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Abstract: HIV-1/AIDS remains a global public health problem. The world health organization (WHO)
reported at the end of 2019 that 38 million people were living with HIV-1 worldwide, of which only
67% were accessing antiretroviral therapy (ART). Despite great success in the clinical management of
HIV-1 infection, ART does not eliminate the virus from the host genome. Instead, HIV-1 remains
latent as a viral reservoir in any tissue containing resting memory CD4+ T cells. The elimination of
these residual proviruses that can reseed full-blown infection upon treatment interruption remains
the major barrier towards curing HIV-1. Novel approaches have recently been developed to excise or
disrupt the virus from the host cells (e.g., gene editing with the CRISPR-Cas system) to permanently
shut off transcription of the virus (block-and-lock and RNA interference strategies), or to reactivate
the virus from cell reservoirs so that it can be eliminated by the immune system or cytopathic effects
(shock-and-kill strategy). Here, we will review each of these approaches, with the major focus placed
on the block-and-lock strategy.
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1. Introduction
As of the end of 2019, 38 million people worldwide were living with HIV-1 and 1.7 million of those
were newly diagnosed [1]. Antiretroviral therapy (ART) has turned a disease that was once a death
sentence, into a chronically manageable condition. ART reduces HIV-1 replication to undetectable
levels in the blood and tissues of individuals living with HIV-1, preventing the spread of the virus.
Although very efficient, ART is not curative, and the HIV-1 provirus remains integrated into the host
genome, mainly in resting memory CD4+ T cells [2]. Upon ART interruption, this stable viral reservoir
can reinitiate rebound viremia within weeks [3], and therefore elimination of this reservoir is critically
important to achieve a sterilizing cure [4]. ART is a lifelong commitment and curative strategies are
urgently needed. Of note, long-term toxicity and persistent immune activation, specifically monocyte
activation, are associated with lifelong ART [5–7]. The prevalence of acquired drug resistance in treated
individuals and the spread of drug-resistant viruses also becomes increasingly more prominent with
lifelong ART [8]. Thus, the current development of long-acting injectable formulations [9] seeks to
improve adherence and effectiveness of HIV-1 treatment and prevention [10].
Several strategies for an HIV-1 cure have been explored. These mainly focus on the removal
of the provirus from the host cell genome, elimination of cells containing the provirus, or blocking
important HIV-1 or host factors required for replication [11]. Editing the CCR5 gene has been one
of the main focuses of gene therapy strategies to generate HIV-1-resistant cells [12]. This approach
has been motivated by the successful cure of Timothy Ray Brown, the so-called Berlin patient.
Timothy Brown was diagnosed with HIV-1 in 1995 and is known as the first person to be cured of
HIV-1. He received two allogeneic hematopoietic stem-cell transplantations (HSCT) for treatment of
acute myeloid leukemia from a donor with a homozygous mutation in the gene of the HIV-1 coreceptor
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CCR5 (CCR5∆32/∆32) [13]. Sadly, he recently passed away (29 September 2020) from returning
leukemia, an immense loss as he was a tireless champion and advocate for an HIV-1 cure. In 2019,
another individual living with HIV-1, known as the London patient, underwent a single allogeneic
HSCT with a homozygous CCR5∆32 mutation to treat Hodgkin’s lymphoma, and HIV-1 remission has
been maintained so far [14]. Even though these two individuals raised the hope of achieving an HIV-1
cure, a practical and accessible cure for everyone is still far beyond reach. In recent years, attempts have
been made to develop a functional cure, aimed at the durable control of HIV-1 replication in the absence
of treatment. This concept was based on the finding of rare individuals, termed post-treatment
controllers (PTCs), who maintained viral replication suppressed for months or years after treatment
interruption. Additionally, rare individuals called “elite” controllers can maintain the viral load
below the limit of detection for years in the absence of ART [15]. Recently, Jiang et al., reported that
proviruses from elite controllers are in a deeper state of latency when compared to proviruses found
in individuals under suppressive ART [16]. The strong viral transcriptional suppression observed
in elite controllers highlights the possibility of a functional cure through block-and-lock approaches to
achieve an ART-free remission [17]. Whether the goal is a sterilizing cure with full elimination of HIV-1
provirus from reservoirs or a functional cure with immunological control of persistent HIV-1, in depth
comprehension of the mechanisms of HIV-1 latency and transcription are required [18]. Here, we will
review these mechanisms as well as existing block-and-lock approaches to silence proviral expression.
2. HIV-1 Latency
The latent reservoir is established within days of HIV-1 infection and is composed mainly of
long-lived memory CD4+ T cells that harbor integrated latent provirus. These cells containing latent
proviruses persist in part via homeostatic or antigen-driven proliferation [19,20]. The latent reservoir
decays very slowly in individuals on ART, and it has been estimated that it would take over 73 years to
eradicate this reservoir, a very grim prospect [4,21,22]. There is, however, growing evidence that ART
initiation very soon after HIV-1 infection may be effective in reducing the HIV-1 reservoir size [23].
Recently, Ndhlovu et al., suggested that ART initiation immediately after HIV-1 diagnosis also preserves
immune function with enhanced functionality of HIV-1-specific CD4+ and CD8+ T cells [24]. Of note,
an ongoing clinical trial (NCT02859558) seeks to evaluate the efficacy of early ART initiation on HIV-1
persistence and HIV-1-specific immune responses.
Although still unclear, one of the most accepted explanations for latency establishment is the return
of infected activated CD4+ T cells to a resting memory state, unfavorable to HIV-1 replication [4,22].
Infection of activated CD4+ T cells usually results in cell death; however, when infected cells survive long
enough, they revert to a resting memory state, estimated at 0.01–100 per 106 CD4+ T cells, with minimal
proviral gene expression [22]. The low frequency of latently infected cells rends the quantification of
the reservoir extremely difficult. Thus, an accurate and scalable assay for latent reservoir measurement
is urgently needed. The quantitative viral outgrowth assay (QVOA) was first used in the mid-1990s
and measures the frequency of resting CD4+ T cells harboring replication-competent proviruses [25].
However, this method underestimates the true size of latent reservoir size because of the presence
of non-induced proviruses by a single round of T cell activation [26]. It should be noted that
over 90% of proviruses are replication-defective [27]. On the other hand, PCR-based assays that
measure total HIV-1 proviral DNA by targeting conserved regions of the HIV-1 genome overestimate
the reservoir size, since they do not distinguish between defective and replication-competent viruses
(reviewed in Massanela et al. [28]). Overall, QVOA is considered the gold standard since it provides
a minimal estimate of reservoir size [29].
The environment surrounding the HIV-1 integration site is an important factor contributing
to the establishment of HIV-1 latency [30]. HIV-1 proviral DNA integration can occur in genomic
regions where access to transcription factors (TFs) and RNA polymerase II (RNAPII) is abundant
or restricted [31]. HIV-1 preferentially integrates into actively transcribed regions of the host
chromatin, and thus the chromatin environment plays a key role in HIV-1 transcriptional regulation
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(discussed in Section 3) [32]. The absence of viral RNA and protein expression limits the ability
of the immune system to distinguish between latently infected cells and uninfected cells [4,33].
Therefore, efforts have been made to identify biomarkers that could be used to identify HIV-1 latently
infected cells. CD2 and CD32a were proposed as markers [11,34,35]; however, either by the low
abundance of these cells or by technical challenges, their significance is still debated.
The HIV-1 reservoir is not static, and replenishment of the latent reservoir may occur by residual
levels of viral replication (blips) and clonal expansion of infected cells over time [36,37]. The contribution
of antigen-induced or homeostatic proliferation of infected cells are factors that contribute to this clonal
expansion [38]. As in a vicious cycle, the immune activation of T cells, driven by viral antigens produced
by either intact proviruses or by the approximately >90% defective proviruses, also contributes to
the replenishment of the latent reservoir [30,37]. On the other hand, T cell activation also provides
a pool of susceptible target cells for infection.
Eliminating or controlling the latent reservoir has become a research priority. It is thus of extreme
importance to develop improved assays to identify and measure the HIV-1 reservoir size to facilitate
the efficacy of HIV-1 functional cure approaches.
3. HIV-1 Transcription
HIV-1 transcription depends on a complex combination of viral and cellular factors to maximize
viral gene expression. Additionally, the chromatin environment surrounding the HIV-1 promoter is
highly relevant and can dictate the transcriptional state of the provirus [39]. Transcription is driven by
the promoter, the 50 -long terminal repeat (50 -LTR). This promoter contains multiple binding sites for
host transcriptional factors that help recruit RNA polymerase II (RNAPII) and chromatin modifiers
to enhance its own transcription [40,41]. Tat, a small nuclear viral protein, is the main player in viral
transcription regulation by promoting RNA polymerase II (RNAPII) transcription elongation from
the LTR promoter [42].
Tat-Mediated HIV-1 Transcription
The switch from latent to active transcription is mostly dependent on the powerful feedback
mechanism fueled by the early HIV-1-encoded Tat protein (Figure 1A) [43]. In the absence of Tat,
nuclear factor (NF)-κB, the nuclear factor for activated T cells (NFATc), specificity protein 1 (Sp1),
and the TATA-binding protein (TBP) enable RNAPII initiation at the 5´-LTR through the recruitment
of the pre-initiation complex (PIC) and RNAPII. Shortly, after trans-activation response element
(TAR) RNA, RNAPII pauses and accumulates at Nuc-1, producing short abortive transcripts [44,45].
HIV-1 TAR RNA is a highly folded stem-loop structure present at the 5´end of all nascent spliced
and unspliced HIV-1 mRNAs and is synthesized by RNAPII just before pausing [46]. Among several
host factors, the 5,6-Dichloro-1-β-d-ribofuranosylbenzimidazole (DRB) sensitivity-inducing factor
(DSIF) and negative elongation factor (NELF) function co-operatively to mediate RNAPII pausing [47].
The release of RNAPII from Nuc-1 and consequently RNAPII elongation is mediated through the cellular
positive transcriptional elongation factor b(P-TEFb), a heterodimer kinase composed of CDK9 and
cyclin T1, which is thought to be recruited to the LTR by BRD4 and NF-κB. P-TEFb-associated CDK9
then phosphorylates the two repressive factors DSIF and NELF, which results in NELF detachment
from the PIC, and DSIF conversion into a positive elongation factor. P-TEFb also phosphorylates
the carboxyl-terminal domain (CTD) of RNAPII at serine 2, enabling the production of full-length HIV-1
transcripts [48], and eventually Tat protein [49–52]. Tat amplifies viral transcription by enhancing
recruitment of P-TEFb to the TAR RNA, as well as recruitment of other components of the super
elongation complex (SEC), to promote RNAPII transcriptional elongation [53–55]. Whether Tat binds
to TAR alone or as a complex with P-TEFb is still a matter of debate [46].
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Figure 1. Regulation of HIV transcription. (A) Tat-mediated HIV-1 transcription. The transition

Figure 1. Regulation of HIV transcription. (A) Tat-mediated HIV-1 transcription. The transition from
from transcriptional initiation to elongation implies the replacement of transcriptional repressors by
transcriptional initiation to elongation implies the replacement of transcriptional repressors by
activators, including NF-κB, SP-1, and histone acetyltransferases (HATs), such as p300/CREB-binding
activators, including NF-κB, SP-1, and histone acetyltransferases (HATs), such as p300/CREB-binding
protein (CBP). HATs promote open chromatin and recruitment of polybromo-associated factor (PBAF).
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Repressive factors such as BAF favor HIV-1 latency by positioning Nuc-1 in an energetically unfavorable
position downstream of the TSS. Finally, P-TEFb is inactive through its association with the 7SK snRNP,
preventing the transition from transcriptional initiation to elongation.

