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Abstract

HIV-1 infection persists even after years of antiretroviral therapy (ART). Although ART can halt
viral replication and thereby reduce viremia to clinically undetectable levels, proviral latency
established within the host genome remains largely unaffected by ART and can replenish systemic
infection following interruption of therapy. Pharmacologic strategies, which not only target viral
replication but also deplete proviral infection, are required for successful clearance of HIV-1
infection. This review highlights the current understanding of molecular mechanisms that establish
and maintain HIV-1 latency in its major reservoir, the resting memory CD4* T cell. We also
identify the molecular targets that might be exploited to induce HIV-1 expression, remove
epigenetic restrictions, or enhance effective transcription. Finally, we discuss the potential
pharmacologic approaches toward targeting viral persistence in different cellular and anatomical
reservoirs to achieve a cure of HIV-1 infection.
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INTRODUCTION

The advent of antiretroviral therapy (ART) and the chronic suppression of human
immunodeficiency virus type 1 (HIV-1) replication has been a major medical success,
greatly increasing survival and improving quality of life. Successful ART results in
clinically undetectable levels of plasma viremia (<50 copies ml~1), allowing immune
reconstitution. However, once infection is established, it cannot be cleared by current ART.
Persistent proviral infection in a small pool of latently infected cells is insensitive to ART, is
not detected by immune surveillance, and provides a long-lived source of rebound viremia—
the “reservoir” of HIV infection.

With a half-life of ~44 weeks, resting memory CD4" T cells appear to constitute the major
reservoir of viral persistence (1-6). Therefore, it has been estimated that life-long therapy
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(60 years) would be necessary to cure the disease. The latent HIV-1 infection in CD4* T
cells is established early in infection, even in patients who are treated with ART within the
first week of infection (2). Although the frequency of infected resting memory CD4™ cells is
low (estimated to total only 106-107 cells in an infected individual), prompt rebound of
viremia will ensue if ART is interrupted and if these cells are allowed to express virus owing
to antigenic stimulation or immune activation.

The mechanisms that lead to HIV-1 latency in CD4* T cells are still not completely
understood. There is ample evidence that multiple restrictions prevent the emergence of
virus from latency, including both cellular and viral factors (7, 8). Moreover, infected resting
memory CD4* T cells may be able to undergo homeostatic proliferation, another factor that
may contribute to the persistence of this reservoir, again a process inherent to the nature of
memory cells (9). Nevertheless, intervention at the molecular level can lead to HIV-1
reactivation, which suggests that proviral latency is amenable to therapeutic intervention.
Therefore, understanding the molecular mechanisms responsible for the establishment,
maintenance, and reactivation of HIV-1 latency in this important reservoir is critical to the
pursuit of successful eradication strategies.

HIV-1 infection occurs in a variety of anatomic compartments, including pharmacologically
“privileged” sites such as the central nervous system (CNS) (10, 11) and sites in which drug
metabolism is poorly understood such as the gut-associated lymphoid tissue (GALT) (12).
The blood-brain barrier of the CNS limits the penetration of some antiretrovirals and
therefore provides viral sanctuary (13, 14). Therapeutic strategies that target virus in these
privileged reservoirs may be required to eradicate HIV-1 infection.

Macrophages have long been considered another drug-insensitive reservoir (15-17).
However, owing to their shorter life span, their significance in long-term maintenance of
persistent HIV-1 infection in patients receiving ART is not clear (18-20). Dendritic cells
(DCs) and hematopoietic stem cells (HSCs) are also implicated as reservoirs or sources of
low-level viremia, but the data conflict, and this review does not focus on this issue (21-24).
In this review, we describe the molecular mechanisms that establish latency in resting CD4*
T cells and identify the viral and cellular components that serve as potential targets for
pharmaceutical intervention. We also discuss approaches to target HIV-1 hidden in
pharmacologically privileged sites, the main limitations in targeting persistent infection, and
future perspectives.

ESTABLISHMENT OF HIV-1 LATENCY IN MEMORY CD4* T CELLS

Quiescent CD4* T cells are less permissive for HIV-1 infection, posing blocks at several
stages of the HIV-1 life cycle. First, the low nucleotide pools in resting CD4* T cells result
in inefficient completion of viral reverse transcription (25). Furthermore, existence of active
APOBEC3G (apolipoprotein B mRNA-editing enzyme catalytic polypeptide 3G) in resting
CD4" cells causes G-to-A hypermutation during reverse transcription, resulting in the
production of defective viral genomes (26). Inefficient nuclear import of the viral
preintegration complex (PIC) and the existence of a nuclear preintegration block in resting
CD4* T cells have also been reported (27, 28). The prevailing view is that latency is usually
established in CD4™ cells when the virus infects an activated CD4* T cell as it transitions to
the resting memory T cell state. Quiescent infection of naive CD4* T cells is also less
common (29) but could be established in the thymic environment, where cells are subjected
to low-level activation and antiapoptotic factors are induced (30-32). Once cells return to
quiescence in the Gg phase of the cell cycle, active transcription and virus production are
repressed owing to the cumulative effect of several cellular restriction mechanisms. There is
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no distinguishing marker that identifies latently infected cells from uninfected T cells,
posing a formidable challenge to viral eradication.

