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Abstract

Antiretroviral therapy (ART) has rendered HIV-1 infection a treatable illness, however ART is not
curative due to the persistence of replication-competent, latent proviruses in long-lived resting T
cells. Strategies that target these latently infected cells and allow for immune recognition and
clearance of this reservoir will be necessary to eradicate HIV-1 in infected individuals. This review
describes current pharmacologic approaches to reactivate the latent reservoir in a manner that
infected cells can be recognized and targeted, with the ultimate goal of achieving an HIV-1 cure.
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Introduction

The introduction of combination antiretroviral therapy (ART) two decades ago turned the
tide of the HIV-1 epidemic and represents a modern medical milestone. ART durably
suppresses HIV-1 replication, allows for restoration of the immune system, prevents disease
progression and reduces the risk of viral transmission to uninfected individuals. According
to the World Health Organization, in 2015 roughly half of people living with HIV-1 infection
(36.7 million individuals worldwide) have access to ART [http://www.unaids.org/en/
resources/fact-sheet; accessed 10 May 2017]. Despite this remarkable success, over two
million new HIV-1 infections occurred in 2015, and over one million deaths occurred due to
AIDS [http://www.unaids.org/en/resources/fact-sheet; accessed 10 May 2017].

ART is not curative due to the nature of HIV-1 replication and viral tropism for CD4* T
cells. HIV-1 replication involves a proviral intermediate that is stably integrated into the
cellular genome of activated CD4* T cells. A minority of these cells revert to a quiescent
state to persist for the life of the host as resting memory cells. The HIV-1 provirus persists in
a reversibly quiescent state within these long-lived cells, and can efficiently initiate viral
replication upon spontaneous or antigen-driven cellular activation(1-3). ART must be
administered indefinitely in order to block new cycles of replication arising from this
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latently infected cellular reservoir when latent viruses reactivate(4; 5). The establishment of
latency in resting memory CD4™" T cells likely occurs within days of primary HIV-1
infection(6). ART initiated early in the course of infection limits the size of the latent
reservoir, but does not prevent its formation(7; 8). ART durably suppresses ongoing viral
replication, however virus persists with minimal to no gene expression that would allow for
immune recognition of cells harboring provirus. The latent reservoir in resting memory
CD4* T cells can be reliably quantified ex vivoin all patients on ART and does not appear to
undergo significant decay in virally suppressed individuals on ART over a period of years(5;
9). Multiple clinical trials seeking to augment ART through the addition of antiretrovirals
from complementary drug classes (ART intensification) have all demonstrated the same
result: none of these trials reported alterations in low level viremia or reservoir size(10-12).

Life-long ART administration entails the risks of long-term drug toxicities as well as global
strain on resources for a worldwide epidemic that continues to spread. Given the limitations
of ART, evident at both a molecular and global scale, it has become clear that understanding
and addressing viral persistence in patients on ART will be necessary to curb this epidemic.
Research exploring the nature of HIV-1 persistence has accelerated, and has given rise to a
wide variety of potential therapeutic strategies(13—-18). One approach that has matured to the
level of clinical trials is known as ‘shock and kill.” In this strategy drugs are administered to
patients on ART in order to induce proviral transcription in latently infected cells(19). This
strategy is intended to make use of limited exposure to a pharmacologic agent to induce
reservoir activation and/or depletion in a manner that would allow ART discontinuation
without the risk of viral rebound. Arguably, this strategy may offer the possibility of a
scalable solution to HIV-1 eradication. There have been over 15 completed clinical trials
testing latency-reversing agents (LRAS) from distinct mechanistic classes(20; 21). However,
only modest perturbation of the reservoir has been observed to date. This review aims to
cover latency reversal agents that have shown promise at various stages of development in
furthering this strategy a step closer towards the clinic.

HIV eradication strategies to date

The first clinical trials targeting the latent reservoir arose from the recognition that viral
reactivation is concomitant with T cell activation(22; 23). Two small trials sought to activate
T cells /in vivo via co-administration of murine antibodies against human CD3 and
interleukin-2 (IL-2)(24; 25). These interventions proved toxic to participants without
demonstrating any obvious perturbation in the reservoir. These results influenced the field to
avoid T cell activation in subsequent human trials. While more recent ‘shock and kill’
interventions have been well tolerated by participants, there has been little to no reservoir
perturbation(20; 21). The modest results of trials so far, characterized by low-level
transcriptional enhancements of latent proviruses without changes in latent reservoir size,
have led to re-consideration of strategies relying on polyclonal T-cell activation.