In sum, when a Tat-dependent positive feedback loop is generated, it increases HIV-1 transcription
and, consequently, leads to exponential replication. Thus, due to Tat’s crucial role in the production of
full-length HIV-1 transcripts, it is inevitably a fantastic therapeutic target. 3.2. Epigenetic Regulation
Nucleosomes (Nuc) are precisely positioned at the promoter independently of the integration site.
Nuc-0, Nuc-1, and Nuc-2 are separated by DNase hypersensitive regions 1 and 2 (DHS-1 and -2) [56–58].
Nuc-1, located immediately downstream of the transcription start site (TSS), is an essential regulator of
HIV-1 transcription, since epigenetic modifications in this region determine the accessibility of TFs and
RNAPII to the proviral DNA.
Chromatin remodeling complexes with ATPase domains and histone N-terminal tails regulate/read
epigenetic modifications that alter the accessibility to the DNA embedded within nucleosomes [59].
Chromatin remodeling complexes actively add (writers), remove (erasers), or recognize (readers)
post-translation modifications (PTMs) on histones. BAF (BRG1- or HBRM-associated factor) and
PBAF (polybromo-associated factor) are ATP-dependent SWI/SNF chromatin remodeling complexes
with opposite effects on chromatin structure [60]. BAF represses transcription, favoring HIV-1
latency, by positioning Nuc-1 in an energetically unfavorable position downstream of the TSS [61].
On the contrary, PBAF is recruited by acetylated Tat, and using energy from ATP hydrolysis
actively repositions Nuc-1, enabling efficient transcriptional elongation [59,61,62]. Deacetylation and
methylation of histone N-terminal tails also regulate HIV-1 transcription given their effect on nucleosome
stability [63]. Deacetylation relies predominantly on the activity of histone deacetylases (HDACs).
Host transcription factors, such as ying-yang 1 (YY1), late SV40 factor (LSF), C-repeat binding-factor
1 (CBF-1), and NF-κB p50, enable the recruitment of HDACs to the LTR, resulting in the removal of
acetyl groups from core histones, namely, at Nuc-1, restricting the accessibility of positive transcription
factors to the promoter, and consequently promoting viral latency [64,65]. Thus, LSF and YY1, together,
allow for the recruitment of HDACs downstream of TSS [66].
Histone methyltransferases (HMTs), such as the suppressor of variegation 3–9 homolog 1 (Suv39H1)
and G9a, favor the entry into latency and are involved in Lys9 trimethylation of histone H3 (H3K9me3)
and H3K9 dimethylation (H3K9me2), respectively [67,68].
The role of CpG methylation of the HIV-1 promoter in the regulation of HIV-1 transcription,
through the recruitment of repressor proteins or restrictive access of transcription factors to the target
DNA [69,70], is still debated. Some in vitro studies demonstrated that methylation of the HIV-1 promoter
strongly stabilizes HIV-1 latency in cultured HIV-1-infected cells [69,71,72]. However, these results
are not concordant with some in vivo studies. J. Blazkova et al. revealed low levels of methylation at
the HIV-1 promoters in the latent reservoir of ART-adherent aviremic individuals living with HIV-1 [73].
By contrast, J. Palacios et al. showed that latent proviruses in long-term non-progressors and elite
controllers exhibit some degree of HIV-1 promoter methylation as compared to progressors with ART
suppressed viremia, which exhibit no methylation [74]. Thus, additional studies are needed to clearly
define the exact role played by CpGmethylation in the regulation of HIV-1 transcription.
The bromodomain-containing protein 4 (BRD4) is another important player that mediates
interaction with acetylated histones and is involved in both positive and negative regulation of HIV-1
transcription [50,75]. BRD4 encodes two isoforms, a long isoform (BRD4L) and a short isoform
(BRD4S) [76]. BRD4L contains a positive transcription elongation factor complex (P-TEFb) interacting
domain (PID), which activates basal HIV-1 transcription in the absence of Tat [50,77,78].
Finally, reactivation of viral transcription from latency involves histone acetylation by histone
acetyltransferases (HATs), such as CREB-binding protein (CBP) and p300, p300/CBP-associated
factors, and the histone acetyltransferase hGCN5, to create an accessible chromatin environment for
transcription to occur [62,79–81]. Together, the availability of TFs, the chromatin organization,
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and the epigenetic environment of HIV-1 promoter are important regulatory components for
the establishment of a silenced provirus (Figure 1B).
4. Latency Reversal Agents
One strategy to achieve HIV-1 eradication is to purge all proviruses capable of replication from
the latent reservoir. In theory, this could be achieved by using latency reversing agents (LRAs) to
promote virus transcription and virion formation, which would render the infected cell susceptible
to cytolysis and recognition/clearance by the immune system, while novel rounds of infection are
prevented by ART [33,82]. This strategy is known as shock-and-kill (Figure 2) [83–85]. As of
today, more than 300 molecules have been evaluated in vitro to reactivate latent HIV-1, including
epigenetic, chromatin, signaling, and transcription modulators [86,87]. The chromatin-modifying
agents, HDAC inhibitors (e.g., Vorinostat, Romidepsin and Panobinostat), are the most characterized
class of LRAs explored in shock-and-kill approaches [86]. Three clinical trials using vorinostat clearly
demonstrated an increase in HIV-1 RNA in resting CD4+ T cells; however, this was insufficient for robust
protein production and did not have a meaningful impact on the size of the HIV-1 reservoir [88–90].
Nevertheless, the first Vorinostat clinical trial reported by Archin N. et al. [88] proved the concept
that proviruses from HIV-1 reservoirs can be reactivated in humans, promoting research for novel
LRAs. Romidepsin and Panobinostat, which showed higher reactivation potential in vitro, underwent
clinical trials, but, similar to vorinostat, no significant differences were observed on the clearance or
size of the HIV-1 reservoir [91–93]. Another class of LRAs, protein kinase C (PKC) agonists, are also
undergoing extensive research in vitro and in clinical trials; however, these trigger NF-κB activation,
which may activate T cells in addition to HIV-1, quite an undesirable effect [94]. Bryostatin-1 and
ingenol 3,20-dibenzoate reversed latency more potently when compared to HDAC inhibitors in ex
vivo assays (using cells from individuals living with HIV) [95,96]. So far though, despite a slight
increase in HIV-1 latency reversal, these molecules alone are unable to significantly reduce the size
of the latent reservoir. The combinatory use of LRAs with synergic effects is currently an active area
of research [97–99]. Using latently infected cell lines, Laird G. et al. demonstrated that combining
PKC agonists with the bromodomain inhibitor JQ1 or HDAC inhibitors robustly reversed latency
without inducing proinflammatory cytokine production [98]. An ongoing clinical trial (NCT03525730)
is evaluating the synergistic effect between Pyrimethamine, a BAF chromatin remodeling complex
inhibitor, and Valproic acid, an HDAC inhibitor, on reducing the HIV-1 reservoir in ART-suppressed
individuals. Of note, some in vitro studies suggest that the negative impact of LRAs on CD8+ T
cell function could compromise the clearance of reactivated cells, review by Clutton G. et al. [100].
Thus, combinatorial approaches using more than one LRA may have beneficial effects as individual
drug doses may be reduced, lowering the toxic effect on CD8+ T cell function.
For efficient clearance of latently infected cells, LRA-mediated viral protein expression must
be sufficiently high for its consequent presentation by major histocompatibility class I (MHC-I) and
recognition by functional HIV-1-specific CD8+ T cells [100]. As such, strategies to increase anti-HIV-1
immune responses are being explored in combination with LRAs to purge the reservoir. The first clinical
trial with feasible combined strategies used Romidepsin boost with a T cell vaccine which resulted
in a small reduction in HIV-1 DNA [101]. Despite promising results in tissue culture, existing LRAs are
not potent enough to fully reactivate all HIV-1 proviruses hidden in a variety of cellular and tissue
reservoirs [82,102,103]. Moreover, LRAs do not have the same impact on all infected cells, suggesting
that cell susceptibility to LRAs may result from the interplay between viral and host factors [104].
Additionally, insufficient cytotoxic T cell responses result in minimal effects on the reservoir size [105].
Of note, some studies suggest that the use of LRAs could increase immune activation, leading to
harmful inflammatory responses [106]. With respect to this, Gama L. et al. observed an increase
in immune activation markers (CCL2 and neopterin) and neuronal damage in the central nervous
system (CNS) in SIV-infected pigtailed macaques treated with LRAs (ingenol-B and vorinostat) [106].
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gene repression is, in theory, simpler to achieve. Indeed, silencing approaches have become a focus
of research for HIV-1 functional cure approaches.
The block-and-lock approach relies on targeting either HIV-1 or host-specific factors to induce a
state of deep and irreversible latency in the absence of ART (Figure 3) [109,111]. Ideally, deep latency
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without cell-associated toxicity [115]. Of note, dCA inhibits both HIV-1, HIV-2, and SIV Tat-mediated
Tat-mediated transcription from the viral promoter [116], given the conservation of these protein’s
basic region. Importantly, dCA does not interact with the cellular protein HEXIM that has a similar but
structurally different basic region [117]. Using primary CD4+ T cells isolated from ART-suppressed
individuals, we showed that long-term dCA treatment strongly suppresses viral transcription,
eventually driving a state of persistent latency that is refractory to reactivation with LRAs. Importantly,
discontinuation of dCA and ART treatment maintains viral suppression, suggesting long-lasting
effects [118]. In agreement, our in vivo studies using the humanized bone marrow-liver-thymus (BLT)
mouse model for HIV-1 latency, revealed that dCA treatment decreases viral RNA in tissues and
delays viral rebound upon ART interruption [111]. Long-term dCA treatment does not alter the classic
nucleosome position at the LTR promoter. Instead, a tighter nucleosome/DNA association is observed,
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which correlates with increased deacetylated histone 3 (H3) occupancy at Nuc-1. This repressive state
of chromatin structure at Nuc-1 prevents RNAPII recruitment and elongation, even with stimulation
with LRAs [119]. Low levels of PBAF complex is observed at the HIV promoter with dCA treatment,
which is crucial for Nuc-1 remodeling and Tat-activated transcription, while the BAF complex is
increased. Our results suggest that dCA accelerates the establishment of latency and, importantly, that
dCA activity is directly correlated with Tat-TAR competent proviruses with no apparent off-target
effects [119]. Importantly, our group reported that when intraperitoneally injected in mice, dCA crosses
the blood–brain barrier (BBB) and is detected at high levels in the brain, where microglial cells are
proposed to serve as an HIV reservoir. Moreover, this study demonstrated that dCA inhibits different
HIV-1 clades and decrease extracellular Tat uptake by glial cell lines, which may reduce HIV-1-related
neuropathogenesis [120]. Tat has been shown to potentiate cocaine-mediated reward mechanisms
through disfunction of the dopaminergic system [121]. Using Tat transgenic mice, we also demonstrated
the ability of dCA to reduce Tat potentiation of cocaine-mediated reward mechanisms [120].
In sum, our studies using dCA as a latency promoting agent (LPA) highlight the potential of Tat
inhibitors for use in block-and-lock approaches. Adding Tat inhibitors to an ART regiment may further
reduce cell-to-cell transmission, viral reactivation, and spontaneous blips, as well as drive the virus
into a state of deep latency. The expectation is that long lasting transcriptional suppression may lead to
prolonged or permanent epigenetic silencing of the provirus, allowing safe interruption of therapy.
These studies are currently underway.
Other inhibitors of Tat-mediated transcription have been explored, namely, Triptolide (TPL),
a diterpenoid epoxide isolated from Tripterygium wilfordii Hook F (TwHF), a natural product used for
the treatment of rheumatoid arthritis [122]. TPL has shown anti-HIV-1 activity by blocking Tat function
at nanomolar concentrations [123]. TPL enhances the proteasomal degradation of Tat and, consequently,
the in vitro suppression of viral transcription [123]. However, the clinical potential of TPL has been
debated. Wang et al. discovered that TPL induces proteasome-dependent degradation of RNAPII,
inhibiting global gene transcription [124]. Another study demonstrated that TPL covalently binds
to xeroderma pigmentosum group B (XPB), a subunit of the transcription factor TFIIH, and inhibits
its ATPase activity, which blocks RNAPII-mediated transcription initiation [125]. Thus, due to its
global inhibition of transcription, probably by interfering with important cellular functions, its clinical
application may be limited by safety concerns.
Recently, a screen of an FDA-approved compound library identified Levosimendan as a potential
LPA [126]. Levosimendan normally is used for the treatment of acutely decompensated heart
failure [127]. Hayashi et al. discovered that Levosimendan blocks HIV-1 Tat-LTR mediated transcription.
Using a PI3K inhibitor, 3-MA, they were able to overcome the inhibitory effect of levosimendan
in a dose-dependent manner, suggesting that this compound is possibly involved in the Akt/PI3K
pathway to inhibit HIV-1 transcription [126]. However, the specific mechanism by which this compound
mediates the inhibition of HIV-1 transcription and reactivation is still under investigation and needs to
be further elucidated. Additionally, they showed that it also suppresses HIV-1 reactivation from latency,
using several HIV-1 latency cell lines, primary CD4+ T cell models of HIV-1 latency, and primary CD4+
T cells isolated from HIV-1-infected individuals on ART. On the same screen, Hayashi et al. also found
Spironolactone (SP) as another anti-HIV-1 agent [126]. SP can promote the degradation of the XPB
subunit of TFIIH [128] and it was shown to inhibit acute HIV-1 infection of cell lines and primary CD4+
T cells by blocking HIV-1 transcription [129]. Recently, our group demonstrated that long-term SP
treatment rapidly reduces ongoing transcription in latently infected cell line models in what appears to
be a Tat-TAR independent mechanism and was associated with a reduction in RNAPII recruitment
to the HIV-1 genome (Mori, L. et al., in press). SP treatment potently reduced HIV-1 reactivation
with exposure to a range of LRAs and, importantly, blocked HIV-1 reactivation in ex vivo stimulated
primary CD4+ T cells. Unfortunately, SP inhibition of HIV-1 transcription was not long lived, with viral
rebound occurring rapidly upon treatment interruption and XPB replenishment. It will be important
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to assess the effects of SP alongside other longer-lasting LPA, such as dCA, for example. Since both SP
and Levosimendan are FDA-approved compounds, it may accelerate their investigation in humans.
5.2. Facilitates Chromatin Transcription (FACT) Complex
The FACT protein complex is a histone chaperone responsible for the removal of H2A/H2B dimer
to facilitate RNAPII-driven transcription by destabilizing the structure of nucleosome and depositing
core histones back afterward. It was demonstrated that this host FACT complex (SUPT16H and SSRP1)
restricts HIV-1 replication through transcriptional suppression [130]. Curaxins are small molecule
compounds that target the activity of the FACT complex and have been successfully tested for their
anti-tumor activity [131]. Maxime et al. showed that curaxin CBL0100 could also inhibit HIV-1 through
FACT targeting. It was proposed that CBL0100 targets HIV-1 transcription elongation by preventing
FACT-induced nucleosome disassembly and RNAPII recruitment to Nuc-1, independent of the NF-κB
pathway. Results showed that CBL0100 alone moderately blocks acute infection and inhibits HIV-1
reactivation by LRAs, and intensifies the activity of ART. Therefore, CBL0100 in combination with ART
could promote faster viral clearance, and alone or in combination with other LPAs could block HIV-1
reactivation and reduce the HIV-1 viral reservoir under ART [132].
Studies are needed to fully understand the role of this complex in HIV-1 latency establishment,
maintenance, and reactivation. However, CBL0100 could be a potential target as LPA for functional
cure approaches.
5.3. mTOR Complex (mTORC)
mTOR, a serine/threonine kinase that forms two complexes, mTOR1 and mTOR2, is involved
in a variety of cellular processes, such as the regulation of glucose metabolism, cell growth,
energy balance and viability [133,134]. Rapamycin is a bacterial macrolide used for the treatment of renal
transplantation rejection and is an allosteric inhibitor of mTOR kinase, that selectively inhibits mTORC1.
Heredia et al. demonstrated that rapamycin can inhibit HIV-1 replication in vitro by down-regulation
of CCR5 expression, the HIV-1 major co-receptor [135]. Later, the same team demonstrated that INK128,
an inhibitor of both mTORC1 and mTORC2, successfully suppressed HIV-1 replication in vivo [136].
INK128 inhibited both basal and induced (by PMA) HIV-1 transcription [136]. Inhibition of HIV-1
transcription is consistent with inhibition of mTORC2, which is essential for phosphorylation of PKC
isoforms [137], required for NF-κB induction of HIV-1 transcription [138]. Later, in 2017, Besnard et al.
supported the idea that the inhibition of mTORC1 and mTORC2 can suppress HIV-1 reactivation.
Through a human genome-wide shRNA screen, the authors uncover the mTOR pathway as a modulator
of HIV-1 latency. Results showed that mTORC1 and mTORC2 inhibition strongly suppress reactivation
of HIV-1 in a CD4+ T cell line model and in HIV-1-infected patient cells. MLST8 knockdown, a subunit
shared by mTORC1 and mTORC2, suppressed HIV-1 reactivation under PMA stimulation, but not
upon BET and HDAC inhibitor treatment. This supports the role that PKC-dependent NF-κB activation
seems to be an important target of mTOR and its relation to HIV-1 latency [139]. In another study,
Ji Shan et al. adapted a genome-wide CRISPR screening approach in a T-cell-based latency model and
discovered that TSC1 and DEPDC5, two mTORC1 natural inhibitory genes, are potentially involved
in HIV-1 latency. Their results suggested that TSC1 and DEPDC5 suppress the AKT-mTORC1 pathway
activity and hamper the initiation of HIV-1 transcriptional translation to maintain latency [140]. In 2019,
two clinical trials, NCT02990312 and NCT02440789, were initiated to evaluate the impact of rapamycin
on HIV-1 persistence and immune activation/inflammation.
Targeting cellular proteins could be an attractive approach to overcome HIV-1 drug resistance.
However, the mTOR pathway controls key cellular processes and inhibitors may come with some
off-target activity. The feedback from clinical trials will determine their future clinical use.

