral pool obtained through analysis of
residual viral sequences in patient samples following reactivation ex vivo indicate that the
latent viral population is approximately 50-times larger than previous estimates of 1 in a
million cells [6,10,11]. Mathematical modeling by the same group further indicates that
eliminating 99.9% of the infected viral reservoir will be essential to achieve a lasting
functional cure [10,11].

Given the toxicity, various side effects and emergence of resistance associated with chronic
HAART, the development of therapeutics to eradicate the latent reservoir is warranted [12].
Previous attempts at purging the viral reservoir with T-cell activators such as anti-CD3 and
IL-2 have resulted in nonspecific activation of T cells with unacceptable physiological
toxicities [13]. Therefore, a treatment strategy termed ‘shock and kill’ has been proposed,
which involves selective reactivation of the viral reservoirs in combination with HAART to
prevent any de novo infections [12].

Because the establishment of HIV latency in resting memory CD4+ T cells involves multiple
replication blocks to productive viral replication at both the transcriptional and post-
transcriptional levels [14], a combinatorial approach aimed at alleviating several such blocks
will likely be critical for successful viral reactivation in vivo. Current small-molecule and
cell-permeable compounds under investigation, particularly histone deacetylase (HDAC)
and bromo-domain and extraterminal (BET) inhibitors, have sought to reactivate latent virus
by alleviating the transcriptional block to productive viral replication [15].

HIV latency
To integrate or not to integrate: pre- & post-integration latency

Viral latency can be segregated into pre- and post-integration latency depending on whether
or not viral DNA has integrated into the host genome. HIV-1 entry into the host cell is
mediated by interactions with cell surface receptor CD4 and the chemokine receptors CCR5
or CXCR4 [16]. Following entry into the host cell cytoplasm, the viral RNA is reverse
transcribed into linear dscDNA, which assembles with host and viral proteins to form a
preintegration complex (PIC) [17]. The PIC mediates the trafficking of the viral dscDNA
through the nuclear pore complex into the nucleus, where the cDNA either circularizes or
integrates into the host genome [17,18]. Activation of the CD4+ T cell is necessary for the
recruitment of cellular transcription factors to initiate transcription of the integrated viral
genome. In resting nondividing CD4+ T cells, several blocks to productive viral integration
and subsequent gene expression exist [19]. Viral reverse transcription is inefficient in resting
CD4+ T cells due to limiting levels of dNTPs [20,21], and the restrictive actions of host
proteins such as APOBEC3G, a cytidine deaminase that catalyzes G to A mutations in the
viral genome [22]. Additionally, the intracellular trafficking of viral PICs into the host cell
nucleus in resting cells is also impeded because of insufficient ATP [18]. The cumulative
result of these factors is the accumulation of unintegrated, linear forms of viral cDNA inside
the host cell cytoplasm. Since such unintegrated forms of viral cDNA are highly unstable
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and have very short half-lives, preintegration latency is probably clinically irrelevant as it
does not contribute to the formation of long-term stable viral reservoirs [23,24]. Post-
integration latency occurs in some activated CD4+ T cells, with fully integrated proviruses
that survive and transition to a quiescent memory state [7]. In such cells the integrated
provirus remains transcriptionally silent, subject to activation of the host cell [7]. This
reversible postintegration formation of a latent viral reservoir is a complex multifactorial
process and is determined chiefly by the activation status of the cell.