However, there may be some contribution of direct but inefficient infection of resting T cells
(33). This may occur particularly in mucosal tissue; in the simian immunodeficiency virus
(S1V) model, infected CD4* T cells were discovered in the GALT, which lacked cellular
activation markers (34). Another study in a rhesus macaque model of SI1V infection reports
direct infection of resting CD4" T cells of the vaginal mucosa. In this setting, resting CD4*
T cells express high levels of the viral coreceptor CCR5 and sufficient intracellular
nucleotide concentrations to support viral infection (35). It seems likely that abundant
expression of CCR5 and suboptimal activation of human mucosal tissues, owing to its
unique environment, may allow direct HIV infection as well, similar to what is seen in the
monkey model (36). Signaling through the CCR5 coreceptor may also render resting
memory CD4* T cells permissive for direct infection and may explain why infection is
almost always established by CCR5-tropic HIV-1 in humans (37, 38). Cytokines released as
a result of cellular response may allow resting CD4" cells to be permissive to HIV-1
infection (39, 40).

Given these observations, it seems possible that during early/acute HIV infection, a
substantial number of CD4* T cells that are not activated or that are suboptimally activated
may become HIV infected. Although it seems likely that many of these cells would later
become activated and/or enter the cell cycle because of the global immune activation
induced during the ramp-up period of HIV viremia, a significant proportion of the latently
infected CD4* T cell reservoir may be established in the first months of HIV infection. In a
small cohort, infection of such cells in patients treated early appeared to be unusually rare
(42).

MAINTENANCE OF HIV-1 LATENCY IN MEMORY CD4* T CELLS

HIV-1 latency can best be described as a lack of virion production and minimal proviral
gene expression. Integration of HIV-1 proviral DNA into the host genome is a critical step
in the viral life cycle. Therefore, inescapably, the chromatin environment at the site of
integration plays an important role in regulation of viral gene expression. Regardless of the
site of proviral integration, efficient and sustained viral transcription also requires the
stimulatory action of the viral transactivator Tat, as well as certain host cellular factors.
Diverse mechanisms restrain viral production. One of the principal approaches to therapies
directed at ablating latent provirus seeks to identify the critical restrictions to viral
production that, alone or together, can be targeted to purge quiescent proviral genomes.

The chromatin environment influences the establishment and maintenance of proviral
quiescence (42—-47). Human genomic DNA is packaged into a higher-order chromatin
structure by the interaction of DNA with histone octomers, and this process forms
nucleosomes (Figure 1a). Once integrated, HIV-1 is subject to the same epigenetic
mechanisms of regulation as host DNA and must overcome the physical barriers imposed by
nucleosome structure for active gene transcription (48). Heterochromatin, which is more
compact and structured than euchromatin, reduces the accessibility of transcription factors to
the proviral promoter, thereby restricting the initiation of proviral transcription.

It is unclear, however, which integration events yield replication-competent latent proviral
genomes, as the majority of integrants appear to encode defective genomes unable to
produce replication-competent virus (29). Although most of these defective genomes likely
result from hypermutation induced by cellular APOBEC3G, some integrants may take up
residence in regions of the human genome that are highly restrictive to proviral expression.
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HIV-1 preferentially integrates into the introns of transcriptionally active genes in resting
memory CD4* T cells (49). This likely results from the interactions of the viral PIC with
host factors that are present at regions of active host gene expression. Consistent with this
study, Bushman and colleagues (50) found that HIV-1 integrates in transcriptionally active
genes during productive infection of cultured T cells. These observations, however,
contradict cell line models of quiescent HIV-1 infection in which provirus was found
preferentially integrated in heterochromatin (44, 51). This illustrates that cell line models
may reflect the outcome of in vivo selection conditions and also that the heterochromatin
environment may exert a predominant influence on proviral expression in the uncommon
instances where HIV integration occurs in such sites.

Several cellular factors have been reported to interact with the PIC, thus driving the
selection of integration site. Lens epithelium-derived growth factor (LEDGF)/p75 has been
found to be an important cofactor in directing HIV-1 integration into active sites in the host
genome (52, 53). The presence of LEDGF/p75 in Jurkat T cells favors integration in GC-
rich regions, whereas the absence of LEDGF/p75 favors integration in AT-rich regions (54).
The levels of LEDGF/p75 in different T cell populations may dictate integration into either
heterochromatic or euchromatic regions. Indeed, a recent study showed that the integration
sites of quiescent/inducible HIV-1 vectors in T cell lines could be associated with both
heterochromatin and actively transcribed genes (55).

In this regard, it is important to note that the HIV-1 PIC interacts with the patient SE
translocation (SET)/template-activating factor-1p (TAF-IB) complex, which prevents
autointegration of virus into its own genome (56). SET also functions as a histone chaperone
and is able to bind unacetylated, hypoacetylated, or repressively marked histones (57-59).
SET/TAF-1B, therefore, may direct integration of HIV-1 proviral genome into a
heterochromatic region.

Regardless of the site of proviral integration, two nucleosomes (Nuc-0 and Nuc-1) are
positioned strictly with respect to cis-acting regulatory elements on the viral promoter.
Nuc-0 is positioned upstream of the modulatory region, whereas Nuc-1 is immediately
downstream of the HIV core promoter and cis-regulatory elements (+10 to +155). A
growing list of evidence suggests that Nuc-1 restricts HIV-1 transcription in models of
chronic HIV-1 infection and must be displaced during transcriptional activation (46, 60, 61).
The ATP-dependent SWltch/Sucrose NonFermentable (SWI/SNF) complex, which can
cause the remodeling of nucleosomes, allows efficient transcription of the HIVV-1 genome
(62—-64). It therefore appears that epigenetic silencing at Nuc-1 contributes to HIV-1 latency,
and its disruption is a prerequisite for activation of viral expression.