Viruses 2020, 12, 1443

11 of 24

5.4. Bromodomain-Containing Protein 4 (BRD4)
BRD4 is a member of the bromodomain and extra terminal domain (BET) family and is involved
in the regulation of gene expression [77,78]. As already mentioned in Section 3, BRD4 acts positively or
negatively on the regulation of HIV-1 transcription [50,75,76,78]. Through a structure-guided drug
design, Niu Qingli et al. identified a small molecule, ZL0580, that selectively binds to BRD4 and
induces epigenetic HIV-1 suppression using in vitro and ex vivo models. The results revealed that
ZL0580 accelerates HIV-1 suppression in combination with ART and delayed viral rebound upon ART
interruption ex vivo. ZL0580 binds to BRD4 and inhibits Tat transactivation and transcription elongation.
Specifically, ZL0580 decreases the binding of P-TEFb (CDK9) to Tat, while enhances BRD4-CDK9
biding and reduces Tat biding to LTR. Additionally, ZL0580 induces a repressive chromatin structure
at the HIV-1 promoter [141].
Despite promising results, further evaluation is needed to elucidate the in vivo effects of ZL0580.
It should be noted that viral rebound eventually occurs after drug removal, which indicates a potential
limitation for ZL0580, as well as for BRD4 inhibition, that cannot permanently or durably suppress
latent viruses. BRD4 is functionally versatile and thus more research to understand the consequences
of its inhibition is needed.
5.5. Heat Shock Protein 90 (HSP90)
HSP90 is a heat-shock chaperone that localizes at the HIV-1 promoter and regulates its
expression [142]. Joshi et al. demonstrated that the cytosolic HSP90 isoform is an essential HIV-1 host
factor, and its inhibition by RNA interference blocks HIV-1 replication in primary human T cells [143].
HSP90 was shown to be involved in HIV-1 reactivation through modulation of the NF-κB signaling
pathway and stimulation of Tat-mediated HIV-1 transcription [144,145].
An in vivo study using Hsp90 inhibitors (AUY922 or 17-AAG) reported that viral rebound was
blocked up to 11 weeks after treatment interruption in mice pretreated with a reverse transcriptase
inhibitor (EFdA) plus AUY922 or 17-AAG [146]. Infectious viruses were successfully recovered by heat
shock or cell activation from PBMCs and spleen, suggesting that these cells were latently infected [146].
GV1001, an MHC class II-restricted peptide vaccine designed to induce T-cell immunity to
telomerase, can reduce the levels of HSP90 inside the cell and on the cell surface [147]. It was
previously shown that GV1001 suppressed the replication of the Hepatitis C virus (HCV) through
the interaction with HSP90 [148]. Kim et al., likewise, reported that GV1001 can significantly suppress
HIV-1 replication, as well as viral reactivation from latently infected cells. Of note, GV1001 suppressed
NF-κB activation and, consequently, downregulated Tat-dependent transcriptional activity and HIV-1
RNA production [144]. These results suggested that HIV-1 suppression by GV1001 is HSP90-dependent,
since treatment with an anti-HSP antibody resulted in the loss of compound activity.
It seems clear that HSP90 is implicated in NF-κB activity [145]. Investigating the underlying
molecular mechanism of NF-κB suppression is needed. Together, these data suggest that HSP90
inhibitors can also be studied as potential LPAs to achieve a functional HIV-1 cure.
6. Other Sterilizing/Functional Cure Strategies
6.1. RNA-Based Strategies
miRNAs are a class of small single-stranded non-coding sequences that control gene expression
by translational inhibition or mRNA degradation [149]. Several studies suggest a role of miRNAs
in the regulation of HIV-1 transcription and, therefore, have been explored to fight HIV-1 infection.
In primary resting CD4+ T cells, cellular miRNAs, such as miR-28, miR-125b, miR-150, miR-223,
and miR-382, potently inhibit HIV-1 expression through interaction with the 3´end of the HIV-1
mRNA, promoting HIV-1 latency. The transfection of corresponding antagomiRs reactivated the virus,
suggesting that these miRNAs can be targeted as a therapeutic approach to reactivate HIV-1 from
latency [150]. Similarly, cellular miRNAs against Tat or its interactions (TAR-Tat-P-TEFb complex),
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Synthetic siRNAs and short hairpin RNAs (shRNAs) have also been applied to target
different crucial HIV-1-encoded RNAs, including tat, rev, gag, nef, and LTR regions [161–165].
However, the virus likely acquires single or multiple mutations or deletions enabling its escape [166,167].
Thus, targeting highly conserved sequences and/or combining different siRNAs or shRNAs is extremely
important. For example, Naito et al., through an exhaustive computational analysis, reported highly
effective siRNAs against divergent HIV-1 strains, including siRNAs with maximal conservation (>70%)

Synthetic siRNAs and short hairpin RNAs (shRNAs) have also been applied to target different
crucial HIV-1-encoded RNAs, including tat, rev, gag, nef, and LTR regions [161–165]. However, the
virus likely acquires single or multiple mutations or deletions enabling its escape [166,167]. Thus,
targeting highly conserved sequences and/or combining different siRNAs or shRNAs is extremely
Viruses 2020, 12, 1443
13 of 24
important. For example, Naito et al., through an exhaustive computational analysis, reported highly
effective siRNAs against divergent HIV-1 strains, including siRNAs with maximal conservation
(>70%) the
against
the sequences
of the trans-activation
(TAR)
and the polyadenylation
signal
against
sequences
of the trans-activation
responseresponse
(TAR) and
the polyadenylation
signal (poly-A)
(poly-A)
84% of inhibition
[168]. Another
study,shRNA
using shRNA
targeting
R region
of HIV-1
with
84%with
of inhibition
[168]. Another
study, using
targeting
the R the
region
of HIV-1
LTR
LTR
in
combination
with
an
shRNA
targeting
CCR5
mRNA
was
successfully
evaluated
in a
in combination with an shRNA targeting CCR5 mRNA was successfully evaluated in a humanized
humanized
mouse
model
using
hematopoietic
stem/progenitor
cell
(HSPC)
gene
therapy
[169].
mouse model using hematopoietic stem/progenitor cell (HSPC) gene therapy [169]. Interestingly,
Interestingly,
an ongoing
clinical trial (NCT03517631)
evaluating
the safety
efficacyprofile
and safety
profile of
an
ongoing clinical
trial (NCT03517631)
is evaluating is
the
efficacy and
of autologous
+ cells that stably express multiplexed shRNAs targeting CCR5 and the HIV-1
+
autologous
CD34
CD34 cells that stably express multiplexed shRNAs targeting CCR5 and the HIV-1 genome to fight
genome
to fight HIV-1 infection.
HIV-1
infection.
Despite
someencouraging
encouraging
results
RNA-based
strategies,
concerns
arise, including
the
Despite some
results
withwith
RNA-based
strategies,
concerns
arise, including
the efficient
efficient
delivery
of
these
nucleic
acids
by
shuttle
vectors,
namely,
non-viral
and
viral
systems,
low
delivery of these nucleic acids by shuttle vectors, namely, non-viral and viral systems, low bio-stability,
bio-stability,
negative
and
size, across
difficult
passage
across cellular
membranes,
and
their
negative their
charge
and size,charge
difficult
passage
cellular
membranes,
and unmodified
siRNA
unmodified
siRNA
instability
in
the
bloodstream
[170].
Therefore,
continuous
improvement
of
these
instability in the bloodstream [170]. Therefore, continuous improvement of these shortcomings is
shortcomings
is required
to achieve
a promising
RNA-based
strategy against HIV-1.
required
to achieve
a promising
RNA-based
strategy
against HIV-1.
6.2. CRISPR/Cas
CRISPR/Cas Systems
Systems
6.2.
The CRISPR/Cas
CRISPR/Cas system
system is
is aa bacterial
bacterial defense
defense mechanism
mechanism against
against viruses
viruses that
that targets
targets specific
specific
The
genes in nearly
and
human
cells
[171].
Clinical
trialstrials
have
genes
nearly every
every organism,
organism,including
includingplants,
plants,mice,
mice,
and
human
cells
[171].
Clinical
been
initiated
to
explore
the
safety
and
feasibility
of
CRISPR-based
therapies.
Data
from
a
recently
have been initiated to explore the safety and feasibility of CRISPR-based therapies. Data from
clinical trial
(NCT03399448),
led by researchers
at the University
of Pennsylvania,
suggest
acompleted
recently completed
clinical
trial (NCT03399448),
led by researchers
at the University
of Pennsylvania,
that CRISPR-Cas9
designed
to engineer
T cells
to boost
cancer-fighting
capabilities
suggest
that CRISPR-Cas9
designed
to engineer
T cells
to boost
cancer-fighting
capabilitiesisissafe
safe [172].
However,data
dataareare
outstanding
and observation
longer observation
periods
after
However,
stillstill
outstanding
fromfrom
largerlarger
cohortscohorts
and longer
periods after
treatment
treatment
to fully
assessof
the
safety
of this approach.
to
fully assess
the safety
this
approach.
CCR5 is
is the
the major
major HIV-1
HIV-1 coreceptor
coreceptor for
for transmitted
transmitted viruses
viruses used early during infection [173].
CCR5
The majority
majority of
of genome-editing
genome-editing therapies
therapies applied
applied to
to HIV-1
HIV-1 infection,
infection, in
in clinical
clinical trials,
trials, consist
consist of
of
The
autologous transplantation
transplantation of
of CCR5-modified
CCR5-modified stem
stem cells
cells (Figure
(Figure 5).
5). These cells were
were previously
previously
autologous
modifiedand
andexpanded
expanded
vivo
upon
transduction
viral expressing
vector expressing
a zinc-finger
modified
ex ex
vivo
upon
transduction
with awith
viralavector
a zinc-finger
nuclease
nuclease
that inactivates
CCR5
that
inactivates
the CCR5 the
gene
[174].gene [174].