Latency reversal agents

HIV-1 eradication trials have been largely informed by ‘hits” from chemical compound
screens performed in /n vitro latency models. The modest efficacy of these compounds in

Annu Rev Med. Author manuscript; available in PMC 2018 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spivak and Planelles

Page 3

human trials has led to re-evaluation of the predictive capacity of these models. A
comparison of latency laboratory models evaluating the relative efficacy of known LRAs
found wide heterogeneity(26). The only LRA class to demonstrate reproducible results
across different latency models were the protein kinase C (PKC) agonists, compounds that
induce robust T cell activation(26). A separate survey of LRASs representative of all actively
studied classes revealed that the only consistently efficacious single agent in ex vivo
experiments using patient cells was bryostatin-1, a PKC agonist(27; 28). Taken together,
these results have led many in the field to reconsider the possibility that some degree of T
cell activation may be required for efficient viral reactivation to occur. Latency reversal
agents under active study can therefore be categorized into two groups: those that activate T
cells in polyclonal fashion and those that do not (and instead use alternative pathways).

T cell activating agents

A subset of LRAS, the PKC agonists, activate T cells through a common mechanism
involving stimulation of cellular protein kinase C isoforms, which in turn induce signaling
via the transcription factor NF-xB. Protein kinase C enzymes are a family of serine/
threonine kinases that engage in intracellular signal transduction. PKC enzymes are
activated by the second messenger diacylglycerol (DAG)(29). PKC agonists act as mimics of
DAG, binding to one or more cellular isoforms of protein kinase C to initiate downstream
signaling. Activated PKC isoforms phosphorylate (and inactivate) 1xB, which then releases
RelA, the p65 sub-unit of NF-xB (Figure). NF-xB is free to enter the nucleus and bind to
cognate binding sites in the viral LTR, inducing viral transcription. The role of targeting
PKC-NF-«xB signaling as a means to reactivate latent HIV-1 is shown in the Figure and has
been reviewed in detail(29; 30). Among protein kinase C agonists, three chemical families
are under active study: phorbol esters, including phorbol 12-myristate 13-acetate (PMA),
prostratin and 12-deoxyphorbol 13-phenylacetate (DPP); macrocyclic lactones including
bryostatin-1 and analogs; and diterpenes, which include ingenol compounds.

Phorbol esters including PMA and prostratin are natural products that are potent PKC
activators and reactivate provirus through NF-xB and AP-1 signal transduction(29). The
tumor-promoting capacity of PMA has been well described /n vitro (31), and has frequently
been employed as a means to study oncogenesis(32). In the context of HIV-1 eradication,
PMA is often used /n7 vitro in combination with ionomycin as a strong inducer of T cell
activation and latent proviral transcription(26; 28). However, PMA is not a candidate for
clinical trials given its well-characterized oncogenic potential. Prostratin, a non-tumor-
promoting phorbol ester with anti-viral properties, was first isolated from a poisonous plant,
Pimela prostrata, native to New Zealand(33), and later identified in the medicinal plant
Homalanthus nutans from Samoa(34). Prostratin induces proviral transcription in a variety
of HIV-1 latency cell lines /in vitro and also upregulates pro-inflammatory cytokines TNFa
and IL-1p /n vitro (35). Prostratin and DPP (12-deoxyphorbol 13-phenylacetate), both non-
tumor-promoting phorbol esters, reverse latency in patient cells ex vivoand induce T cell
activation(36; 37), though neither has been trialed /n vivo.

Bryostatin-1 was isolated from a marine sponge and found to have anti-neoplastic activity /in
vitro (38; 39). Unlike PMA, bryostatin-1 is not tumor-promoting /7 vitro (39). Bryostatin-1
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has been tested in multiple clinical trials against a variety of tumors(40). Myalgias are the
most frequent adverse effect observed /in vivo, and these correlate with elevated circulating
levels of pro-inflammatory cytokines tumor necrosis factor a (TNFa) and interleukin 6
(IL-6)(41). One clinical trial has been conducted testing safety and efficacy of bryostatin-1
in the setting of HIV-1 eradication(42). Twelve participants were randomized to receive
either placebo, a single infusion of bryostatin-1 at 10pg/m? or a single infusion at 20ug/m2.
No adverse events were recorded, however neither dose altered PKC activity above that of
placebo. No changes in cell-associated viral RNA were observed.