Histones can undergo many post-transcriptional modifications including phosphorylation,
acetylation, carbonylation, ubiquitination, sumolylation, ADP-ribosylation, glycosylation, or
methylation, any of which can cause changes in both histone structure and function.
Broadly, chromatin acetylation by histone acetyltransferases (HATS) allows recruitment of
transcriptional activators and transcription complexes, whereas histones deacetylated by
histone deacetylases (HDACs) allow the recruitment of complexes that form repressive
heterochromatin, resulting in transcriptional repression (Figure 1b,c). Deacetylation of
histones at Nuc-1 of the HIV-1 long terminal repeat (LTR) has been demonstrated to pose a
barrier to HIV expression following the cooperative recruitment of HDACL to the HIV-1
LTR by the host transcription factors yin yang 1 (Y'Y1) and late SV40 factor (LSF) (45).
This mechanism was demonstrated to be biologically relevant. Exposure of the resting CD4*
T cells of HIV-infected patients to small synthetic inhibitors (polyamides), which disrupted
the binding of LSF to the LTR and therefore the HDAC recruitment at that site, led to the
outgrowth of HIV (65). Many drugs that inhibit HDAC activity, such as trichostatin A
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(TSA) or valproic acid (VPA), induce HIV-1 transcription in latently infected cell lines and
resting CD4* T cells isolated from patients who do not have detectable plasma viremia (43,
61, 66).

Several identified transcription factors can recruit HDACL to the LTR including nuclear
factor kB (NF-xB) p50 homodimers (67), activator protein 4 (AP-4) (68), C-promoter
binding factor-1 (CBF-1) (69), and c-Myc in complex with Sp1 (70) (Figure 1b). Although
there are four classes of HDACs, only class | HDACs—including HDAC1, HDAC2, and
HDAC3—occupy the HIV-1 LTR as demonstrated by chromatin immunoprecipitation assay
(ChIP) (71). This is in accordance with recent findings that class | HDACs are associated
with active genes rather than silent genes and that their transient recruitment removes the
acetyl group added by HATS, thus keeping the genes inactive (72). The concerted action of
HATSs and HDAGC:s is critical to the regulation of poised genes.

HDACL1 and HDAC?2 are usually co-localized in complexes at promoters. Cellular factors
that recruit HDAC3 to the HIVV-1 LTR have not been specifically identified. Ras-responsive
binding factor 2 (RBF-2) in complex with the transcription factors TFII-1 and RBEIII may
recruit HDAC3 to the HIV-1 LTR (73, 74). The co-recruitment of HDAC1, HDAC2, and
HDAC3 to the LTR suggests that blocking their function individually may not be
therapeutically sufficient for efficient viral induction.

Nevertheless, targeting individual transcription factors specific to a particular HDAC
recruitment can result in viral expression. We would reconcile this apparent contradiction by
hypothesizing that HIV latency is a dynamic state, and that within a population of quiescent
proviruses, inhibition of a single target (e.g., HDACL) could allow expression of a fraction
of the population of promoters. Therefore, although specific HDAC inhibitors (HDACIS)
might allow more selective induction of HIV expression, a considerable amount of study is
still required to understand how such reagents should be best employed—alone, together, in
series, and/or in combination with other reagents that target additional restrictions to proviral
expression.

In this vein, it is important to note that the histone methyltransferases (HMTs) EZH2 and
SUV39H1 have also been recently reported to regulate HIV-1 transcription by inducing
histone H3 at lysine 9 (H3K9) methylation (75, 76). Binding of the heterochromatin-
associated factor heterochromatin protein 1y (HP1y) to methylated H3K9 imposes further
restrictions on the local chromatin environment (Figure 1). Pearson and colleagues (47)
further corroborated those findings and showed that progressive iterative histone
modifications drive a proviral promoter into latency in primary CD4* T cells. Promoter
regions of HIV DNA can also be methylated on cytosine residues (referred to as CpG
islands) and inhibit viral transcription (77, 78). However, analysis of integrated HIV-1
genomes in resting CD4* T cells obtained from patients shows infrequent methylation at the
promoter region of the HIV LTR (77). Although evidence is accumulating that histone
methylation regulates HIV expression, the role of DNA methylation in maintaining HIV-1
latency remains to be established. HIV DNA may be methylated when it is durably
quiescent, but removal of the DNA methyl marks does not appear to be required for
reactivation of expression (77).

Another important restriction to HIV transcription occurs at the initiation and elongation
steps of transcription (79, 80). The promoter of actively transcribed genes is characterized
by occupancy of preassembled RNA polymerase Il (RNAPII) complexes as well as histones
marked with H3K4me3 and H3K9ac. The recruitment of positive transcription elongation
factor b (P-TEFb) allows such stalled polymerases to overcome this block and initiate
efficient transcription (79). As HIV-1 tends to integrate into the introns of actively
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transcribed genes, its transcription is more likely to be regulated in a manner similar to that
of inducible genes (49). Indeed, the promoter and cis-regulatory regions of the HIV-1 LTR
is accessible to binding of transcription initiation complexes (81). Initiation of HIV-1
transcription in resting CD4* T cells is detectable but often results in an abortive transcript
resulting from a block at transcriptional elongation (82). The presence of Nuc-1 likely
contributes to this block. The removal of Nuc-1 as a result of chromatin remodeling allows
sufficient transcription of early viral genes such as the viral transactivator Tat. Once Tat is
expressed, it recruits P-TEFb to the HIV-1 promoter region and ensures sustained and
enhanced production of viral transcripts.