Figure 5. CRISPR/Cas system to generate CCR5-resistant stem cells. Hematopoietic stem cells are
collected from bone marrow of infected individuals. These cells are expanded ex vivo upon genome
editing by the CRISPR/Cas system targeting the CCR5 co-receptor. Subsequently, the CCR5-modified
stem cells are infused back to the same individual.

The CRISPR/Cas system has been exploited for disruption of crucial HIV-1 genes, as well as
excision of the HIV-1 provirus from infected cells [175–177]. Although HIV-1 may escape CRISPR/Cas
knockdown in vitro through the generation of mutations [178], the combination of single guide
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RNAs (sgRNAs) to multiple HIV-1 genes (multiplex genome-editing) may prevent viral escape.
Multiplex genome-editing may thus become an effective strategy for the cure of HIV-1 infection [179,180].
Like antiretroviral drug regimens, gene therapy against multiple viral targets might be required to
achieve significant clinical benefit.
Thus far, only one clinical trial is ongoing with CRISPR-editing of the CCR5 gene (NCT03164135).
The first results reported successful allogeneic transplantation and long-term engraftment of
CRISPR-Cas9-edited with CCR5-ablated HSPCs in an HIV-1 patient with acute lymphoblastic leukemia.
The clinical safety profile was higher compared to other HSPC-based gene therapies. Of note,
no apparent clinical adverse or off-target effects were reported; however, CCR5 ablation was less
than 8% in the genome of circulating bone marrow cells [181]. Although the proof-of-concept
that transplantation and long-term engraftment of CRISPR-edited allogeneic HSPCs was achieved,
further investigation is needed to improve the efficacy of gene-editing by the CRISPR/Cas system.
Despite CCR5 editing suggesting exciting possibilities for an HIV-1 cure, CXCR4 also allows HIV-1 entry
into the host cell and thus needs equal consideration. Indeed, it was reported that a patient exhibited
tropism change from dominantly CCR5-tropic HIV-1 before stem-cell transplantation to a CXCR4-tropic
HIV-1 after transplantation with stem cells homozygous for the CCR5∆32 mutation [182].
CRISPR/Cas9 is a powerful technology; however, some obstacles, such as safety, efficacy,
and specificity, must be surpassed.
Ethical concerns also need the utmost consideration.
Potential permanent harm in genetically modified individuals and their descendants as well as
exacerbation of social inequality are some of the issues that need pondering [183,184]. In December
2018, a disturbing announcement by a Chinese researcher revealed the CCR5 gene editing of two
embryos [185], which prompted social debate regarding the use of this technology. Important questions
arise: Where to draw the line between disease treatment and enhancement? In regard to germline
editing, do we have the right to modify future generations? What about religious objections? These and
other questions should be intensely discussed and should serve as an appeal for defining international
regulation and guidelines for CRISPR´s use.
7. Discussion
The ART treatment of HIV-1 infection undoubtedly improves the quality of life of individuals
living with HIV-1 and decreases HIV-1 incidence worldwide.
However, financial costs,
distribution, and stigma remain unsolved. Despite all efforts, thus far there are no safe,
effective, scalable, and durable interventions to achieve an HIV-1 remission or cure that is feasible
for everyone. Nevertheless, our improved knowledge concerning basic mechanisms of HIV-1
latency and regulation of HIV-1 transcription has opened novel therapeutic avenues of research.
The shock-and-kill and block-and-lock approaches are currently being explored to tackle HIV-1
latency. Additionally, gene-editing tools have seen an immense development with the CRISPR/Cas
system, demonstrating exciting results in vitro and ex vivo. However, when translated to in vivo,
some challenges remain, such as delivery and off-target effects, which have been hampering its
clinical success.
The block-and-lock approach, as a way of functionally curing HIV-1, if successful, would provide
a long-term remission from HIV-1, even in the absence of ART. The proof-of-concept of this approach
came with the discovery of dCA. dCA potently binds Tat protein from different HIV-1 strains and
efficiently disrupts the Tat/TAR axis [115,118,119], suppressing HIV-1 transcription and replication.
Long-term dCA treatment results in a long lasting heterochromatization of the HIV-1 promoter
locus [119]. Moreover, in in vivo models of HIV-1 infection and latency, the results demonstrate a delay
in viral rebound upon treatment interruption. Ideally, the combinatory treatment of dCA with ART
would delay viral transcription, reactivation, and prevent the renewal of the latent reservoir. In parallel,
it would likely have the added benefit of reducing chronic immune activation and inflammation. This is
particularly important since it contributes to HIV-1 persistence through different mechanisms, such as
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the stimulation of infected cells to produce virions, inducing proliferation of infected cells, and inhibiting
HIV-1-specific clearance mechanisms through immune exhaustion, reviewed by N. Klatt et al. [186].
Like dCA, we described here other compounds such as Triptolide, Levosimendan,
and Spironolactone, that affect HIV-1 transcription, and thus disrupt not only the replication-competent
but also the defective proviruses. However, further evaluation in vivo is needed to validate these
compounds. Host factors can also be targeted to inhibit HIV-1 latency reversal. Compounds such as
curaxin, Triptolide, or HSP90 inhibitors (AUY922 or 17-AAG) have been evaluated, but the clinical
safety is still scarce or discouraging. Moreover, they all harbor inherent pleiotropic consequences
and are subject to variability in response, highlighting the potential of using Tat- or viral specific
targeting compounds.
Finally, it is our belief that it is probably easier to reinforce latency to control HIV-1 rather
than purging the viral reservoir (shock-and-kill) [187]. Indeed, 5–8% of the human genome contains
sequences that are originally from retrovirus that no longer express or produce productive and infectious
virions. Therefore, a successful block-and-lock approach could potentially turn an integrated HIV-1
provirus into another harmless endogenous retrovirus incapable of replication [188,189]. We suggest
that small molecule compounds such as dCA can be an affordable and scalable way to achieve an HIV-1
remission. Moreover, we want to reinforce the notion that targeting a viral protein, such as Tat, provides
a specific and direct inhibitory effect, which, compared with host-targeted approaches, may have
unwanted off-target activities.
As with any novel developing therapeutic approach, further investigation is needed to understand
the full clinical potential of the block-and-lock approach. For instance: (1) What is the impact of
LPAs treatment on reservoir size? (2) How durable is the repressive heterochromatin environment
at the silenced HIV promoter? (3) What are the mechanisms of viral resistance to LPAs? (4) What
is the impact of LPAs on immune activation and chronic inflammation? All these questions need
addressing to move the approach forward.
In sum, block-and-lock approaches are showing exciting potential and efforts have been made to
move forward to the clinic, even if a considerable amount of work is still outstanding. A combination
of different approaches may also be envisaged, for instance, using the shock-and-kill approach to
an efficient clearance of easily reactivated virus followed by the use of LPAs to silence the remaining
proviruses that might be more susceptible to transcriptional silencing and epigenetic suppression.
With the improved long-acting ART, HIV-1 prevention strategies, and the latest advances
in HIV-1 cure strategies, we are reaching a turning point for cautious optimism for HIV-1 therapy
in the next decade.
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the responsibility of the authors and does not necessarily represent the official views of the National Institutes
of Health.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.
5.

World Health Organization (WHO). HIV-AIDS; Fact sheets; WHO: Geneva, Switzerland, 2020.
Hamlyn, E.; Ewings, F.M.; Porter, K.; Cooper, D.A.; Tambussi, G.; Schechter, M.; Pedersen, C.; Okulicz, J.F.;
McClure, M.; Babiker, A.; et al. Plasma HIV Viral Rebound following Protocol-Indicated Cessation of ART
Commenced in Primary and Chronic HIV Infection. PLoS ONE 2012, 7, e43754. [CrossRef] [PubMed]
Cihlar, T.; Fordyce, M. Current status and prospects of HIV treatment. Curr. Opin. Virol. 2016, 18, 50–56. [CrossRef]
Sengupta, S.; Siliciano, R.F. Targeting the Latent Reservoir for HIV-1. Immunity 2018, 48, 872–895. [CrossRef]
[PubMed]
Bahrami, H.; Budoff, M.; Haberlen, S.A.; Rezaeian, P.; Ketlogetswe, K.; Tracy, R.; Palella, F.; Witt, M.D.;
McConnell, M.V.; Kingsley, L.; et al. Inflammatory markers associated with subclinical coronary artery
disease: The multicenter AIDS cohort study. J. Am. Heart Assoc. 2016, 5, e003371. [CrossRef] [PubMed]

Viruses 2020, 12, 1443

6.
7.

8.
9.
10.

11.
12.
13.

14.

15.
16.
17.
18.
19.

20.
21.
22.
23.
24.

25.

26.

27.

16 of 24

Tang, N.; Sun, B.; Gupta, A.; Rempel, H.; Pulliam, L. Monocyte exosomes induce adhesion molecules and
cytokines via activation of NF-κB in endothelial cells. FASEB J. 2016, 30, 3097–3106. [CrossRef] [PubMed]
Kelesidis, T.; Kendall, M.A.; Yang, O.O.; Hodis, H.N.; Currier, J.S. Biomarkers of Microbial Translocation
and Macrophage Activation: Association With Progression of Subclinical Atherosclerosis in HIV-1 Infection.
J. Infect. Dis. 2012, 206, 1558–1567. [CrossRef]
Clutter, D.S.; Jordan, M.R.; Bertagnolio, S.; Shafer, R.W. HIV-1 drug resistance and resistance testing.
Infect. Genet. Evol. 2016, 46, 292–307. [CrossRef]
Rana, A.I.; Castillo-Mancilla, J.R.; Tashima, K.T.; Landovitz, R.L. Advances in Long-Acting Agents for
the Treatment of HIV Infection. Drugs 2020, 80, 535–545. [CrossRef]
Meyers, K.; Rodriguez, K.; Moeller, R.W.; Gratch, I.; Markowitz, M.; Halkitis, P.N. High interest in a long-acting
injectable formulation of pre-exposure prophylaxis for HIV in young men who have sex with men in NYC:
A P18 cohort substudy. PLoS ONE 2014, 9, e114700. [CrossRef]
Sadowski, I.; Hashemi, F.B. Strategies to eradicate HIV from infected patients: Elimination of latent provirus
reservoirs. Cell. Mol. Life Sci. 2019, 76, 3583–3600. [CrossRef]
Stan, R.; Zaia, J.A. Practical considerations in gene therapy for HIV cure. Curr. HIV/AIDS Rep. 2014, 11,
11–19. [CrossRef] [PubMed]
Hutter, G.; Nowak, D.; Mossner, M.; Ganepola, S.; Müß, A.; Allers, K.; Schneider, T.; Hofmann, J.; Külcherer, C.;
Blau, O.; et al. Long-term control of HIV by CCR5 delta32/delta32 stem-cell transplantation. N. Engl. J. Med.
2009, 360, 692–698. [CrossRef] [PubMed]
Gupta, R.K.; Abdul-Jawad, S.; McCoy, L.E.; Mok, H.P.; Peppa, D.; Salgado, M.; Martinez-Picado, J.;
Nijhuis, M.; Wensing, A.M.J.; Lee, H.; et al. HIV-1 remission following CCR5∆32/∆32 haematopoietic
stem-cell transplantation. Nature 2019, 568, 244–248. [CrossRef] [PubMed]
Okulicz, J.F.; Lambotte, O. Epidemiology and clinical characteristics of elite controllers. Curr. Opin. HIV AIDS
2011, 6, 163–168. [CrossRef] [PubMed]
Jiang, C.; Lian, X.; Gao, C.; Sun, X.; Einkauf, K.B.; Chevalier, J.M.; Chen, S.M.Y.; Hua, S.; Rhee, B.; Chang, K.; et al.
Distinct viral reservoirs in individuals with spontaneous control of HIV-1. Nature 2020, 585, 261–267. [CrossRef]
Cockerham, L.R.; Hatano, H.; Deeks, S.G. Post-Treatment Controllers: Role in HIV “Cure” Research.
Curr. HIV/AIDS Rep. 2016, 13, 1–9. [CrossRef]
Dahabieh, M.S.; Battivelli, E.; Verdin, E. Understanding HIV Latency: The Road to an HIV Cure.
Annu. Rev. Med. 2015, 66, 407–421. [CrossRef]
Shan, L.; Deng, K.; Gao, H.; Xing, S.; Capoferri, A.A.; Durand, C.M.; Rabi, S.A.; Laird, G.M.; Kim, M.;
Hosmane, N.N.; et al. Transcriptional Reprogramming during Effector-to-Memory Transition Renders CD4+
T Cells Permissive for Latent HIV-1 Infection. Immunity 2017, 47, 766–775.e3. [CrossRef]
Rezaei, S.D.; Lu, H.K.; Chang, J.J.; Rhodes, A.; Lewin, S.R.; Cameron, P.U. The Pathway To Establishing HIV
Latency Is Critical to How Latency Is Maintained and Reversed. J. Virol. 2018, 92, e02225-17. [CrossRef]
Rong, L.; Perelson, A.S. Modeling HIV persistence, the latent reservoir, and viral blips. J. Theor. Biol. 2009,
260, 308–331. [CrossRef]
Murray, A.J.; Kwon, K.J.; Farber, D.L.; Siliciano, R.F. The Latent Reservoir for HIV-1: How Immunologic Memory
and Clonal Expansion Contribute to HIV-1 Persistence. J. Immunol. 2016, 197, 407–417. [CrossRef] [PubMed]
Ananworanich, J.; Dubé, K.; Chomont, N. How does the timing of antiretroviral therapy initiation in acute
infection affect HIV reservoirs? Curr. Opin. HIV AIDS 2015, 10, 18–28. [CrossRef] [PubMed]
Ndhlovu, Z.M.; Kazer, S.W.; Nkosi, T.; Ogunshola, F.; Muema, D.M.; Anmole, G.; Swann, S.A.; Moodley, A.;
Dong, K.; Reddy, T.; et al. Augmentation of HIV-specific T cell function by immediate treatment of hyperacute
HIV-1 infection. Sci. Transl. Med. 2019, 11, eaau0528. [CrossRef] [PubMed]
Finzi, D.; Blankson, J.; Siliciano, J.D.; Margolick, J.B.; Chadwick, K.; Pierson, T.; Smith, K.; Lisziewicz, J.;
Lori, F.; Flexner, C.; et al. Latent infection of CD4+ T cells provides a mechanism for lifelong persistence of
HIV-1, even in patients on effective combination therapy. Nat. Med. 1999, 5, 512–517. [CrossRef]
Ho, Y.C.; Shan, L.; Hosmane, N.N.; Wang, J.; Laskey, S.B.; Rosenbloom, D.I.S.; Lai, J.; Blankson, J.N.;
Siliciano, J.D.; Siliciano, R.F. Replication-competent noninduced proviruses in the latent reservoir increase
barrier to HIV-1 cure. Cell 2013, 155, 540. [CrossRef]
Bruner, K.M.; Wang, Z.; Simonetti, F.R.; Bender, A.M.; Kwon, K.J.; Sengupta, S.; Fray, E.J.; Beg, S.A.;
Antar, A.A.R.; Jenike, K.M.; et al. A quantitative approach for measuring the reservoir of latent HIV-1
proviruses. Nature 2019, 566, 120–125. [CrossRef]