Ingenols are diterpene compounds originally isolated from members of Euphorbia, a family
of flowering plants. Euphorbia plants have been integral components of traditional medicine
practices across many cultures for millennia (43). Ingenol 3,20 dibenzoate was isolated from
Euphorbia esula and was identified to have anti-leukemic properties /n vitro (44). With
regard to HIV-1, ingenol compounds were first identified to antagonize viral replication via
blocking viral adsorption(45). PKC agonists including ingenol-3-acetate, prostratin and
PMA down-modulate CD4 and viral co-receptors CXCR4 and CCR5 on the cell surface(46).
Semi-synthetic ingenols have been engineered in order to optimize their latency reversal
activity(47; 48). Ingenol-3-mebutate (also known as ingenol-3-angelate) is FDA-approved as
a topical therapy for actinic keratosis(49) and has demonstrated efficacy in multiple HIV-1
latency systems(46; 50). Ingenol B has recently been administered to non-human primates in
combination with vorinostat (51). One of the two rhesus macaques exposed to ingenol B and
vorinostat demonstrated increased SIV viral loads in both the central nervous system (CNS)
and the periphery in response to LRA treatment, and also developed markers of systemic and
CNS inflammation. A recent /in vitro study of the effects of prostratin and bryostatin-1 on the
central nervous system (CNS) identified that these agents may impair the integrity of the
blood-brain barrier and increase trafficking of pro-inflammatory immune cells into the
CNS(52), which may help to explain the results of the study by Gama and colleagues(51).

Side effects of T cell activating agents: mitigating pro-inflammatory

cytokine responses

Given their potent T cell activation properties, valid concerns have been raised regarding
systemic inflammation that could be triggered by these compounds(16; 27). In a phase |
human /n vivo dose-ranging study of bryostatin-1, plasma levels of pro-inflammatory
cytokines TNFa and IL-6 were elevated within 2 hours of intravenous administration, and
were temporally associated with dose-limiting toxicities among participants including severe
myalgias(41). As mentioned above, the only clinical trial to date making use of a PKC
agonist for HIV-1 eradication reported no adverse effects due to bryostatin-1(42). However,
the investigators made use of doses of bryostatin-1 that did not achieve detectable systemic
concentrations in a majority of trial participants, and did not induce latency reversal in any.
One recently proposed alternative to address off-target PKC toxicity is to administer these
compounds in their natural context. Euphorbia kansui has been used as part of traditional
Chinese medicine as a cathartic and contains twelve ingenol compounds(53). Kansui plant
extracts have been shown to reactivate HIV-1 in both cell lines /n vitro and in patient cells ex
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vivo (54). Kansui is safe and has oral bioavailability as a tea. A pilot human trial of kansui
via oral administration is planned (NCT02531295).

One plausible approach to minimize off-target effects of PKC activation would be to
engineer PKC agonists that specifically target PKC isoforms responsible for proviral
reactivation while minimally activating isoforms that induce pro-inflammatory cytokine
release. Using DAG as a chemical scaffold, Hamer and colleagues synthesized a library of
DAG lactones, and were able to identify several novel compounds that uncoupled latency
reactivation from /n vitro induction of TNFa using both the ACH-2 HIV-1 latency cell line
and PBMCs from aviremic HIV-1 infected participants(55). A separate study generating
novel phorbol-13-monoesters demonstrated differential effects on HIV-1 reactivation in a
latently infected Jurkat T cell line(56). Latency reactivation efficacy in this study was
correlated with the addition of increasingly lipophilic side chains to a phorbol core.
Similarly, the ingenol core compound has no latency reversal activity /in vitro, while the
addition of lipophilic esters dramatically increases PKC activation and subsequent proviral
transcription /n vitro(48; 57).

Two groups have proposed a second possible approach to mitigate the off-target effects of T
cell activation in the setting of PKC-induced HIV-1 latency reversal, which makes use of an
adjuvant pharmacologic agent. Our laboratory recently demonstrated that the FDA-approved
Janus kinase (JAK) inhibitor ruxolitinib significantly decreases pro-inflammatory cytokine
release from resting CD4* T cells and PBMCs from aviremic HIV-1 infected participants,
but does not affect latency reversal induced by ingenol-3,20-dibenzoate(58). Martin and
colleagues demonstrated that blocking MTORC1, a signaling complex that controls cellular
metabolism and activation, using the FDA-approved immunosuppressant rapamycin (also
known as sirolimus), could decrease cytokine release and cell proliferation in the setting of
T cell activation via CD3 and CD28 antibodies(59). Using resting CD4* T cells from
aviremic HIV-1 positive donors, it was demonstrated that HIV-1 proviral reactivation was
unaffected by the addition of rapamycin.