The HIV-1 core promoter contains three binding sites for the general transcription factor
Sp1, which is critical to formation of the PIC (Figure 2a). In the absence of Tat,
transcription is initiated but stalled around position +59, well into the region occupied by
Nuc-1. The block to elongation at this point is due to the presence of the Spt5 subunit of the
DRB (5,6-dichloro-1-p-D-ribofuranosylbenzimidazole) sensitivity-inducing factor (DSIF)
and the negative elongation factor (NELF) (83, 84). However, this initial HIV-1 transcript
encodes the stem-loop structure of TAR (trans-activation-responsive region), a docking site
for Tat (85) (Figure 2a). Tat can recruit P-TEFb, a complex composed of cyclin T1 (cycT1)
and cyclin-dependent kinase 9 (CDKJ9), to TAR. The CDK9-mediated phosphorylation of
NELF relieves the transcriptional block, and the phosphorylation of DSIF converts it to a
positive transcriptional elongation factor (83, 86—88) (Figure 2b,c). Tat also allows CDKS9 to
phosphorylate serine 2 (Ser2) and serine 5 (Ser5) of the carboxy-terminal domain (CTD) of
RNAPII, prompting both efficient initiation and elongation (89) (Figure 2c,d). Recently, it
was discovered that Tat recruits elongation factor ELL2 to P-TEFb for more coordinated
activation of HIV-1 transcription (90). Tat also recruits acetyltransferase p300/CBP-
associated factor (PCAF), which in turn acetylates Tat and enhances its ability to recruit P-
TEFb to the promoter region (91, 92). In several cell line model systems, Tat promotes
binding of several cellular factors, including the ATP-dependent remodeling complex SWI/
SNF (62, 93) and the histone-modifying enzymes p300 and CREB binding protein (CBP)
(94) as well as the histone chaperone protein nucleosome assembly protein 1 (nNAP1) (95).
These transcription factors further assist in chromatin unfolding and efficient transcription.
The lack of Tat or Tat-associated cellular factors appears to result in inefficient transcription
and maintenance of HIV-1 latency.

As P-TEFDb is critical to regulation of transcription of mammalian genes, it is no surprise that
its availability and activity are tightly regulated. P-TEFb is sequestered in an enzymatically
inactive complex composed of hexamethylene bisacetamide—inducible protein 1 (HEXIM1)
or HEXIM2, the 7SK small nuclear ribonucleoprotein, the La-related protein 7 (LARP7),
and the methyl phosphate capping enzyme (MEPCE) (96-103) (Figure 2e). HEXIM1 binds
to P-TEFb directly by interacting with the cycT1 subunit of P-TEFb, whereas 7SK serves as
a scaffold to facilitate HEXIM1/P-TEFb binding. MEPCE and LARP7 provide stability to
7SK; therefore, their silencing results in enhanced transcription from cellular polymerase 11
promoters as well as from Tat-dependent HIV-1 promoter (101-103). Tat outcompetes
HEXIM1 for P-TEFb binding and recruits it to TAR, inducing productive transcription
(104). To add to this complexity, a recent report suggests that HEXIM1 can bind double-
stranded RNA structures to TAR and thereby inhibit P-TEFb activity in the absence of Tat
(105, 106).

The kinase activity of P-TEFb is regulated by complex post-translational modification as
well. Phosphorylation of CDK9 at threonine 186 (Thr186) causes increased P-TEFb kinase
activity, but it also results in increased sequestration into the inactive HEXIM1 complex
(107, 108). Serine/threonine protein phosphatase PP2A and phosphatase PPM1 (also known
as PP2Ca) dephosphorylate P-TEFb and negatively regulate its kinase function (109, 110).
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Acetylation of CDKJ at conserved lysines in the catalytic core modulates its kinase function
and thus decreases its transcriptional activity (111). In contrast, acetylation of cycT1 triggers
dissociation of P-TEFb from the HEXIM1 inhibitory complex, thereby increasing
transcriptional activation (112).

A deficiency of host cellular factors in resting CD4* T cells can also contribute to the
maintenance of latency. For instance, resting CD4* T cells express lower levels of cycT1
and CDK9, the components of P-TEFb, therefore increasing the innate barrier to HIV-1
transcription (113-115). Similarly, lower levels of polypyrimidine tract binding protein
(PTB) in resting cells result in nuclear retention of multiply spliced transcripts of tat and rev,
which are critical to viral expression (116). Conversely, signaling pathways that stimulate T
cells and increase cycT1 and CDK expression increase HIV-1 transcription (113-115). High
expression of Tat or PTB removes the requirement for cell activation to yield efficient virus
production (116). In addition, host microRNA may impede HIV-1 production in resting
cells, as the viral TAR RNA serves as a target for Dicer cleavage (117, 118). Therefore,
resting cells provide an ideal environment for the maintenance of HIV-1 latency. It is a
challenge to devise therapeutics that can induce the expression of virus in such a reservoir
and allow the clearance of these persistently infected cells.

MODELS TO STUDY PHARMACEUTICAL APPROACHES TO TARGET HIV-1
LATENCY

Although we have made good progress in understanding the molecular mechanisms of
HIV-1 latency and identifying the targets for pharmacologic intervention to induce viral
transcription, the lack of relevant preclinical systems has hampered the progress of
translational research. Currently, approaches to disrupt latency are evaluated in chronically
infected cell line systems or ex vivo in primary cells. The establishment of latency in cell
line systems is often linked to mutations in viral genes or to an effect specific to the site of
integration—perhaps not uniformly representative of the quiescent nature of resting CD4* T
cells in patients.