Viruses 2020, 12, 1443

28.
29.

30.
31.
32.
33.
34.

35.

36.
37.
38.

39.
40.
41.
42.
43.

44.
45.
46.
47.

48.
49.
50.
51.

17 of 24

Massanella, M.; Richman, D.D. Measuring the latent reservoir in vivo. J. Clin. Investig. 2016, 126, 464–472.
[CrossRef]
Eriksson, S.; Graf, E.H.; Dahl, V.; Strain, M.C.; Yukl, S.A.; Lysenko, E.S.; Bosch, R.J.; Lai, J.; Chioma, S.;
Emad, F.; et al. Comparative Analysis of Measures of Viral Reservoirs in HIV-1 Eradication Studies.
PLoS Pathog. 2013, 9, e1003174. [CrossRef]
Symons, J.; Cameron, P.U.; Lewin, S.R. HIV integration sites and implications for maintenance of the reservoir.
Curr. Opin. HIV AIDS 2018, 13, 152–159. [CrossRef]
Abner, E.; Jordan, A. HIV “shock and kill” therapy: In need of revision. Antivir. Res. 2019, 166, 19–34. [CrossRef]
Schröder, A.R.W.; Shinn, P.; Chen, H.; Berry, C.; Ecker, J.R.; Bushman, F. HIV-1 integration in the human
genome favors active genes and local hotspots. Cell 2002, 110, 521–529. [CrossRef]
Castro-Gonzalez, S.; Colomer-Lluch, M.; Serra-Moreno, R. Barriers for HIV Cure: The Latent Reservoir.
AIDS Res. Hum. Retrovir. 2018, 34, 739–759. [CrossRef] [PubMed]
Iglesias-Ussel, M.; Vandergeeten, C.; Marchionni, L.; Chomont, N.; Romerio, F. High Levels of CD2 Expression
Identify HIV-1 Latently Infected Resting Memory CD4+ T Cells in Virally Suppressed Subjects. J. Virol. 2013,
87, 9148–9158. [CrossRef]
Darcis, G.; Kootstra, N.A.; Hooibrink, B.; van Montfort, T.; Maurer, I.; Groen, K.; Jurriaans, S.; Bakker, M.;
van Lint, C.; Berkhout, B.; et al. CD32+CD4+ T Cells Are Highly Enriched for HIV DNA and Can Support
Transcriptional Latency. Cell Rep. 2020, 30, 2284–2296.e3. [CrossRef] [PubMed]
Massanella, M.; Fromentin, R.; Chomont, N. Residual inflammation and viral reservoirs: Alliance against
an HIV cure. Curr. Opin. HIV AIDS 2016, 11, 234–241. [CrossRef] [PubMed]
Liu, R.; Simonetti, F.R.; Ho, Y.C. The forces driving clonal expansion of the HIV-1 latent reservoir. Virol. J.
2020, 17, 1–13. [CrossRef]
Chomont, N.; El-Far, M.; Ancuta, P.; Trautmann, L.; Procopio, F.A.; Yassine-Diab, B.; Boucher, G.;
Boulassel, M.R.; Ghattas, G.; Brenchley, J.M.; et al. HIV reservoir size and persistence are driven by
T cell survival and homeostatic proliferation. Nat. Med. 2009, 15, 893–900. [CrossRef]
Van Lint, C.; Bouchat, S.; Marcello, A. HIV-1 transcription and latency: An update. Retrovirology 2013, 10,
1–38. [CrossRef]
Ne, E.; Palstra, R.J.; Mahmoudi, T. Transcription: Insights From the HIV-1 Promoter. Int. Rev. Cell Mol. Biol.
2018, 335, 191–243.
Olson, A.; Basukala, B.; Wong, W.W.; Henderson, A.J. Targeting HIV-1 proviral transcription. Curr. Opin. Virol.
2019, 38, 89–96. [CrossRef]
Kamori, D.; Ueno, T. HIV-1 tat and viral latency: What we can learn from naturally occurring sequence
variations. Front. Microbiol. 2017, 8, 1–7. [CrossRef] [PubMed]
Sodroski, J.; Rosen, C.; Wong-Staal, F.; Salahuddin, S.; Popovic, M.; Arya, S.; Gallo, R.; Haseltine, W.
Trans-acting transcriptional regulation of human T-cell leukemia virus type III long terminal repeat. Science
1985, 227, 171–173. [CrossRef] [PubMed]
Kao, S.-Y.; Calman, A.F.; Luciw, P.A.; Peterlin, B.M. Anti-termination of transcription within the long terminal
repeat of HIV-1 by tat gene product. Nature 1987, 330, 489–493. [CrossRef]
Berkhout, B.; Silverman, R.H.; Jeang, K.-T. Tat trans-activates the human immunodeficiency virus through
a nascent RNA target. Cell 1989, 59, 273–282. [CrossRef]
Bannwarth, S.; Gatignol, A. HIV-1 TAR RNA: The Target of Molecular Interactions Between the Virus and its
Host. Curr. HIV Res. 2005, 3, 61–71. [CrossRef] [PubMed]
Ping, Y.-H.; Rana, T.M. DSIF and NELF Interact with RNA Polymerase II Elongation Complex and HIV-1
Tat Stimulates P-TEFb-mediated Phosphorylation of RNA Polymerase II and DSIF during Transcription
Elongation. J. Biol. Chem. 2001, 276, 12951–12958. [CrossRef]
Price, D.H. P-TEFb, a Cyclin-Dependent Kinase Controlling Elongation by RNA Polymerase II. Mol. Cell. Biol.
2000, 20, 2629–2634. [CrossRef]
Barboric, M.; Nissen, R.M.; Kanazawa, S.; Jabrane-Ferrat, N.; Peterlin, B.M. NF-κB binds P-TEFb to stimulate
transcriptional elongation by RNA polymerase II. Mol. Cell 2001, 8, 327–337. [CrossRef]
Yang, Z.; Yik, J.H.N.; Chen, R.; He, N.; Moon, K.J.; Ozato, K.; Zhou, Q. Recruitment of P-TEFb for stimulation
of transcriptional elongation by the bromodomain protein Brd4. Mol. Cell 2005, 19, 535–545. [CrossRef]
O’Brien, S.K.; Cao, H.; Nathans, R.; Ali, A.; Rana, T.M. P-TEFb Kinase Complex Phosphorylates Histone H1
to Regulate Expression of Cellular and HIV-1 Genes. J. Biol. Chem. 2010, 285, 29713–29720. [CrossRef]

Viruses 2020, 12, 1443

52.
53.
54.

55.
56.
57.
58.
59.

60.
61.
62.

63.
64.

65.
66.

67.

68.
69.
70.

71.
72.

73.

18 of 24

Li, Y.; Liu, M.; Chen, L.-F.; Chen, R. P-TEFb: Finding its ways to release promoter-proximally paused RNA
polymerase II. Transcription 2018, 9, 88–94. [CrossRef] [PubMed]
Karn, J. Tackling tat. J. Mol. Biol. 1999, 293, 235–254. [CrossRef] [PubMed]
Wei, P.; Garber, M.E.; Fang, S.-M.; Fischer, W.H.; Jones, K.A. A Novel CDK9-Associated C-Type Cyclin
Interacts Directly with HIV-1 Tat and Mediates Its High-Affinity, Loop-Specific Binding to TAR RNA. Cell
1998, 92, 451–462. [CrossRef]
Brady, J.; Kashanchi, F. Tat gets the “Green” light on transcription initiation. Retrovirology 2005, 2, 69.
[CrossRef] [PubMed]
Verdin, E.; Paras, P.; Van Lint, C. Chromatin disruption in the promoter of human immunodeficiency virus
type 1 during transcriptional activation. EMBO J. 1993, 12, 3249–3259. [CrossRef]
Verdin, E. DNase I-hypersensitive sites are associated with both long terminal repeats and with the intragenic
enhancer of integrated human immunodeficiency virus type 1. J. Virol. 1991, 65, 6790–6799. [CrossRef]
El Kharroubi, A.; Verdin, E. Protein-DNA interactions within DNase I-hypersensitive sites located downstream
of the HIV-1 promoter. J. Biol. Chem. 1994, 269, 19916–19924.
Tréand, C.; Du Chéné, I.; Brès, V.; Kiernan, R.; Benarous, R.; Benkirane, M.; Emiliani, S. Requirement for
SWI/SNF chromatin-remodeling complex in Tat-mediated activation of the HIV-1 promoter. EMBO J. 2006,
25, 1690–1699. [CrossRef]
Ho, L.; Crabtree, G.R. Chromatin remodelling during development. Nature 2010, 463, 474–484. [CrossRef]
Rafati, H.; Parra, M.; Hakre, S.; Moshkin, Y.; Verdin, E.; Mahmoudi, T. Repressive LTR nucleosome positioning
by the BAF complex is required for HIV latency. PLoS Biol. 2011, 9, 1–31. [CrossRef]
Easley, R.; Carpio, L.; Dannenberg, L.; Choi, S.; Alani, D.; Van Duyne, R.; Guendel, I.; Klase, Z.; Agbottah, E.;
Kehn-Hall, K.; et al. Transcription through the HIV-1 nucleosomes: Effects of the PBAF complex in Tat
activated transcription. Virology 2010, 405, 322–333. [CrossRef] [PubMed]
Lusic, M.; Giacca, M. Regulation of HIV-1 Latency by Chromatin Structure and Nuclear Architecture.
J. Mol. Biol. 2015, 427, 688–694. [CrossRef]
He, G.; Margolis, D.M. Counterregulation of Chromatin Deacetylation and Histone Deacetylase Occupancy
at the Integrated Promoter of Human Immunodeficiency Virus Type 1 (HIV-1) by the HIV-1 Repressor YY1
and HIV-1 Activator Tat. Mol. Cell. Biol. 2002, 22, 2965–2973. [CrossRef] [PubMed]
Tyagi, M.; Karn, J. CBF-1 promotes transcriptional silencing during the establishment of HIV-1 latency.
EMBO J. 2007, 26, 4985–4995. [CrossRef] [PubMed]
Coull, J.J.; Romerio, F.; Sun, J.-M.; Volker, J.L.; Galvin, K.M.; Davie, J.R.; Shi, Y.; Hansen, U.; Margolis, D.M.
The Human Factors YY1 and LSF Repress the Human Immunodeficiency Virus Type 1 Long Terminal Repeat
via Recruitment of Histone Deacetylase 1. J. Virol. 2000, 74, 6790–6799. [CrossRef]
Du Chéné, I.; Basyuk, E.; Lin, Y.L.; Triboulet, R.; Knezevich, A.; Chable-Bessia, C.; Mettling, C.; Baillat, V.;
Reynes, J.; Corbeau, P.; et al. Suv39H1 and HP1γ are responsible for chromatin-mediated HIV-1 transcriptional
silencing and post-integration latency. EMBO J. 2007, 26, 424–435. [CrossRef]
Imai, K.; Togami, H.; Okamoto, T. Involvement of histone H3 lysine 9 (H3K9) methyltransferase G9a in the maintenance
of HIV-1 latency and its reactivation by BIX01294. J. Biol. Chem. 2010, 285, 16538–16545. [CrossRef]
Bednarik, D.P.; Cook, J.A.; Pitha, P.M. Inactivation of the HIV LTR by DNA CpG methylation: Evidence for
a role in latency. EMBO J. 1990, 9, 1157–1164. [CrossRef]
Blazkova, J.; Trejbalova, K.; Gondois-Rey, F.; Halfon, P.; Philibert, P.; Guiguen, A.; Verdin, E.; Olive, D.;
Van Lint, C.; Hejnar, J.; et al. CpG methylation controls reactivation of HIV from latency. PLoS Pathog. 2009,
5, e1000554. [CrossRef]
Chávez, L.; Kauder, S.; Verdin, E. In vivo, in vitro, and in silico analysis of methylation of the HIV-1 provirus.
Methods 2011, 53, 47–53. [CrossRef]
Bouchat, S.; Delacourt, N.; Kula, A.; Darcis, G.; Van Driessche, B.; Corazza, F.; Gatot, J.; Melard, A.;
Vanhulle, C.; Kabeya, K.; et al. Sequential treatment with 5-aza-20 -deoxycytidine and deacetylase inhibitors
reactivates HIV-1. EMBO Mol. Med. 2016, 8, 117–138. [CrossRef] [PubMed]
Blazkova, J.; Murray, D.; Justement, J.S.; Funk, E.K.; Nelson, A.K.; Moir, S.; Chun, T.-W.; Fauci, A.S. Paucity
of HIV DNA Methylation in Latently Infected, Resting CD4+ T Cells from Infected Individuals Receiving
Antiretroviral Therapy. J. Virol. 2012, 86, 5390–5392. [CrossRef] [PubMed]