Furthermore, cytotoxic T lymphocyte (CTL) targeting of cells harboring reactivated provirus
was unaffected by rapamycin /n vitro. In an intriguing contrast to these results, recent work
has demonstrated that simultaneous blockade of both MTORC1 and MTORC2 complexes
by non-specific mTOR inhibitors significantly reduced HIV-1 latency reversal ex vivo (60).
The role of mTOR signaling in the establishment and maintenance of HIV-1 latency clearly
merits further study. Both ruxolitinib and rapamycin are the subject of pilot clinical trials
that are actively enrolling aviremic HIV-1 positive participants at present (“Evaluating the
Safety and Tolerability of Ruxolitinib in Antiretroviral-Treated HIV-Infected Adults,”
NCT02475655; “Safety and Efficacy of Sirolimus for HIV Reservoir Reduction in
Individuals on Suppressive ART,” NCT02440789). Although not designed to test ruxolitinib
or sirolimus in combination with an LRA, these studies will provide crucial /n vivo safety
data to inform approaches making use of these adjuvant agents in combination with T cell-
activating LRAs.
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LRAs using alternative pathways

Initial HIV-1 eradication trials with OKT3 and IL-2 proved so profoundly toxic to patients
(24; 25) that subsequent studies have only considered candidate LRAs with no T-cell
activation properties(21). Several subsequent drug discovery efforts were based on the then
uncertain premise that signals leading to latent HIV reactivation could be elicited in the
absence of cellular activation, cellular proliferation and pro-inflammatory cytokine release.
At the time, it was unclear that signaling pathways ‘alternative’ to canonical T-cell activation
existed that would be capable of reactivating latent HIV. Nevertheless, more than a decade
later this premise has been validated multiple times, as exemplified by the chemical hits
discussed below. It is interesting that these drug-like molecules appear to trigger HIV
transcription by activating unique, and often unexpected, pathways. The focus on
‘alternative’ pathways has produced a flurry of novel molecular targets that should keep
medicinal chemists occupied for the foreseeable future. These novel hits appear to have an
unfortunate common denominator, in that their potency is typically 5- to 10-fold less to that
of T cell-activating regimens(26-28; 61).

HDAC inhibitors

Histone deacetylation is an important epigenetic modification contributing to proviral gene
silencing(14), and inhibition of histone deacetylase enzymes has been demonstrated to
reverse proviral latency /n vivoin several clinical trials to varying degrees(62-66). HDAC
inhibition has been the predominant mechanism of latency reversal in pilot clinical trials to
date, and these agents have been generally well-tolerated by participants(21; 67). However,
no trial employing HDAC inhibitors has demonstrated reservoir depletion to date. HDAC
inhibitors have provided ‘proof-of-principle’ that latency can be safely perturbed in
vivo(67), and these early trials serve as a foundation for a variety of combination therapies
(discussed below and (20)). On the other hand, /n vitro experiments using aviremic patient
cells have demonstrated that viral reactivation, even when using potent regimens, occurs for
only a minority of latently infected cells after a single administration of the LRA(61; 68).

Disulfiram

Disulfiram, an FDA-approved drug for alcohol cessation, was identified as a potential LRA
using a primary cell model of latency(68). With regard to the mechanism of latency reversal,
an /in vitro study demonstrated that disulfiram depletes the intracellular protein PTEN, which
in turn activates the Akt signaling pathway to initiate proviral transcription in an NF-xB-
dependent manner (Figure)(69). Two clinical trials have tested disulfiram’s ability to perturb
the latent reservoir /n vivo (70; 71). The drug was well tolerated and modest increases in
viral RNA were observed. Disulfiram has been evaluated in combination with other LRAs /n
vitro, however it did not demonstrate synergistic reactivation with PKC agonists or HDAC
inhibitors(28).
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Toll-like receptor agonists

Pathogen infections are primarily sensed by the innate immune system through the
interaction of conserved molecular structures named pathogen-associated molecular patterns
(PAMPs) with host-encoded pattern recognition receptors (PRRS) (72; 73). PRRs are
germline-encoded receptors that recognize several classes of molecules typical of pathogens,
such as proteins, lipids, carbohydrates and nuclei acids (73). Among PRRs, toll-like
receptors (TLRs) have been widely studied. Flagellin, a potent stimulator of TLR-5, was
shown to reactivate latent HIV-1 in quiescent central memory CD4+ T cells (74). In a later
report, Pam3CSK4, a TLR-1/2 agonist, was shown to reactivate latent HIV-1 in an /n vitro
model of latency and in resting cells from aviremic patients (75). This reactivation is NF-xB,
NFAT and AP-1-mediated and requires P-TEFb activity. This pathway differs from that
initiated by T cell receptor engagement, which was shown to be mediated primarily by
NFAT (76). Pam3CSK4-induced viral reactivation was achieved in the absence of T cell
activation and proliferation. Therefore, the signaling pathway activated by Pam3CSK4 is
highly selective for latent, integrated viruses and represents an attractive therapeutic target
for eradication strategies.