Viral outgrowth using resting CD4* T cells isolated from ART-treated aviremic HIV-
infected patients is the gold-standard tool for screening and evaluating antilatency drug
candidates, although it is a difficult and costly one. Latently infected cells are treated with a
drug candidate to induce virus production, and viral progeny have to be amplified through
co-culture with allogeneic, activated, CD8-depleted, peripheral blood mononuclear cells
over a 2-week period (119, 120).

Although assays of resting CD4* T cells obtained from patients are an excellent system for
validating the antilatency activity of drug candidates, a whole-animal system is needed for a
more complete evaluation of antilatency strategies. A small animal model that recapitulates
HIV-1 latency on ART will greatly enhance studies including dose-finding studies and
combinatorial approaches to purge latent reservoirs. Moreover, human studies are slow and
difficult and are likely to confer some risk to patients who are otherwise clinically stable.
Development of a small animal model of latency is therefore crucial to rigorously test the
efficacy of novel approaches and their effects on tissue reservoirs.

The SCID-hu (Thy/Liv) mouse model provides the cellular thymic microenvironment
necessary for the generation of latently infected naive cells (30, 121). However, resting
memory CD4* T cell infection—the major source of persistent infection in humans—is
absent in SCID-hu (Thy/Liv) mice. The SIV-infected macaque is another important model,
in which the existence of persistently infected resting memory CD4* T cells has been
demonstrated (122).
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We have recently demonstrated that combination ART in HIV-1-infected hu-Rag2~/~ yc™/~
mice recapitulates some aspects of ART in humans. Complete suppression of viremia on
ART and viral rebound following discontinuation of ART were observed, suggesting the
presence of persistent infection in this model (123). Resting memory CD4* T cells constitute
the predominant human T cell population in hu-Rag2~/~ yc™~ mice. Studies to definitively
quantitate the frequency of latent infection in resting memory CD4* T cells in hu-Rag2~/~
vc~'~ mice are now under way.

PHARMACOLOGIC STRATEGIES TO TARGET HIV-1 LATENCY IN CD4* T

CELLS

Eradication of HIV-1 is an extremely challenging goal. HIV-1 persists, and reservoirs are
maintained despite intensification of ART (124, 125). The unrelenting efforts of the
scientific community to understand the molecular mechanisms of establishment,
maintenance, and disruption of latency have provided clues that may allow the development
of strategies for viral eradication. A central assumption of most current strategies is that the
reactivation of HIV expression within the reservoir cells will make the infected cells
vulnerable to elimination by host immune response and viral cytopathic effects. At the same
time, viral spread must be prevented by antiretrovirals of sufficient efficacy and potency.
ART that is sufficient to suppress plasma viremia may not be sufficient to completely block
spread of viral infection within tissues.

As maintenance of HIV-1 latency is multifactorial, combination approaches targeting
multiple blocks are likely to be required for complete elimination of HIV-1. Here we suggest
several therapeutic targets that could be subject to pharmacologic intervention.

Epigenetic Regulation of HIV-1 Latency

Class | HDAC:s are critical to deacetylation of histone at Nuc-1 of the HIV-1 LTR and to
maintenance of HIV-1 latency in chronically infected cell lines (43, 61, 66). Inhibition of
HDAC enzymatic activity also leads to induction of virus expression in resting CD4* T cells
of HIV-1-infected patients (126). Selective inhibitors of class | HDACs 1, 2, and 3 were
effective at inducing viral expression from patients’ cells (119). In contrast, class ll-specific
HDACIis—including those of HDACs 4, 5, 7, and 9—were poor in inducing virus. More
importantly, HDACi treatment of resting CD4" T cells did not result in T cell activation and
therefore is unlikely to augment spread of virus after induction of the expression of latent
HIV-1 (119).

HDAC:s offer several pharmacologic advantages. Weak HDACis have been used for
treating various human ailments for years with good tolerance, and a pipeline of more potent
inhibitors is in development for uses in oncology and other therapeutic areas. Moreover, the
lipophilic nature of most small-molecule HDACis suggests that they could access anatomic
reservoirs, such as brain microglia.

The success of VPA, an approved drug to treat epilepsy, in inducing latent infection in ex
vivo primary cells prompted its evaluation for eliminating the HIV-1 reservoir in HIV-1-
infected patients. A significant decline in resting CD4* T cell infection was observed in
three out of four patients treated with VPA who were also receiving intensified ART (127).
In the absence of ART intensification, however, only four of eleven patients receiving VPA
showed a significant depletion of resting cell infection (128). Other studies involving VPA
did not measure a decline in resting cell infection (129, 130).

A clinical trial using the more potent class I-specific inhibitor suberoylanilide hydroxamic
acid (SAHA), a drug approved to treat cutaneous leukemia, is in development. The hope is
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to demonstrate proof of concept that a clinically achievable exposure to an HDACi might
disrupt latent HIV-1 infection.

H3K9 and H3K27 methylation are associated with a restrictive chromatin environment at
the HIV-1 LTR. Factors that stimulate HIV-1 transcription result in demethylation at these
sites (131). HMTs, in concert with HDACSs, appear to contribute to epigenetic silencing of
HIV-1 transcription. Histone methyltransferase inhibitors (HMTis) are therefore new
pharmacologic candidates to induce the expression of latent HIV-1. However, these reagents
have only begun to be studied for this purpose, despite their application in cancer
chemotherapy. Three specific inhibitors of lysine methyltransferase are available: chaetocin,
3-deazaneplanocin A, and BI1X-01294. A recent report suggests that BIX-01294 can induce
HIV-1 expression in a cell line model of latency. Further study of such compounds should
be done.