Viruses 2020, 12, 1443

74.

75.

76.
77.

78.

79.
80.
81.

82.
83.
84.
85.
86.
87.
88.

89.

90.

91.
92.

93.

19 of 24

Palacios, J.A.; Perez-Pinar, T.; Toro, C.; Sanz-Minguela, B.; Moreno, V.; Valencia, E.; Gomez-Hernando, C.;
Rodes, B. Long-Term Nonprogressor and Elite Controller Patients Who Control Viremia Have a Higher
Percentage of Methylation in Their HIV-1 Proviral Promoters than Aviremic Patients Receiving Highly Active
Antiretroviral Therapy. J. Virol. 2012, 86, 13081–13084. [CrossRef] [PubMed]
Zhou, M.; Huang, K.; Jung, K.-J.; Cho, W.-K.; Klase, Z.; Kashanchi, F.; Pise-Masison, C.A.;
Brady, J.N. Bromodomain Protein Brd4 Regulates Human Immunodeficiency Virus Transcription through
Phosphorylation of CDK9 at Threonine 29. J. Virol. 2009, 83, 1036–1044. [CrossRef]
Bisgrove, D.A.; Mahmoudi, T.; Henklein, P.; Verdin, E. Conserved P-TEFb-interacting domain of BRD4
inhibits HIV transcription. Proc. Natl. Acad. Sci. USA 2007, 104, 13690–13695. [CrossRef]
Jang, M.K.; Mochizuki, K.; Zhou, M.; Jeong, H.-S.; Brady, J.N.; Ozato, K. The Bromodomain Protein Brd4 Is
a Positive Regulatory Component of P-TEFb and Stimulates RNA Polymerase II-Dependent Transcription.
Mol. Cell 2005, 19, 523–534. [CrossRef]
Conrad, R.J.; Fozouni, P.; Thomas, S.; Sy, H.; Zhang, Q.; Zhou, M.M.; Ott, M. The Short Isoform of BRD4
Promotes HIV-1 Latency by Engaging Repressive SWI/SNF Chromatin-Remodeling Complexes. Mol. Cell
2017, 67, 1001–1012.e6. [CrossRef]
Marzio, G.; Tyagi, M.; Gutierrez, M.I.; Giacca, M. HIV-1 Tat transactivator recruits p300 and CREB-binding protein
histone acetyltransferases to the viral promoter. Proc. Natl. Acad. Sci. USA 1998, 95, 13519–13524. [CrossRef]
Ott, M.; Schnölzer, M.; Garnica, J.; Fischle, W.; Emiliani, S.; Rackwitz, H.-R.; Verdin, E. Acetylation of the HIV-1
Tat protein by p300 is important for its transcriptional activity. Curr. Biol. 1999, 9, 1489–1493. [CrossRef]
Deng, L.; de la Fuente, C.; Fu, P.; Wang, L.; Donnelly, R.; Wade, J.D.; Lambert, P.; Li, H.; Lee, C.-G.; Kashanchi, F.
Acetylation of HIV-1 Tat by CBP/P300 Increases Transcription of Integrated HIV-1 Genome and Enhances
Binding to Core Histones. Virology 2000, 277, 278–295. [CrossRef]
Delannoy, A.; Poirier, M.; Bell, B. Cat and Mouse: HIV Transcription in Latency, Immune Evasion and
Cure/Remission Strategies. Viruses 2019, 11, 269. [CrossRef] [PubMed]
Kim, Y.; Anderson, J.L.; Lewin, S.R. Getting the “Kill” into “Shock and Kill”: Strategies to Eliminate Latent
HIV. Cell Host Microbe 2018, 23, 14–26. [CrossRef] [PubMed]
Jean, M.J.; Fiches, G.; Hayashi, T.; Zhu, J. Current Strategies for Elimination of HIV-1 Latent Reservoirs Using Chemical
Compounds Targeting Host and Viral Factors. AIDS Res. Hum. Retrovir. 2019, 35, 1–24. [CrossRef] [PubMed]
Martin, A.R.; Siliciano, R.F. Progress Toward HIV Eradication: Case Reports, Current Efforts,
and the Challenges Associated with Cure. Annu. Rev. Med. 2016, 67, 215–228. [CrossRef]
Hashemi, P.; Sadowski, I. Diversity of small molecule HIV-1 latency reversing agents identified in low- and
high-throughput small molecule screens. Med. Res. Rev. 2020, 40, 881–908. [CrossRef]
Dash, P.K.; Kevadiya, B.D.; Su, H.; Banoub, M.G.; Gendelman, H.E. Pathways towards human
immunodeficiency virus elimination. EBioMedicine 2020, 53, 102667. [CrossRef]
Archin, N.M.; Liberty, A.L.; Kashuba, A.D.; Choudhary, S.K.; Kuruc, J.D.; Crooks, A.M.; Parker, D.C.;
Anderson, E.M.; Kearney, M.F.; Strain, M.C.; et al. Administration of vorinostat disrupts HIV-1 latency
in patients on antiretroviral therapy. Nature 2012, 487, 482–485. [CrossRef]
Elliott, J.H.; Wightman, F.; Solomon, A.; Ghneim, K.; Ahlers, J.; Cameron, M.J.; Smith, M.Z.; Spelman, T.;
McMahon, J.; Velayudham, P.; et al. Activation of HIV Transcription with Short-Course Vorinostat
in HIV-Infected Patients on Suppressive Antiretroviral Therapy. PLoS Pathog. 2014, 10, e1004473. [CrossRef]
Archin, N.M.; Kirchherr, J.L.; Sung, J.A.M.; Clutton, G.; Sholtis, K.; Xu, Y.; Allard, B.; Stuelke, E.; Kashuba, A.D.;
Kuruc, J.D.; et al. Interval dosing with the HDAC inhibitor vorinostat effectively reverses HIV latency.
J. Clin. Investig. 2017, 127, 3126–3135. [CrossRef]
Spivak, A.M.; Planelles, V. HIV-1 Eradication: Early Trials (and Tribulations). Trends Mol. Med. 2016, 22,
10–27. [CrossRef]
Rasmussen, T.A.; Tolstrup, M.; Brinkmann, C.R.; Olesen, R.; Erikstrup, C.; Solomon, A.; Winckelmann, A.;
Palmer, S.; Dinarello, C.; Buzon, M.; et al. Panobinostat, a histone deacetylase inhibitor, for latent-virus
reactivation in HIV-infected patients on suppressive antiretroviral therapy: A phase 1/2, single group, clinical
trial. Lancet HIV 2014, 1, e13–e21. [CrossRef]
Søgaard, O.S.; Graversen, M.E.; Leth, S.; Olesen, R.; Brinkmann, C.R.; Nissen, S.K.; Kjaer, A.S.;
Schleimann, M.H.; Denton, P.W.; Hey-Cunningham, W.J.; et al. The Depsipeptide Romidepsin Reverses
HIV-1 Latency In Vivo. PLOS Pathog. 2015, 11, e1005142. [CrossRef] [PubMed]

Viruses 2020, 12, 1443

94.
95.
96.

97.

98.

99.

100.
101.

102.
103.

104.

105.
106.

107.

108.
109.
110.

111.

112.

20 of 24

Jiang, G.; Dandekar, S. Targeting NF-κB Signaling with Protein Kinase C Agonists As an Emerging Strategy
for Combating HIV Latency. AIDS Res. Hum. Retrovir. 2015, 31, 4–12. [CrossRef] [PubMed]
Bullen, C.K.; Laird, G.M.; Durand, C.M.; Siliciano, J.D.; Siliciano, R.F. New ex vivo approaches distinguish effective
and ineffective single agents for reversing HIV-1 latency in vivo. Nat. Med. 2014, 20, 425–429. [CrossRef] [PubMed]
Spivak, A.M.; Bosque, A.; Balch, A.H.; Smyth, D.; Martins, L.; Planelles, V. Ex Vivo Bioactivity and HIV-1
Latency Reversal by Ingenol Dibenzoate and Panobinostat in Resting CD4 + T Cells from Aviremic Patients.
Antimicrob. Agents Chemother. 2015, 59, 5984–5991. [CrossRef] [PubMed]
Jiang, G.; Mendes, E.A.; Kaiser, P.; Wong, D.P.; Tang, Y.; Cai, I.; Fenton, A.; Melcher, G.P.; Hildreth, J.E.K.;
Thompson, G.R.; et al. Synergistic Reactivation of Latent HIV Expression by Ingenol-3-Angelate, PEP005,
Targeted NF-kB Signaling in Combination with JQ1 Induced p-TEFb Activation. PLOS Pathog. 2015, 11,
e1005066. [CrossRef]
Laird, G.M.; Bullen, C.K.; Rosenbloom, D.I.S.; Martin, A.R.; Hill, A.L.; Durand, C.M.; Siliciano, J.D.;
Siliciano, R.F. Ex vivo analysis identifies effective HIV-1 latency–reversing drug combinations. J. Clin. Investig.
2015, 125, 1901–1912. [CrossRef]
Hashemi, P.; Barreto, K.; Bernhard, W.; Lomness, A.; Honson, N.; Pfeifer, T.A.; Harrigan, P.R.; Sadowski, I.
Compounds producing an effective combinatorial regimen for disruption of HIV-1 latency. EMBO Mol. Med.
2018, 10, 160–174. [CrossRef]
Clutton, G.T.; Jones, R.B. Diverse impacts of HIV latency-reversing agents on CD8+ T-cell function:
Implications for HIV cure. Front. Immunol. 2018, 9, 1452. [CrossRef]
Leth, S.; Schleimann, M.H.; Nissen, S.K.; Højen, J.F.; Olesen, R.; Graversen, M.E.; Jørgensen, S.; Kjær, A.S.;
Denton, P.W.; Mørk, A.; et al. Combined effect of Vacc-4x, recombinant human granulocyte macrophage
colony-stimulating factor vaccination, and romidepsin on the HIV-1 reservoir (REDUC): A single-arm, phase
1B/2A trial. Lancet HIV 2016, 3, e463–e472. [CrossRef]
Spivak, A.M.; Planelles, V. Novel Latency Reversal Agents for HIV-1 Cure. Annu. Rev. Med. 2018, 69, 421–436.
[CrossRef] [PubMed]
Ruiz, A.; Blanch-Lombarte, O.; Jimenez-Moyano, E.; Ouchi, D.; Mothe, B.; Peña, R.; Galvez, C.; Genescà, M.;
Martinez-Picado, J.; Goulder, P.; et al. Antigen Production After Latency Reversal and Expression of
Inhibitory Receptors in CD8+ T Cells Limit the Killing of HIV-1 Reactivated Cells. Front. Immunol. 2019, 9,
1–16. [CrossRef] [PubMed]
Grau-Expósito, J.; Luque-Ballesteros, L.; Navarro, J.; Curran, A.; Burgos, J.; Ribera, E.; Torrella, A.; Planas, B.;
Badía, R.; Martin-Castillo, M.; et al. Latency reversal agents affect differently the latent reservoir present
in distinct CD4+ T subpopulations. PLOS Pathog. 2019, 15, e1007991. [CrossRef] [PubMed]
Rasmussen, T.A.; Tolstrup, M.; Søgaard, O.S. Reversal of Latency as Part of a Cure for HIV-1. Trends Microbiol.
2016, 24, 90–97. [CrossRef]
Gama, L.; Abreu, C.M.; Shirk, E.N.; Price, S.L.; Li, M.; Laird, G.M.; Pate, K.A.M.; Wietgrefe, S.W.; O’Connor, S.L.;
Pianowski, L.; et al. Reactivation of simian immunodeficiency virus reservoirs in the brain of virally
suppressed macaques. AIDS 2017, 31, 5–14. [CrossRef]
Pardons, M.; Fromentin, R.; Pagliuzza, A.; Routy, J.-P.; Chomont, N. Latency-Reversing Agents Induce
Differential Responses in Distinct Memory CD4 T Cell Subsets in Individuals on Antiretroviral Therapy.
Cell Rep. 2019, 29, 2783–2795.e5. [CrossRef]
Liu, C.; Ma, X.; Liu, B.; Chen, C.; Zhang, H. HIV-1 functional cure: Will the dream come true? BMC Med.
2015, 13, 284. [CrossRef]
Darcis, G.; Van Driessche, B.; Van Lint, C. HIV Latency: Should We Shock or Lock? Trends Immunol. 2017, 38,
217–228. [CrossRef]
Rands, C.M.; Meader, S.; Ponting, C.P.; Lunter, G. 8.2% of the Human Genome Is Constrained: Variation
in Rates of Turnover across Functional Element Classes in the Human Lineage. PLoS Genet. 2014, 10,
e1004525. [CrossRef]
Kessing, C.F.; Nixon, C.C.; Li, C.; Tsai, P.; Takata, H.; Mousseau, G.; Ho, P.T.; Honeycutt, J.B.; Fallahi, M.;
Trautmann, L.; et al. In Vivo Suppression of HIV Rebound by Didehydro-Cortistatin A, a “Block-and-Lock”
Strategy for HIV-1 Treatment. Cell Rep. 2017, 21, 600–611. [CrossRef]
Endo, S.-I.; Kubota, S.; Siomi, H.; Adachi, A.; Oroszlan, S.; Maki, M.; Hatanaka, M. A region of basic
amino-acid cluster in HIV-1 Tat protein is essential forTrans-acting activity and nucleolar localization.
Virus Genes 1989, 3, 99–110. [CrossRef]