Resting CD4+ T cells: the realm of HIV latency
In resting CD4+ T cells, transcription of the integrated provirus and post-transcriptional viral
mRNA processing and export are restricted due to a complex interplay between various host
cofactors. For a detailed overview of the transcriptional and post-transcriptional mechanisms
of viral latency, please refer to two recent comprehensive reviews [7,14]. RNAPII
transcription initiation and elongation of viral transcripts are both actively regulated
processes. Transcription initiation is inhibited in quiescent CD4+ T cells due to sequestration
in the cytoplasm of key host transcriptional activators such as NF-κB and NFAT [25].
Additionally, the chromatin organization around the HIV long terminal repeat (LTR) also
inhibits viral transcription due to epigenetic repression. The degree of chromatin
condensation, regulated by post-translational reversible modifications such as acetylation
and deacetylation, is an important determinant of cellular gene expression. Chromatin
acetylation, mediated by histone acetyl transferases (HATs), is associated with euchromatin
or regions of actively transcribed chromatin. HDACs deacetylate chromatin, and this is
associated with hetero-chromatin or repressed transcription [25]. There are four different
classes of HDACs, of which HDACs belonging to class I have been shown to be particularly
important in regulating viral latency [26,27]. The combined actions of HDACs and HATs
creates a histone code, which serves as a recognition site for the recruitment of various
regulatory proteins [28]. The 5′ HIV LTR, irrespective of the host integration site, has two
nucleosomes, Nuc0 and Nuc1, located upstream and downstream of the transcription start
site, which reduces the accessibility of transcription factors to the viral promoter [29]. Since
HDAC inhibitors make important contributions to the reactivation of latent viruses, it is very
likely that the nucleosomes around the viral LTR are actively deacetylated by HDACs.
Transcription factors such as AP-4 and CBF-1 have previously been shown to recruit
HDACs to the viral LTR in latently infected cells [25]. As a result of these repressive
epigenetic processes, the levels of the HIV master regulator protein Tat are too low to
promote productive viral transcription [30].

Multiple extracellular stimuli, such as T-cell receptor engagement, cytokines or PKC
agonists, activate resting CD4+ T cells [25]. Cellular reactivation results in recruitment of
NF-κB to the nucleus, where it recruits HATs such as p300/CBP to the viral LTR, resulting
in chromatin decompaction and the stimulation of transcription initiation by RNAPII, thus
elevating the production of the viral protein Tat above a threshold [25]. However, the
transition from transcription initiation to elongation is ineffective due to the association of
two negative elongation factors, NELF and DSIF, with RNAPII [31]. The HIV protein Tat
bypasses this block to processive elongation of viral transcripts by recruiting a host
transcriptional elongation factor, called P-TEFb, to the TAR RNA element formed at the 5′
end of viral transcripts [31]. P-TEFb is a kinase, the core of which is composed of the
catalytic subunit CDK9 and a regulatory subunit Cyclin T1. Enzymatically active CDK9,
which requires phosphorylation of Thr-186 in its T-loop for catalytic function,
phosphorylates the C-terminal domain (CTD) of the stalled RNAPII and the negative
elongation factors, thereby stimulating processivity of RNAPII [31]. In addition to recruiting
P-TEFb, Tat also recruits several other proteins – AFF4, ENL, AF9 and an elongation factor
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ELL2 – to the viral LTR, leading to the formation of a super elongation complex (SEC)
[32,33], thereby potently activating RNAPII elongation.

Regulation of P-TEFb in resting CD4+ T cells: complexity of 7SK RNA & BRD4
Extensive studies conducted in resting CD4+ T cells, which are a mixture of naive and
memory CD4+ T cells, have revealed that the expression and enzymatic activity of P-TEFb
subunits Cyclin T1 and CDK9 are stringently modulated by post-transcriptional regulation
and post-translational modifications, respectively [34,35]. In resting CD4+ T cells, Cyclin
T1 protein levels are low due to miRNA-mediated translational repression of Cyclin T1
mRNA [36]. Upon cellular activation, the levels of Cyclin T1-targeting miRNAs are
reduced, leading to increased expression of Cyclin T1 protein [36]. The kinase activity of
CDK9 is regulated by the differential phosphorylation of Thr-186 in the T-loop [37]. We
have previously shown that in resting CD4+ T cells, CDK9 T-loop phosphorylation is
inhibited by the cellular Mg2+-dependent phosphatase PPM1A [38]. Activation of T cells
results in increased CDK9 T-loop phosphorylation by undetermined mechanisms, although
CDK7 has recently been identified as a kinase that phosphorylates the T-loop of CDK9 [39].
We have also recently shown a similar pattern of regulation for both Cyclin T1 and the
CDK9 T-loop in latently infected and reactivated memory CD4+ T cells in an in vitro central
memory CD4+ T-cell model of HIV latency [40].