The role of DNA CpG methylation alone in establishing latency remains controversial at
best. DNA CpG methylation has recently been shown to repress HIV-1 transcription in a
chronically infected cell line model (77, 78). However, the HDACi SAHA was the most
effective reagent for induction of HIV-1 expression in heavily methylated LTRs. In some
experiments, whereas HIV-1 quiescence was associated with methylated LTR DNA, SAHA
induced expression of the LTR without demethylating these sites. Nevertheless, the removal
of DNA methylation by the DNA cytosine methylation inhibitor 5-aza-21-deoxycytidine led
to induction of HIV-1 expression in some settings and warrants further in-depth studies in
primary cells and other model systems (77).

Activation of Positive Transcription Elongation Factor b

Restriction of the nuclear level of active P-TEFb also contributes to proviral latency.
Because of the critical role of P-TEFb in controlling mammalian gene expression, it is
tightly regulated in active and inactive complexes by tethering to HEXIM1/2. HIV-1 Tat
efficiently recruits active P-TEFb to the HIV-1 promoter region to remove the block at
transcriptional elongation (104). P-TEFb, however, can activate HIV-1 transcription in the
absence of Tat (132). Hexamethylene bisacetamide (HMBA) can induce the release of P-
TEFb from HEXIM1 and enhance HIV-1 expression without NF-xB and Tat (133, 134). P-
TEFb might be recruited to the HIV-1 promoter by several transcription factors including
Spl and NF-xB or by Brd4 in the absence of Tat (133, 135, 136). Agents such as HMBA
might offer another approach to induce the expression of quiescent persistent HIV infection.

Post-translational modification of HEXIM1 as well as P-TEFb is important for P-TEFb
release from inhibitory complexes and full activation (108, 112, 134). The cellular protein
phosphatase PP1 may be involved in the release of P-TEFb in both Tat-dependent and -
independent manners (137, 138). The C terminus of CDK9 has several phosphorylation sites
at serine and threonine residues (Ser347, Ser354, and Ser357; Thr350, Thr354, and Thr186).
The phosphorylation of these residues is important for nuclear transport and modulation of
P-TEFD kinase activity (107, 109, 139). Phosphorylation of CDK9 at Thr29 is associated
with inhibition of kinase activity at the HIVV-1 promoter (140). It is obvious that CDK9
undergoes a complex cycle of phosphorylation and dephosphorylation for promoter
recruitment and full activation. PP1 and PP2A have been implicated in these processes.
Global inhibition of PP2A by pharmacologic inhibitors such as okadaic acid has produced
mixed results, inducing HIV-1 expression in some chronically infected cell lines while
blunting its expression in others (141, 142). More careful research is needed to fully
understand how, when, and which phosphatase causes the activation of P-TEFb.
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Induction of Protein Kinase C Signaling Pathway

Protein kinase C (PKC) signaling plays an important role in the activation of nuclear factor
of activated T cells (NFAT), NF-xB, and activator protein 1 (AP-1), steps that are essential
for T cell activation. The HIVV-1 LTR contains binding sites for these factors, which have a
proven role in activating viral expression. NF-kB in particular plays multiple roles in HIV-1
transcription: (a) chromatin repressive p50/p50 homodimers are replaced with p50/p65
heterodimers, displacing HDAC (67); (b) p50/p65 recruits HATSs such as p300 and CBP to
the promoter, in a process that could play an important role in acetylating histones and Tat
(46, 143); and (c) p50/p65 recruits P- TEFb to the promoter to regulate transcriptional
elongation (136). Williams and colleagues (144) noted that sustained activation of NF-xB
was efficient in induction of HIV-1 latency. Several pharmacologic PKC agonists including
a jatrophane diterpene (named SJ23B) (145), 12-deoxyphorbol 13-phenylacetate (dPP)
(146), and prostratin (147) induce proviral expression efficiently in latently infected CD4* T
cells.

The PKC agonist prostratin is effective at inducing expression of virus from both latently
infected cell lines and primary cells (147-149). The combination of prostratin with an
HDACI resulted in the synergistic induction of virus in chronically infected cell lines and
latently infected patient cells (150, 151). Prostratin downregulates expression of the HIV
receptors CD4 and CXCR4, therefore inhibiting de novo HIV infection (149). Prostratin is
currently extracted from a medicinal plant, Homolanthus nutans, and toxicities in preclinical
studies have delayed human testing of the drug. A recent breakthrough involves the
synthetic production of prostratin, which may allow rapid evaluation of drug parameters
such as pharmacokinetic properties and toxicity studies (152).

A more specific inducer of NF-xB that does not appear to affect NFAT and PKC has been
recently reported (153). The compound, 5-hydroxynaphthalene-1,4-dione (HN), induced
latent infection in primary cells without inducing T cell activation. Because HN is a
quinone, it produced reactive oxygen species (ROS) and may not be fit for clinical studies.
Nevertheless, the results suggest that screening compounds that specifically activate NF-xB
without globally activating T cells will yield interesting pharmacologic candidates to
eliminate persistent infection.