Viruses 2020, 12, 1443

21 of 24

113. Razooky, B.S.; Pai, A.; Aull, K.; Rouzine, I.M.; Weinberger, L.S. A Hardwired HIV Latency Program. Cell
2015, 160, 990–1001. [CrossRef] [PubMed]
114. Richter, S.; Palu, G. Inhibitors of HIV-1 Tat-Mediated Transactivation. Curr. Med. Chem. 2006, 13, 1305–1315. [CrossRef]
115. Mousseau, G.; Clementz, M.A.; Bakeman, W.N.; Nagarsheth, N.; Cameron, M.; Shi, J.; Baran, P.; Fromentin, R.;
Chomont, N.; Valente, S.T. An Analog of the Natural Steroidal Alkaloid Cortistatin A Potently Suppresses
Tat-Dependent HIV Transcription. Cell Host Microbe 2012, 12, 97–108. [CrossRef] [PubMed]
116. Mediouni, S.; Kessing, C.F.; Jablonski, J.A.; Thenin-Houssier, S.; Clementz, M.; Kovach, M.D.; Mousseau, G.;
De Vera, I.M.S.; Li, C.; Kojetin, D.J.; et al. The Tat inhibitor didehydro-cortistatin A suppresses SIV replication
and reactivation. FASEB J. 2019, 33, 8280–8293. [CrossRef]
117. Mediouni, S.; Chinthalapudi, K.; Ekka, M.K.; Usui, I.; Jablonski, J.A.; Clementz, M.A.; Mousseau, G.;
Nowak, J.; Macherla, V.R.; Beverage, J.N.; et al. Didehydro-Cortistatin A Inhibits HIV-1 by Specifically
Binding to the Unstructured Basic Region of Tat. MBio 2019, 10, 1–19. [CrossRef] [PubMed]
118. Mousseau, G.; Kessing, C.F.; Fromentin, R.; Trautmann, L.; Chomont, N.; Valente, S.T. The Tat Inhibitor
Didehydro-Cortistatin A Prevents HIV-1 Reactivation from Latency. MBio 2015, 6, e00465. [CrossRef] [PubMed]
119. Li, C.; Mousseau, G.; Valente, S.T. Tat inhibition by didehydro-Cortistatin A promotes heterochromatin
formation at the HIV-1 long terminal repeat. Epigenetics Chromatin 2019, 12, 23. [CrossRef] [PubMed]
120. Mediouni, S.; Jablonski, J.; Paris, J.; Clementz, M.; Thenin-Houssier, S.; McLaughlin, J.; Valente, S.
Didehydro-Cortistatin A Inhibits HIV-1 Tat Mediated Neuroinflammation and Prevents Potentiation of
Cocaine Reward in Tat Transgenic Mice. Curr. HIV Res. 2015, 13, 64–79. [CrossRef]
121. Maragos, W.F.; Young, K.L.; Turchan, J.T.; Guseva, M.; Pauly, J.R.; Nath, A.; Cass, W.A. Human
immunodeficiency virus-1 Tat protein and methamphetamine interact synergistically to impair striatal
dopaminergic function. J. Neurochem. 2002, 83, 955–963. [CrossRef]
122. Bao, J.; Dai, S.-M. A Chinese herb Tripterygium wilfordii Hook F in the treatment of rheumatoid arthritis:
Mechanism, efficacy, and safety. Rheumatol. Int. 2011, 31, 1123–1129. [CrossRef] [PubMed]
123. Wan, Z.; Chen, X. Triptolide inhibits human immunodeficiency virus type 1 replication by promoting
proteasomal degradation of Tat protein. Retrovirology 2014, 11, 88. [CrossRef] [PubMed]
124. Wang, Y.; Lu, J.; He, L.; Yu, Q. Triptolide (TPL) Inhibits Global Transcription by Inducing Proteasome-Dependent
Degradation of RNA Polymerase II (Pol II). PLoS ONE 2011, 6, e23993. [CrossRef] [PubMed]
125. Titov, D.V.; Gilman, B.; He, Q.-L.; Bhat, S.; Low, W.-K.; Dang, Y.; Smeaton, M.; Demain, A.L.; Miller, P.S.;
Kugel, J.F.; et al. XPB, a subunit of TFIIH, is a target of the natural product triptolide. Nat. Chem. Biol. 2011,
7, 182–188. [CrossRef] [PubMed]
126. Hayashi, T.; Jean, M.; Huang, H.; Simpson, S.; Santoso, N.G.; Zhu, J. Screening of an FDA-approved
compound library identifies levosimendan as a novel anti-HIV-1 agent that inhibits viral transcription.
Antivir. Res. 2017, 146, 76–85. [CrossRef]
127. Kasikcioglu, H.A.; Cam, N. A review of levosimendan in the treatment of heart failure. Vasc. Health
Risk Manag. 2006, 2, 389–400. [CrossRef]
128. Alekseev, S.; Ayadi, M.; Brino, L.; Egly, J.-M.; Larsen, A.K.; Coin, F. A Small Molecule Screen Identifies
an Inhibitor of DNA Repair Inducing the Degradation of TFIIH and the Chemosensitization of Tumor Cells
to Platinum. Chem. Biol. 2014, 21, 398–407. [CrossRef]
129. Lacombe, B.; Morel, M.; Margottin-Goguet, F.; Ramirez, B.C. Specific Inhibition of HIV Infection by the Action
of Spironolactone in T Cells. J. Virol. 2016, 90, 10972–10980. [CrossRef]
130. Huang, H.; Santoso, N.; Power, D.; Simpson, S.; Dieringer, M.; Miao, H.; Gurova, K.; Giam, C.-Z.; Elledge, S.J.;
Zhu, J. FACT Proteins, SUPT16H and SSRP1, Are Transcriptional Suppressors of HIV-1 and HTLV-1 That
Facilitate Viral Latency. J. Biol. Chem. 2015, 290, 27297–27310. [CrossRef]
131. Gasparian, A.V.; Burkhart, C.A.; Purmal, A.A.; Brodsky, L.; Pal, M.; Saranadasa, M.; Bosykh, D.A.;
Commane, M.; Guryanova, O.A.; Pal, S.; et al. Curaxins: Anticancer Compounds That Simultaneously
Suppress NF- B and Activate p53 by Targeting FACT. Sci. Transl. Med. 2011, 3, 95ra74. [CrossRef]
132. Jean, M.J.; Hayashi, T.; Huang, H.; Brennan, J.; Simpson, S.; Purmal, A.; Gurova, K.; Keefer, M.C.; Kobie, J.J.;
Santoso, N.G.; et al. Curaxin CBL0100 Blocks HIV-1 Replication and Reactivation through Inhibition of Viral
Transcriptional Elongation. Front. Microbiol. 2017, 8, 2007. [CrossRef] [PubMed]
133. Bai, X.; Jiang, Y. Key factors in mTOR regulation. Cell. Mol. Life Sci. 2010, 67, 239–253. [CrossRef] [PubMed]
134. Dowling, R.J.O.; Topisirovic, I.; Fonseca, B.D.; Sonenberg, N. Dissecting the role of mTOR: Lessons from
mTOR inhibitors. Biochim. Biophys. Acta Proteins Proteom. 2010, 1804, 433–439. [CrossRef] [PubMed]