In metabolically active cells, the association of core P-TEFb with the 7SK RNP complex or
with the transcriptional activator protein BRD4 is maintained in a state of equilibrium.
BRD4 belongs to the BET family of nuclear-localized proteins, which possess two
characteristic and highly conserved bromodomain motifs at the N terminus. These proteins
also possess an extra-terminal domain at the C-terminus, which possibly serves a regulatory
function [41]. BRD4 is a nuclear-localized protein that decodes epigenetic memory by
recognizing acetylated lysine residues present on histone H3 and H4 tails through its
bromodomain [42]. In interphase nuclei, the majority of BRD4 is associated with
euchromatin. However, in response to extracellular stress signals, BRD4 dissociates from
the open chromatin and recruits P-TEFb to cellular promoters and facilitates its interaction
with the mediator complex [43]. By positively regulating P-TEFb function, BRD4 therefore
stimulates transcriptional elongation of a wide-range of cellular genes, particularly those
involved in cell cycle progression [44].

In contrast to association with BRD4, association with the 7SK RNP complex inhibits P-
TEFb activity [45]. The 7SK RNP complex consists of 7SK snRNA, a noncoding small
RNA, which nucleates the assembly of the other components, HEXIM1/2, LARP7 and
MePCE [45,46]. In this complex, the enzymatic activity of CDK9 is inhibited due to the
obstruction of its ATP-binding catalytic cleft by HEXIM1 [47]. Tat and BRD4 can directly
extract P-TEFb from the 7SK RNP complex and recruit it to the integrated provirus to
accelerate processive transcriptional elongation [48].

It has been suggested that the sequestration of P-TEFb in the 7SK RNP complex is one of
the mechanisms that limits P-TEFb availability in resting CD4+ T cells and thus drives viral
latency. However, we have shown that the levels of 7SK RNA and HEXIM1 are very low in
resting peripheral blood lymphocytes and resting CD4+ T cells obtained from healthy blood
donors [49,50]. Activation of peripheral blood lymphocytes or resting CD4+ T cells
upregulates both 7SK RNA and HEXIM1 levels. Using a primary cell in vitro model of HIV
latency developed by the Planelles laboratory, we have further shown that HEXIM1 levels
are very low in latently infected memory CD4+ T cells, but increase significantly upon
cellular reactivation. In these cells, we have also shown that low levels of HEXIM1 preclude
the association of P-TEFb with the 7SK RNP complex [40]. While this finding has not been
confirmed in resting CD4+ T cells derived from patients on HAART, it is very likely that the
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association of P-TEFb with the 7SK RNP complex cannot be a significant regulator of viral
latency in resting central memory CD4+ T cells.

Viral reactivation from latency
Involvement of P-TEFb in viral reactivation using HDAC inhibitors

Epigenetic modifications of the host chromatin surrounding the proviral transcription start
site not only regulate viral transcription, but also the interaction of various host cofactors
with the viral promoter in response to extracellular stimuli. Since acetylated chromatin is
associated with active transcription, HDAC inhibitors specific for different classes of
HDACs are attractive candidates for viral reactivation [51]. Various HDAC inhibitors have
been tested for their ability to reactivate the latent viral reservoir with varying degrees of
success. The administration of valproic acid (VPA) in combination with intensified HAART
therapy to a group of four HIV-infected individuals provided encouraging results in an
initial study [52]. Following treatment, a significant reduction in the resting CD4+ T-cell
reservoir was observed in three out of the four patients. VPA was subsequently administered
to a cohort of 56 HIV-infected patients with suppressed viremia in a randomized clinical
trial [53]. However, the results of this trial did not replicate the success of the first study,
revealing that VPA was unable to significantly reduce the size of the latently infected CD4+

T-cell pool in the infected individuals. Additional studies with VPA were similarly
disappointing and did not reiterate its initial promise [54,55]. In addition to VPA, other
HDAC inhibitors such as vorinostat (also called suberoylanilide hydroxamic acid [SAHA])
and ST-80, which target different HDAC classes, can reactivate latent viruses in clonal cell
lines independent of NF-κB activation [56–59].