Inhibiting Survival of Memory Cells Following Homeostatic Proliferation

Interleukin 7 (IL-7) induces viral expression from quiescent naive cells and latently infected
resting cells from patients via the JAK/STAT signaling pathway; NFAT is a key mediator of
this effect (154, 155). Recently, recombinant IL-7 was also tested in clinical trials for human
use and led to an increase in T cell population (156). Chomont and colleagues (9), however,
suggested that central memory (TCM) and transitional memory (TTM) are the major cellular
reservoirs in HIV-1-infected patients, and that homeostatic proliferation of central memory
cells may expand the infected cell reservoir via mitosis. Depletion of CD4* T cells in
chronically infected patients results in increased plasma IL-7 levels, which promote
proliferation and survival of the TTM subset. IL-7 induces Bcl-2, a key antiapoptotic
protein, ensuring survival of proliferated cells. Recently, Abbott Laboratories (Abbott Park,
Illinois) has developed Bcl-2 inhibitors ABT-737 and ABT-263, under clinical study for
cancer therapy (157). Such a Bcl-2 inhibitor might overcome this block of apoptosis to
ensure death of proliferating HIV-1-infected T cells.

TARGETING HIV-1 IN THE CENTRAL NERVOUS SYSTEM

HIV-1 infection in the CNS is established shortly after primary infection (10). HIV-1-
infected CD4* T cells and monocytes/macrophages primarily serve to traffic HIV-1 across
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the blood-brain barrier (158, 159). The rapid decay of HIV-1 in cerebrospinal fluid (CSF)
parallels the kinetics of CD4* T cells in the periphery in asymptomatic patients on ART,
suggesting that plasma lymphocytes could be a source of viral load in CSF. Alternatively,
monocytes originating from the bone marrow could repopulate perivascular, meningeal, and
choroid plexus in the CNS, a “Trojan horse” mechanism responsible for disseminating
HIV-1 to the brain (160, 161). Perivascular macrophages and microglia in particular are
considered a primary source of HIV-1 production in the brain (162). Microglia, which are
long-lived cells, are a potential source of persistent infection (163).

Epigenetic regulation of gene expression has been implicated in the maintenance of viral
latency in microglia. The transcription factor chicken ovalbumin upstream promoter
transcription factor interacting protein 2 (CTIP2) recruits HDAC1 or HDAC?2 to the viral
promoters, causing histone deacetylation and generating a repressive environment not
conducive for gene expression (164, 165). Furthermore, the interaction of CTIP2 with
SUV39H1 causes histone H3 methylation, which may further restrict HIV-1 expression in
microglia (165). Targeting these cells with a combination of HDACis and HMT inhibitors,
as discussed earlier, will be a logical way to target this latent infection.

In chronically infected patients, virus detected in the CSF originates from both plasma
lymphocytes and local CNS tissue, suggesting a mixing of virus between the CNS and
peripheral circulation (166). This is particularly important because it implies that virus from
the CNS compartment could seed new infections in peripheral blood. Delayed virus decay is
sometimes observed in the CSF in patients on ART with sustained viral replication even
during long-term ART (13, 14). This could be related to the exclusion of some drugs from
certain anatomic compartments. Therefore, efforts to eradicate persistent HIV-1 infection in
the CNS must seek to enhance delivery of anti-HIV or antilatency drugs in CNS tissue.

Nanoparticles, which are solid colloidal particles typically in the size range of 100-300 nm,
offer an attractive vehicle for delivering antiretrovirals and antilatency drugs to the CNS to
target persistent HIV-1 infection. The therapeutic agent(s) could be entrapped or chemically
linked to the surface of nanoparticles for delivery. To overcome the challenge of penetrating
the tight endothelial junctions of the blood-brain barrier, nanoparticles could be conjugated
to specific ligands such as thiamine, transferrin, or glucose for efficient delivery. The
expression of receptors for these ligands on neuronal tissues is likely to increase their
binding and therefore increase receptor-mediated uptake across the blood-brain barrier.
Moreover, receptor-mediated transcytosis offers a targeted delivery, which reduces undue
exposure to other organs.

In a proof-of-concept study, our group has recently shown that small (2-nm) gold
nanoparticles can be derivatized to deliver multiple functional units. These particles, coated
with a TAK-779 homolog, were effective inhibitors of HIV-1 entry (167). Tat-conjugated
nanoparticles encapsulated with ritonavir, a protease inhibitor, enhanced sustained brain
delivery of drugs without influencing the integrity of the blood-brain barrier (168). Targeted
delivery of antiretrovirals and/or antilatency drugs may be necessary to effectively target
latency in sanctuary sites.

PERSPECTIVES AND FUTURE DIRECTIONS

The eradication of persistent infection is a difficult challenge, as the mechanisms of HIV-1
latency are still not completely understood. The study of mechanisms of HIV-1 latency in
primary cells has been hampered owing to the rare nature of infection; fewer than one out of
one million cells are latently infected. The difficulty and importance of this challenge have
led to more concerted efforts from the scientific community, resulting in a consistent gain in
the understanding of HIV-1 latency. Together with early and effective ART to reduce the
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latent reservoir, therapies that target HIV-1 latency, cryptic replication, and sanctuary sites
are needed to eradicate HIV-1 infection.

It is now increasingly clear that epigenetic restrictions pose an initial hurdle to viral
transcription and cause maintenance of viral latency. A better understanding of the
epigenetic regulation of HIV-1 latency and identification of pharmacologic targets will open
avenues to rational therapeutic approaches for clearing infection. It is also possible that low-
level expression of virus from cells may not prompt immune-mediated killing or apoptotic/
necrotic killing. Other reagents or strategies (e.g., immunotherapy) to clear cells induced to
express HIV antigens may be required.