Viruses 2020, 12, 1443

22 of 24

135. Heredia, A.; Amoroso, A.; Davis, C.; Le, N.; Reardon, E.; Dominique, J.K.; Klingebiel, E.; Gallo, R.C.; Redfield, R.R.
Rapamycin causes down-regulation of CCR5 and accumulation of anti-HIV -chemokines: An approach to suppress
R5 strains of HIV-1. Proc. Natl. Acad. Sci. USA 2003, 100, 10411–10416. [CrossRef] [PubMed]
136. Heredia, A.; Le, N.; Gartenhaus, R.B.; Sausville, E.; Medina-Moreno, S.; Zapata, J.C.; Davis, C.; Gallo, R.C.;
Redfield, R.R. Targeting of mTOR catalytic site inhibits multiple steps of the HIV-1 lifecycle and suppresses
HIV-1 viremia in humanized mice. Proc. Natl. Acad. Sci. USA 2015, 112, 9412–9417. [CrossRef]
137. Chi, H. Regulation and function of mTOR signalling in T cell fate decisions. Nat. Rev. Immunol. 2012, 12,
325–338. [CrossRef]
138. Chan, J.K.; Greene, W.C. Dynamic roles for NF-κB in HTLV-I and HIV-1 retroviral pathogenesis. Immunol. Rev.
2012, 246, 286–310. [CrossRef]
139. Besnard, E.; Hakre, S.; Kampmann, M.; Lim, H.W.; Hosmane, N.N.; Martin, A.; Bassik, M.C.; Verschueren, E.;
Battivelli, E.; Chan, J.; et al. The mTOR Complex Controls HIV Latency. Cell Host Microbe 2016, 20, 785–797. [CrossRef]
140. Jin, S.; Liao, Q.; Chen, J.; Zhang, L.; He, Q.; Zhu, H.; Zhang, X.; Xu, J. TSC1 and DEPDC5 regulate HIV-1
latency through the mTOR signaling pathway. Emerg. Microbes Infect. 2018, 7, 1–11. [CrossRef]
141. Niu, Q.; Liu, Z.; Alamer, E.; Fan, X.; Chen, H.; Endsley, J.; Gelman, B.B.; Tian, B.; Kim, J.H.; Michael, N.L.; et al.
Structure-guided drug design identifies a BRD4-selective small molecule that suppresses HIV. J. Clin. Investig.
2019, 129, 3361–3373. [CrossRef]
142. Vozzolo, L.; Loh, B.; Gane, P.J.; Tribak, M.; Zhou, L.; Anderson, I.; Nyakatura, E.; Jenner, R.G.; Selwood, D.;
Fassati, A. Gyrase B Inhibitor Impairs HIV-1 Replication by Targeting Hsp90 and the Capsid Protein.
J. Biol. Chem. 2010, 285, 39314–39328. [CrossRef] [PubMed]
143. Joshi, P.; Stoddart, C.A. Impaired infectivity of ritonavir-resistant HIV is rescued by heat shock protein
90AB1. J. Biol. Chem. 2011, 286, 24581–24592. [CrossRef] [PubMed]
144. Kim, H.; Choi, M.-S.; Inn, K.-S.; Kim, B.-J. Inhibition of HIV-1 reactivation by a telomerase-derived peptide
in a HSP90-dependent manner. Sci. Rep. 2016, 6, 28896. [CrossRef] [PubMed]
145. Anderson, I.; Low, J.S.; Weston, S.; Weinberger, M.; Zhyvoloup, A.; Labokha, A.A.; Corazza, G.; Kitson, R.A.;
Moody, C.J.; Marcello, A.; et al. Heat shock protein 90 controls HIV-1 reactivation from latency. Proc. Natl.
Acad. Sci. USA 2014, 111, E1528–E1537. [CrossRef] [PubMed]
146. Joshi, P.; Maidji, E.; Stoddart, C.A. Inhibition of Heat Shock Protein 90 Prevents HIV Rebound. J. Biol. Chem.
2016, 291, 10332–10346. [CrossRef]
147. Mizukoshi, E.; Kaneko, S. Telomerase-Targeted Cancer Immunotherapy. Int. J. Mol. Sci. 2019, 20, 1823. [CrossRef]
148. Lee, S.-A.; Kim, J.; Sim, J.; Kim, S.-G.; Kook, Y.-H.; Park, C.-G.; Kim, H.-R.; Kim, B.-J. A telomerase-derived
peptide regulates reactive oxygen species and hepatitis C virus RNA replication in HCV-infected cells via
heat shock protein 90. Biochem. Biophys. Res. Commun. 2016, 471, 156–162. [CrossRef]
149. John, B.; Enright, A.J.; Aravin, A.; Tuschl, T.; Sander, C.; Marks, D.S. Human MicroRNA Targets. PLoS Biol.
2004, 2, e363. [CrossRef]
150. Huang, J.; Wang, F.; Argyris, E.; Chen, K.; Liang, Z.; Tian, H.; Huang, W.; Squires, K.; Verlinghieri, G.;
Zhang, H. Cellular microRNAs contribute to HIV-1 latency in resting primary CD4+ T lymphocytes. Nat. Med.
2007, 13, 1241–1247. [CrossRef]
151. Sung, T.-L.; Rice, A.P. miR-198 Inhibits HIV-1 Gene Expression and Replication in Monocytes and Its
Mechanism of Action Appears To Involve Repression of Cyclin T1. PLoS Pathog. 2009, 5, e1000263. [CrossRef]
152. Chiang, K.; Sung, T.-L.; Rice, A.P. Regulation of Cyclin T1 and HIV-1 Replication by MicroRNAs in Resting
CD4+ T Lymphocytes. J. Virol. 2012, 86, 3244–3252. [CrossRef] [PubMed]
153. Li, L.; Feng, H.; Da, Q.; Jiang, H.; Chen, L.; Xie, L.; Huang, Q.; Xiong, H.; Luo, F.; Kang, L.; et al. Expression of
HIV-encoded microRNA-TAR and its inhibitory effect on viral replication in human primary macrophages.
Arch. Virol. 2016, 161, 1115–1123. [CrossRef] [PubMed]
154. Lu, X.; Yu, Q.; Binder, G.K.; Chen, Z.; Slepushkina, T.; Rossi, J.; Dropulic, B. Antisense-Mediated Inhibition of
Human Immunodeficiency Virus (HIV) Replication by Use of an HIV Type 1-Based Vector Results in Severely
Attenuated Mutants Incapable of Developing Resistance. J. Virol. 2004, 78, 7079–7088. [CrossRef] [PubMed]
155. Held, D.M. HIV-1 inactivation by nucleic acid aptamers. Front. Biosci. 2006, 11, 89. [CrossRef] [PubMed]
156. Shum, K.-T.; Zhou, J.; Rossi, J. Aptamer-Based Therapeutics: New Approaches to Combat Human Viral
Diseases. Pharmaceuticals 2013, 6, 1507–1542. [CrossRef]
157. Zhou, J.; Li, H.; Li, S.; Zaia, J.; Rossi, J.J. Novel Dual Inhibitory Function Aptamer–siRNA Delivery System
for HIV-1 Therapy. Mol. Ther. 2008, 16, 1481–1489. [CrossRef]

Viruses 2020, 12, 1443

23 of 24

158. Duclair, S.; Gautam, A.; Ellington, A.; Prasad, V.R. High-affinity RNA Aptamers Against the HIV-1 Protease
Inhibit Both In Vitro Protease Activity and Late Events of Viral Replication. Mol. Ther. Nucleic Acids 2015, 4,
e228. [CrossRef]
159. Zhou, J.; Satheesan, S.; Li, H.; Weinberg, M.S.; Morris, K.V.; Burnett, J.C.; Rossi, J.J. Cell-Specific RNA Aptamer
against Human CCR5 Specifically Targets HIV-1 Susceptible Cells and Inhibits HIV-1 Infectivity. Chem. Biol.
2015, 22, 379–390. [CrossRef]
160. Takahashi, M.; Burnett, J.C.; Rossi, J.J. Aptamer–siRNA Chimeras for HIV. Adv. Exp. Med. Biol. 2015, 848, 211–234.
161. Lee, N.S.; Dohjima, T.; Bauer, G.; Li, H.; Li, M.-J.; Ehsani, A.; Salvaterra, P.; Rossi, J. Expression of small interfering
RNAs targeted against HIV-1 rev transcripts in human cells. Nat. Biotechnol. 2002, 20, 500–505. [CrossRef]
162. Coburn, G.A.; Cullen, B.R. Potent and Specific Inhibition of Human Immunodeficiency Virus Type 1
Replication by RNA Interference. J. Virol. 2002, 76, 9225–9231. [CrossRef] [PubMed]
163. Novina, C.D.; Murray, M.F.; Dykxhoorn, D.M.; Beresford, P.J.; Riess, J.; Lee, S.-K.; Collman, R.G.; Lieberman, J.;
Shankar, P.; Sharp, P.A. siRNA-directed inhibition of HIV-1 infection. Nat. Med. 2002, 8, 681–686. [CrossRef] [PubMed]
164. Konstantinova, P.; de Vries, W.; Haasnoot, J.; ter Brake, O.; de Haan, P.; Berkhout, B. Inhibition of human
immunodeficiency virus type 1 by RNA interference using long-hairpin RNA. Gene Ther. 2006, 13, 1403–1413.
[CrossRef] [PubMed]
165. Jacque, J.M.; Triques, K.; Stevenson, M. Modulation of HIV-1 replication by RNA interference. Nature 2002,
418, 435–438. [CrossRef]
166. Westerhout, E.M. HIV-1 can escape from RNA interference by evolving an alternative structure in its RNA
genome. Nucleic Acids Res. 2005, 33, 796–804. [CrossRef]
167. Das, A.T.; Brummelkamp, T.R.; Westerhout, E.M.; Vink, M.; Madiredjo, M.; Bernards, R.; Berkhout, B. Human
Immunodeficiency Virus Type 1 Escapes from RNA Interference-Mediated Inhibition. J. Virol. 2004, 78,
2601–2605. [CrossRef]
168. Naito, Y.; Nohtomi, K.; Onogi, T.; Uenishi, R.; Ui-Tei, K.; Saigo, K.; Takebe, Y. Optimal design and validation
of antiviral siRNA for targeting HIV-1. Retrovirology 2007, 4, 80. [CrossRef]
169. Ringpis, G.-E.E.; Shimizu, S.; Arokium, H.; Camba-Colón, J.; Carroll, M.V.; Cortado, R.; Xie, Y.; Kim, P.Y.;
Sahakyan, A.; Lowe, E.L.; et al. Engineering HIV-1-Resistant T-Cells from Short-Hairpin RNA-Expressing
Hematopoietic Stem/Progenitor Cells in Humanized BLT Mice. PLoS ONE 2012, 7, e53492. [CrossRef]
170. Aagaard, L.; Rossi, J.J. RNAi therapeutics: Principles, prospects and challenges. Adv. Drug Deliv. Rev. 2007,
59, 75–86. [CrossRef]
171. Rodríguez-Rodríguez, D.; Ramírez-Solís, R.; Garza-Elizondo, M.; Garza-Rodríguez, M.; Barrera-Saldana, H.
Genome editing: A perspective on the application of CRISPR/Cas9 to study human diseases (Review). Int. J.
Mol. Med. 2019, 43, 1559–1574.
172. Stadtmauer, E.A.; Fraietta, J.A.; Davis, M.M.; Cohen, A.D.; Weber, K.L.; Lancaster, E.; Mangan, P.A.;
Kulikovskaya, I.; Gupta, M.; Chen, F.; et al. CRISPR-engineered T cells in patients with refractory cancer.
Science 2020, 367, eaba7365. [CrossRef] [PubMed]
173. Loetscher, P.; Uguccioni, M.; Bordoli, L.; Baggiolini, M.; Moser, B.; Chizzolini, C.; Dayer, J.-M. CCR5 is
characteristic of Th1 lymphocytes. Nature 1998, 391, 344–345. [CrossRef] [PubMed]
174. Ashmore-Harris, C.; Fruhwirth, G.O. The clinical potential of gene editing as a tool to engineer cell-based
therapeutics. Clin. Transl. Med. 2020, 9, 15. [CrossRef] [PubMed]
175. Kaminski, R.; Chen, Y.; Fischer, T.; Tedaldi, E.; Napoli, A.; Zhang, Y.; Karn, J.; Hu, W.; Khalili, K. Elimination of
HIV-1 Genomes from Human T-lymphoid Cells by CRISPR/Cas9 Gene Editing. Sci. Rep. 2016, 6, 22555. [CrossRef]
176. Kaminski, R.; Bella, R.; Yin, C.; Otte, J.; Ferrante, P.; Gendelman, H.E.; Li, H.; Booze, R.; Gordon, J.; Hu, W.; et al.
Excision of HIV-1 DNA by gene editing: A proof-of-concept in vivo study. Gene Ther. 2016, 23, 690–695. [CrossRef]
177. Ebina, H.; Misawa, N.; Kanemura, Y.; Koyanagi, Y. Harnessing the CRISPR/Cas9 system to disrupt latent
HIV-1 provirus. Sci. Rep. 2013, 3, 2510. [CrossRef]
178. Wang, Z.; Pan, Q.; Gendron, P.; Zhu, W.; Guo, F.; Cen, S.; Wainberg, M.A.; Liang, C. CRISPR/Cas9-Derived
Mutations Both Inhibit HIV-1 Replication and Accelerate Viral Escape. Cell Rep. 2016, 15, 481–489. [CrossRef]
179. Yin, C.; Zhang, T.; Li, F.; Yang, F.; Putatunda, R.; Young, W.-B.; Khalili, K.; Hu, W.; Zhang, Y. Functional
screening of guide RNAs targeting the regulatory and structural HIV-1 viral genome for a cure of AIDS.
AIDS 2016, 30, 1163–1173. [CrossRef]
180. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; Marraffini, L.A.; et al.
Multiplex Genome Engineering Using CRISPR/Cas Systems. Science 2013, 339, 819–823. [CrossRef]

Viruses 2020, 12, 1443

24 of 24

181. Xu, L.; Wang, J.; Liu, Y.; Xie, L.; Su, B.; Mou, D.; Wang, L.; Liu, T.; Wang, X.; Zhang, B.; et al. CRISPR-Edited Stem
Cells in a Patient with HIV and Acute Lymphocytic Leukemia. N. Engl. J. Med. 2019, 381, 1240–1247. [CrossRef]
182. Kordelas, L.; Verheyen, J.; Esser, S. Shift of HIV Tropism in Stem-Cell Transplantation with CCR5 Delta32
Mutation. N. Engl. J. Med. 2014, 371, 880–882. [CrossRef] [PubMed]
183. Caplan, A.L.; Parent, B.; Shen, M.; Plunkett, C. No time to waste—The ethical challenges created by CRISPR.
EMBO Rep. 2015, 16, 1421–1426. [CrossRef] [PubMed]
184. Baumann, M. CRISPR/Cas9 genome editing—New and old ethical issues arising from a revolutionary
technology. Nanoethics 2016, 10, 139–159. [CrossRef]
185. Normile, D. Shock greets claim of CRISPR-edited babies. Science 2018, 362, 978–979. [CrossRef]
186. Klatt, N.R.; Chomont, N.; Douek, D.C.; Deeks, S.G. Immune activation and HIV persistence: Implications for
curative approaches to HIV infection. Immunol. Rev. 2013, 254, 326–342. [CrossRef]
187. Rouzine, I.M.; Weinberger, A.D.; Weinberger, L.S. An Evolutionary Role for HIV Latency in Enhancing Viral
Transmission. Cell 2015, 160, 1002–1012. [CrossRef]
188. Marchi, E.; Kanapin, A.; Magiorkinis, G.; Belshaw, R. Unfixed Endogenous Retroviral Insertions in the Human
Population. J. Virol. 2014, 88, 9529–9537. [CrossRef]
189. Griffiths, D.J. Endogenous retroviruses in the human genome sequence. Genome Biol. 2001, 2, REVIEWS1017. [CrossRef]
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