A recently conducted clinical study with SAHA, a HDAC inhibitor approved by the US
FDA to treat cutaneous T-cell lymphoma, has renewed interest in HDAC inhibitors to
deplete the latent viral reservoir. In this study, SAHA was evaluated for its ability to
reactivate latent viruses in a group of eight patients. Following the administration of a single
dose of SAHA, all patients showed a statistically significant 4.8-fold induction in viral
mRNA from resting CD4+ T cells isolated from circulating blood, indicating successful
reactivation of latent viruses [15]. Treatment with SAHA also increased histone acetylation
as expected. As a proof-of-concept study, this trial showed that transcriptionally silent
viruses can be reactivated in vivo under conditions that do not globally activate T cells.
However, this study did not ascertain if there was an actual reduction in the viral reservoir,
or whether the viral reservoir was uniformly responsive to the treatment.

Treatment with SAHA and VPA has been shown to increase the acetylation of a repressive
nucleosome, Nuc1, which overlaps with the HIV transcription start site [58,59]. SAHA also
dissociates HDAC1 from the viral promoter, which likely plays a role in the induction of
Nuc1 acetylation [58]. Remodeling of Nuc1 could then lead to increased accessibility of
host transcription factors such as NF-κB to the viral LTR. In addition to remodeling
repressive chromatin architecture, some studies have shown that HDAC inhibitors may also
increase P-TEFb availability for viral transcription. A study by the Peterlin laboratory
showed that upon SAHA treatment, P-TEFb is released from the 7SK RNP complex and
Cyclin T1 is recruited to the viral LTR [56]. This initial finding has also been confirmed and
extended in a recent study, which suggested that HDAC inhibitors specific for different
classes of HDACs can reactivate latent viruses independently of their effects on histone
architecture, by instead increasing the cellular pool of free P-TEFb that is released from the
7SK RNP [57]. Interestingly, this recent study failed to find a correlation between the dose-
dependent increase in viral reactivation by SAHA or ST-80 and an increase in cognate
substrate acetylation by the HDAC inhibitors. SAHA also stimulated transcription from an
unintegrated episomal HIV reporter plasmid, which is unlikely to accumulate histones and a
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chromatin configuration similar to latent integrated viruses. Furthermore, while SAHA and
ST-80 dissociated P-TEFb from the 7SK RNP complex, the HDAC inhibitors MS-275 and
TBSA were unable to do so in a Jurkat T-cell line [57]. As discussed below, the addition of
BET inhibitors also results in dissociation of P-TEFb from the 7SK RNP complex,
suggesting a common and overlapping mechanism of action for both classes of inhibitors.
Minimal levels of P-TEFb in resting CD4+ T cells likely dampen the effects of HDAC and
BET inhibitors on reactivating latent virus in these cells and may explain, in part, the
heterogeneous response to the inhibitors seen in primary cells, as we discuss in detail below.

BET inhibitors mobilize P-TEFb for viral reactivation from latency
Several studies have demonstrated the effect of JQ1, a BET inhibitor, in reactivating latent
HIV in primary CD4+ T cells, clonal and primary cell models of HIV latency [60–63]. In
contrast to HDAC inhibitors, which modify the chromatin architecture, JQ1 binds to the
conserved bromodomain fold found in all BET proteins and inhibits the recognition of
acetylated lysine residues associated with actively transcribed chromatin [64]. JQ1 is a
model, first-generation ligand designed and developed for its ability to bind the
bromodomain-binding pocket as inferred from molecular modeling [64]. JQ1 was initially
synthesized to target the activity of dysregulated bromodomain-containing proteins in
human cancers, such as squamous cell carcinoma. However, its efficacy in reactivating
latent HIV indicates that such inhibitors have a multifunctional utility.