HIV-1 latency is a result of several restrictions imposed by both cellular and viral factors
and therefore requires a multiprong approach to disrupt it. HDACIs appear promising, but
adding molecules such as HMBA that induce HIV-1 expression by removing the block at
transcriptional elongation or adding the NF-kB inducer prostratin might potentiate their
effects. Other obstacles, such as inadequate cytoplasmic transport of transcribed viral
mRNAs, might prove critical and require specific programs to therapeutically breach this
barrier.

The complete eradication of HIV-1 will not be achieved until virus hidden in sanctuary sites
can also be targeted. The design of better drugs and delivery systems is required,;
nanotechnology offers an attractive tool to achieve this goal. The development of an animal
model of latency is also critical to allow rigorous testing of novel pharmacologic approaches
before their application in HIV-1-infected patients. Development of such models will greatly
accelerate our progress toward clinical trials aimed at eradicating HIV infection in patients.
Eradication of HIV-1 latency requires a prolonged scientific commitment to understanding
the molecular mechanism of persistence, to safe and effective drug discovery, to rational
design of therapeutic approaches, and to testing in adequate model systems before clinical
application.
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Figure 1.

Epigenetic regulation of HIV-1 latency and reactivation. (a) Chromatin structure showing a
euchromatic region with acetylated histones ( green) and histone methylated on lysine 4
(H3K4, purple), and a heterochromatic region with repressive methyl marks on lysine 9
(H3K9, yellow) and HP1 (heterochromatin protein 1) recruitment. HIV-1 preferentially
integrates into introns of transcriptionally active genes in the euchromatic regions. (b)
Proviral latency in the euchromatic region is maintained by recruitment of histone
deacetylases (HDACS) 1, 2, and 3 to the HIV-1 long terminal repeat (LTR). Various cellular
transcription factors including C-promoter binding factor-1 (CBF-1), nuclear factor kB (NF-
«kB) p50 homodimer, and Spl can participate in recruitment of complexes that include
HDACL. The recruiting complexes such as LSF/YY1 are not shown. HDAC2 is probably
recruited in association with HDACL. Factors that recruit HDAC3 to the LTR are not clearly
defined. HDACs maintain a hypoacetylated state of local histones and therefore maintain
nucleosome 1 (Nuc-1) in a state that restricts the binding of preinitiation complexes at the
viral promoter. Recruitment of histone methyltransferases (HMTs) EZH2 and SUV39H1 can
methylate histone H3K9. Methylated H3K9 can be recognized by HP1y, leading to the
generation of heterochromatin, a restrictive chromatin environment for transcription
initiation. (c) Histone acetylation is favored by HDAC inhibitors and induced by histone
acetyltransferases (HATS) recruited to the LTR by various cellular factors including NF-xB
(p50-p65) and nuclear factor of activated T cells (NFAT). This allows sufficient
transcription of early viral genes such as tat that, in turn, subverts cellular restrictions,
recruits elongation factors, and ensures robust production of viral RNA message. Histone
demethylases (HDMTSs) remove restrictive H3K9 methylation, relieving repression. Other
abbreviations: Ac, acetylated; Me, methylated.
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Figure2.

Regulation of transcriptional elongation by viral protein Tat. (&) HIV-1 transcription is
initiated, but processivity of RNA polymerase Il (RNAPII) is stalled at the +59 nucleotide
region due to the concerted action of negative elongation factor (NELF), DRB (5,6-
dichloro-1-B-D-ribofuranosylbenzimidazole) sensitivity-inducing factor (DSIF), and
nucleosome 1 (Nuc-1). These short transcripts encode TAR (trans-activation-response
region). In the absence of Tat, transcription is largely nonprocessive. (b, ¢) Tat recruits
positive transcription elongation factor b (P-TEFb) from the inactive hexamethylene
bisacetamide—inducible protein 1 (HEXIM1) complex onto TAR. Acetylation of Tat at
lysine 28 by acetyltransferases enhances its TAR-binding activity as well as kinase activity
(91, 94). Acetylation of Tat also facilitates the release of P-TEFb from the inactive HEXIM
complex. Hexamethylene bisacetamide (HMBA), a promising antilatency drug, similarly
increases the pool of active P-TEFb available to the viral promoter. Following recruitment to
TAR, cyclin-dependent kinase 9 (CDK9) is phosphorylated at threonine 186, which
increases its kinase activity. Phosphatase inhibitors specific for this step are potential drug
candidates. Active P-TEFb phosphorylates serine 2 (Ser2) and serine 5 (Ser5) of the
carboxy-terminal domain (CTD) of RNAPII, therefore increasing both the initiation and the
elongation of transcription. Phosphorylation of NELF by P-TEFb prompts its release,
whereas phosphorylation of DSIF converts it to a positive elongation factor. Furthermore,
Tat recruits the ATP-dependent remodeling complex SWI/SNF (SWItch/Sucrose
NonFermentable complex) to the promoter to enhance nucleosome modeling and increase
transcriptional elongation. (d, €) Phosphorylation of CDK®9 also signals its sequestration into
a large, inactive HEXIM1 complex. Acetylation of Tat at K50 leads to its dissociation from
TAR, making it available for subsequent rounds of transcriptional activation. Other
abbreviations: Ac, acetylated; cycT1, cyclin T1; LARP, La-related protein; MEPCE, methyl
phosphate capping enzyme; P, phosphorylated; PCAF, p300/CBP-associated factor.
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