The mechanism by which JQ1 induces HIV-1 gene expression and reactivates latent virus
seems to involve an increase in P-TEFb availability, likely by freeing it up from either the
7SK RNP complex or from the BRD4 complex associated with euchromatin. BRD4 binds to
P-TEFb through a conserved motif in its CTD termed the P-TEFb-interacting domain. When
the P-TEFb-interacting domain is overexpressed as a peptide, it robustly represses Tat-
mediated viral LTR transactivation and viral reactivation in a clonal cell line model of HIV
latency [65]. Recent studies have further expanded the role of BRD4 as a suppressor of HIV
transcription, albeit in a fashion that is different from conventional restriction factors [66].
Whereas the latter are host proteins that have evolved as an innate mechanism of defense
against virus infection, proteins such as BRD4 appear to indirectly repress HIV infection by
competing for a common and limited set of host proteins [63]. Indeed, the Brass group
identified BRD4 as a host cofactor that represses HIV gene expression through two siRNA
screens [63]. In their study, siRNA depletion of BRD4 or repression of BRD4 function with
JQ1 resulted in comparable increases in HIV gene expression in multiple cell lines [63].
These treatments also enhanced RNAPII processivity in the chronically infected cell line U1
derived from promonocytes [63]. Another protein belonging to the BET family, BRD2, has
also been shown to inhibit HIV transcription in a Tat-independent manner [62].

In contrast with its effect in cell lines and clonal cell line models of HIV latency, JQ1
treatment has a heterogeneous effect on reactivating integrated latent virus in primary CD4+

T cells obtained from patients receiving HAART, or in primary cell models of viral latency
[60,62,63]. In a study by Banerjee et al., JQ1 treatment moderately increased viral
replication in resting CD4+ T cells obtained from one out of three patients with actively
suppressed viremia [60]. By contrast, Zhu et al. found that JQ1 treatment alone was
insufficient to reactivate latent virus in resting CD4+ T cells obtained from 19 patients on
HAART therapy. However, their study showed that JQ1 synergizes with PKC agonists such
as prostratin or phytohemagglutinin to reactivate transcriptionally silent virus in resting
CD4+ T cells obtained from seven out of the 19 patients [63]. A similar variable response to
JQ1 treatment was observed in different primary cell line models of viral latency. While JQ1
reactivates latent virus in a primary cell model stably transduced with the antiapoptotic
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protein Bcl-2, it was ineffective in reactivating latent virus from a central memory CD4+ T-
cell model of viral latency [62].

The variable responses of resting CD4+ T cells to JQ1 treatment may be the result of a
varied distribution and cellular equilibrium of P-TEFb in these cells. P-TEFb is partitioned
in the 7SK RNP complex or associated with BRD4, and an emerging picture of JQ1’s mode
of action suggests that it alters the association of P-TEFb in both complexes. In Jurkat cells,
JQ1 treatment results in the release of P-TEFb from the 7SK RNP complex, which is then
presumably available for basal viral transcription [61,67]. However, the exact mechanism by
which JQ1 or SAHA treatment releases P-TEFb from the 7SK RNP complex is not known.
It is possible that it could be a consequence of the cellular stress induced by JQ1 or SAHA
treatment or an outcome of the chromatin remodeling initiated directly by SAHA or
indirectly by JQ1 through displacement of BRD4. Previously, extracellular stress signals
like UV light or treatment with HMBA have been shown to dissociate P-TEFb from the 7SK
RNP complex [68,69]. Additionally, JQ1 treatment dissociates BRD4 bound to the HIV
LTR in Jurkat cell models of latency and increases the association of Tat with the viral LTR
[61,67]. Concomitant with an increase in P-TEFb levels, HEXIM1 levels also increase,
thereby reconstituting the 7SK RNP complex in 6 h [61].

Besides increasing the availability of free P-TEFb, JQ1 treatment also increases the
association of key SEC components, such as AFF4, ELL2 and CDK9, with the viral LTR,
which unsurprisingly results in increased phosphorylation of the RNAPII CTD [67]. The
available data regarding the recruitment of RNAPII to the viral LTR upon JQ1 treatment is
contradictory. Whereas the Peterlin laboratory determined that JQ1 increases the occupancy
of RNAPII at the viral LTR [61], the Zhou laboratory determined that, unlike prostratin, JQ1
treatment does not increase RNAPII occupancy at the viral LTR [67]. This is reminiscent of
treatment with SAHA, which also does not increase basal levels of RNAPII at the viral LTR
[56]. Prostratin treatment recruits P-TEFb to the viral LTR in an NF-κB-dependent manner
to stimulate viral transcription initiation in the absence of Tat [70,71], whereas JQ1
treatment mediates recruitment of P-TEFb and SEC to the viral LTR by Tat in an NF-κB-
independent manner. Therefore, the difference between JQ1 and prostratin-mediated
recruitment of RNAPII to the viral LTR suggests that they likely act at discrete and
nonredundant steps during viral transcription, and this may also explain the synergy between
PKC agonists and JQ1.

Synergy between PKC agonists & HDAC & BET inhibitors
PKC agonists stimulate the translocation of NF-κB from the cytoplasm to the nucleus,
where NF-κB can initiate proviral transcription in the absence of Tat [25,70]. Multiple
studies have noted that the combination of PKC agonists and HDAC or BET inhibitors
reactivate latent virus more potently from resting CD4+ T cells than individual application of
these compounds [57,58,63]. Two important inferences can be drawn from this observation.
First, it is quite evident that for successful viral reactivation, multiple blocks to viral
transcription will likely need to be overcome. Second, because resting CD4+ T cells have
limiting amounts of P-TEFb, a Tat-independent mechanism of initiating viral transcription
will need to be initially induced, for example through the use of PKC agonists. Once Tat
levels surpass the minimal threshold levels, a feed-forward loop will be initiated, the effect
of which can be potentiated by the use of HDAC or BET inhibitors.

The addition of a PKC agonist such as a bryo-statin to resting CD4+ T cells latently infected
with a replication-defective HIV virus along with SAHA results in a more potent activation
of latent HIV than that achieved by SAHA alone [57]. Similarly, treatment of peripheral
blood mononuclear cells derived from patients on HAART with prostratin and SAHA or
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VPA synergistically reactivated latent virus in 17 out of 25 samples, as opposed to
reactivation of only three samples using HDAC inhibitors alone [58].

The BET inhibitor JQ1 also synergizes with prostratin to reactivate latent virus from resting
CD4+ T cells obtained from patients on HAART. In one study, treatment of cells with
prostratin and JQ1 reactivated virus from seven out of 19 patient samples; interestingly, JQ1
treatment by itself did not reactivate virus [63].

We have previously shown that treatment of uninfected resting CD4+ T cells with prostratin
dramatically increases Cyclin T1 levels and P-TEFb availability. Interestingly, it also
increases 7SK RNA and HEXIM1 levels [50]. Therefore, it is likely that upon treatment
with a PKC agonist, the increased levels of P-TEFb mean that it is assembled into the 7SK
RNP complex, from which it can subsequently be extracted by SAHA. In addition to
increasing P-TEFb availability, prostratin also activates NF-κB, which recruits P-TEFb to
the NF-κB binding sites in the viral LTR and stimulates Tat-independent viral transcription,
resulting in the production of basal levels of Tat [70,71]. Once Tat is synthesized, it can
extract P-TEFb from the 7SK RNP complex or compete with BRD4 for binding to P-TEFb
[48,72]. However, HDAC or BET inhibitors mitigate this competition by releasing P-TEFb
from the 7SK RNP complex and/or inhibiting BRD4 function, thus increasing the
availability of free P-TEFb and potentiating the effect of Tat.

HDAC & BET inhibitors: effects on T-cell activation
An important concern with using small-molecule inhibitors to reverse latency is their
potential for inducing global T-cell activation, which would make them unacceptable for
treatment. Advantages of using SAHA for viral reactivation over cytokines such as IL-2 are
that SAHA does not induce T-cell activation and that it is an FDA-approved drug.
Transcriptional profiling of a clonal Jurkat cell line used as a model of HIV latency showed
that JQ1 downregulated genes involved in T-cell activation to a greater extent than SAHA
[60]. Peripheral blood mono-nuclear cells treated with SAHA do not affect the ERK1/2
pathway involved in T-cell activation, in contrast with phorbol 12-myristate 13-acetate,
which upregulates this pathway [56]. Similarly, transcriptional profiling of resting CD4+ T
cells obtained from healthy blood donors and treated with clinically comparable doses of
SAHA has also shown that SAHA treatment has minimal effects on global gene
transcription. In this study, only 4.1% of the total number of genes profiled were responsive
to treatment with SAHA, and the observed fold changes of these genes were very low, as
opposed to the robust fold changes seen in cancer cells treated with SAHA [73]. While
SAHA has been shown to downregulate CXCR4 expression in leukemia cells [74], it is not
clear if SAHA is involved in regulating the expression of HIV host receptor proteins.
However, a HDAC inhibitor called ITF2357 has been shown to downregulate CXCR4
expression in uninfected CD4+ T cells through undefined mechanisms [75].

Conclusion
Studies of reactivation of latent HIV by HDAC and BET inhibitors clearly indicate that
successful reactivation requires the removal of blocks to both RNAPII transcription
initiation and elongation of the integrated provirus. While HDAC and BET inhibitors target
different proteins involved directly or indirectly in maintaining viral latency, a commonality
between their modes of action is likely to be the upregulation of P-TEFb. A speculative
model incorporating the effects of HDAC and BET inhibitors on P-TEFb and HIV latency is
shown in Figure 1. Whereas HDAC inhibitors appear to mobilize P-TEFb for viral
transcription by dissociating it from the 7SK RNA complex, BET inhibitors likely augment
cellular P-TEFb levels by two different mechanisms. In the first mechanism, recruitment of
P-TEFb by BRD4 to regions of actively transcribed chromatin competitively inhibits viral
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protein Tat interaction with P-TEFb. BET inhibitors such as JQ1 block the recognition of
acetylated histone markers by BRD4, and dissociate the BRD4–PTEFb complex from
euchromatin. Tat targets the released P-TEFb to the SEC complex assembled at the viral
LTR, thus stimulating processive transcription. In the second mechanism, BET inhibitors
also appear to extract the P-TEFb sequestered in the 7SK RNP complex by undefined
mechanisms. The resultant increase in P-TEFb levels upon HDAC or BET inhibitor
treatment is accompanied with an upregulation of RNAPII-mediated transcription, and
subsequent reactivation of the latent virus. In resting CD4+ T cells, however, inadequate
levels of P-TEFb are likely to diminish the effect of HDAC and BET inhibitors, suggesting
that in order for these inhibitors to be maximally effective, P-TEFb levels will need to be
upregulated. This may explain the observed synergy between HDAC and BET inhibitors and
PKC agonists, which are known to increase P-TEFb levels.

Future perspective
Despite the promise that HDAC and BET inhibitors hold for contributing to a functional
cure for HIV, several challenges remain. Studies with the these inhibitors have made it
increasingly clear that more than one host cofactor or pathway involved in establishing and
maintaining viral latency will need to be targeted to diminish the viral reservoir. We
anticipate that the availability of primary CD4+ T-cell models of in vitro latency will
facilitate the discovery of additional small-molecule inhibitors with increased potency.
However even if the latent viral pool is successfully reactivated, it is uncertain whether the
reactivated virus pool can be eliminated by either virus-mediated cytopathic effects, an
intensified HAART regime or through the action of host CD8+ T cells. A recent study
demonstrated that reactivation of latent virus from resting CD4+ T cells derived from
patients on HAART was not sufficient to kill the infected CD4+ T cells. Furthermore, CD8+

T cells isolated from the patients were unable to eliminate autologous CD4+ T cells infected
with HIV, unless they were prestimulated with an HIV-specific antigen [76]. This suggests
that the host immune system, particularly the CD8+ T cells, will need to be primed either
through vaccines or gene therapy before treatment with a combination of latency-reversing
agents.
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Executive summary

Viral latency: to integrate or not to integrate: pre- & post-integration latency

• Postintegration latency is the clinically relevant form of viral latency, thought to
occur when an infected activated CD4+ T cell survives virus-mediated
cytopathic effects and transitions to a resting memory state carrying an
integrated transcriptionally silent provirus.

Viral latency: resting CD4+ T cells: the realm of HIV latency

• Multiple restrictions operate at the transcriptional and post-transcriptional steps
of the HIV life cycle establish and maintain viral latency in resting CD4+ T
cells.

• Transcription of the integrated provirus is inhibited by the limited availability of
host transcription factors such as NF-κB and P-TEFb. Repressive chromatin
architecture around the viral long terminal repeat (LTR) domain, maintained by
the activity of histone deacetylases (HDACs), further restricts productive viral
transcription.

Viral latency: regulation of P-TEFb in resting CD4+ T cells: complexity of 7SK
RNA & BRD4

• P-TEFb, a key HIV host transcription cofactor, exists in at least two complexes
in actively dividing cells: the 7SK RNP, in which its activity is inhibited, or the
BRD4 complex, which targets P-TEFb to cellular promoters.

• The activity of P-TEFb in resting CD4+ T cells is limited by the stringent
regulation of its regulatory subunit Cyclin T1 and catalytic subunit CDK9, and
not by its association with the 7SK RNP complex.

Viral reactivation from latency: involvement of P-TEFb in viral reactivation using
HDAC inhibitors

• HDAC inhibitors show variable effects in reactivating latent virus from resting
CD4+ T cells, likely in part due to the low levels of P-TEFb in these cells.

• These inhibitors remodel the nucleosomal architecture around the HIV LTR and
use unknown mechanisms to dissociate P-TEFb from the 7SK RNP complex,
which can be recruited by the viral protein Tat to the viral LTR for processive
transcription.

Viral reactivation from latency: bromodomain & extraterminal inhibitors mobilize
P-TEFb for viral reactivation

• Bromodomain and extraterminal (BET) inhibitors prevent targeting of BRD4 to
euchromatin and thus dissociate P-TEFb bound to BRD4. They also release P-
TEFb from the 7SK RNP complex and increase the occupancy of super
elongation complex components on the viral LTR.

• Similar to HDAC inhibitors, primary resting CD4+ T cells show a
heterogeneous reactivation response to BET inhibitor treatment.

Viral reactivation from latency: synergy between PKC agonists & HDAC & BET
inhibitors

• PKC agonists increase NF-κB and P-TEFb levels in resting CD4+ T cells, which
initiates transcription of the viral protein Tat by recruiting P-TEFb to the viral
LTR.
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• HDAC and BET inhibitors augment the effect of PKC agonists by freeing up
additional P-TEFb from the 7SK RNP or BRD4 complexes.

Viral reactivation from latency: HDAC & BET inhibitors: effect on T-cell activation

• Transcriptional profiling of a T-cell line has revealed that a HDAC inhibitor,
suberoylanilide hydroxamic acid, and the BET inhibitor JQ1 downregulate
genes involved in T-cell activation. Treatment of resting CD4+ T cells with
suberoylanilide hydroxamic acid also causes minimal changes in global cellular
transcription.
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Figure 1. Speculative model of HIV reactivation from latency using histone deacetylase or
bromodomain and extraterminal inhibitors
In resting CD4+ T cells, viral transcription is inhibited due to sequestration of NF-κB (and
NFAT, not shown) in the cytoplasm and limiting levels of P-TEFb. The action of HDACs
maintains the repressive Nuc1 structure formed at the viral long terminal repeat by
deacetylating the histone tails. Upon the addition of PKC agonists and HDAC or BET
inhibitors, latent viral reactivation likely occurs in a biphasic process. PKC agonists activate
NF-κB, which, upon translocation into the nucleus, binds to the NF-κB site in the viral long
terminal repeat and recruits P-TEFb, in a Tat-independent manner, to activate RNAPII
transcription of the viral protein Tat. To perpetuate viral transcription, the newly synthesized
Tat protein recruits P-TEFb and SEC to the TAR RNA element formed at the 5′ end of viral
transcripts. P-TEFb phosphorylates the CTD of RNAPII and the negative elongation factors
associated with it to stimulate processive transcription of the viral genome. HDAC and BET
inhibitors augment the effect of PKC agonists by freeing up P-TEFb from different cellular
reserves and making it available for Tat transactivation. While both inhibitors free it from
the 7SK RNP complex through undefined mechanisms, BET inhibitors also release P-TEFb
from the BRD4 complex by inhibiting the activity of the latter. The HDAC inhibitors also
increase acetylation of the Nuc1 nucleosome by inhibiting the activity of HDACs, which
contributes to reversing viral latency.
Ac: Acetylated; BET: Bromodomain and extraterminal; CTD: C-terminal domain; HDAC:
Histone deacetylase; P: Phosphorylated; SEC: Super elongation complex.
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