Benzotriazole derivatives

A medium-throughput chemical screen using central memory CD4* T cells and a GFP-
tagged virus (76) identified 1-hydroxybenzotriazole (HOBL) as an active compound (77) and
subsequently a number of active analogues have been identified. This family of compounds,
benzotriazole derivatives, has no previously described biological function. Benzotriazoles
reactivate latent HIV in primary cells and ex vivoin cells from aviremic patients, and do so
in the absence of cellular activation, proliferation or toxicity(77). The most potent analogue
identified so far is 3-Hydroxy-1,2,3-benzotriazin-4((3H)-one (HO-DHBt). HIV-1
reactivation by these compounds is dependent on STAT5 phosphorylation, which is initiated
by yc-cytokine stimulation. The authors proposed that benzotriazoles inhibit a negative
feedback loop mediated by covalent addition of SUMOZ2/3 to STATS5, which is required for
its inactivation, dephosphorylation and export from the nucleus (78) (Figure). The result of
combined benzotriazole and -yc-cytokine stimulation is the sustained phosphorylation and
activation of STAT5, for which cognate binding sites have been predicted in the viral
promoter (79). Because of their mode of action, benzotriazoles have little to no activity in
the absence of yc-cytokine stimulation(77).

SMAC mimetics and the non-canonical NF-xB activation pathway

The non-canonical NF-xB pathway is characterized by a slower onset, long-lasting
transcriptional response, and higher functional selectivity, restricting its impact to a limited
number of cellular processes and cell types (80). Activation of the non-canonical NF-xB
pathway occurs through a specific subset of tumor necrosis factor receptors (TNFRS),
including lymphotoxin beta receptor (LTBR) and CD40 (Figure). In complex with clAP2,
TRAF2, and TRAF3, clAP1 constitutively degrades NF-xB-inducing kinase (NIK) thereby
preventing p100 processing into p52. Inhibition of clAP1 by SMAC mimetics leads to the
accumulation of NIK, phosphorylation of IKKa., and the subsequent processing of p100 to
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p52. RelB/p52 heterodimers then translocate to the nucleus where they induce NF-xB-
dependent transcription, including triggering transcription of latent proviruses (81). /n vitro
studies of HDAC inhibitor/SMAC/XIAP mimetic combinations demonstrated potent
synergistic activities between these two classes of compounds(81).

LRA combination therapy

Combination approaches, in which LRAs from multiple mechanistic classes are
administered simultaneously, hold promise for several reasons. Pilot clinical trials(21) as
well as ex vivo experiments (28; 61) provide compelling evidence that no current single
LRA appears able to reactivate a significant fraction of the latent reservoir. Furthermore, it
remains unclear whether multiple doses of a single agent improve reservoir perturbation /in
vivo. In the case of the HDAC inhibitor vorinostat, cell-associated HIV-1 RNA increased
approximately four-fold after a single administration to participants(62), however in a follow
up study in which 22 doses of vorinostat were administered, minimal changes in cell-
associated HIV-1 RNA were observed /n vivo(82). Pharmacologic synergy, in which the
activity of a LRA combination is greater than the sum of each LRA individually, could allow
for smaller effective doses of each agent and, perhaps, lower frequency of administration.
This in turn could maximize efficacy while minimizing potential side effects. Lastly,
triggering multiple mechanisms at once may allow for a larger fraction of the reservoir to be
reactivated after a single exposure.

With these goals in mind, several groups have explored potential LRA combinations in vitro
[summarized in Table]. In a majority of these studies, PKC agonists have been combined
with LRAs acting through alternative, non-T-cell activating mechanisms. Bryostatin-1
demonstrated synergistic reactivation when combined with the HDAC inhibitors
panobinostat, romidepsin and vorinostat in latently infected cell lines (83) and ex vivoin
resting CD4* T cells(28). Bryostatin-1 also synergized with JQ1 in cell lines /n vitroand
patient cells ex vivo (28; 84). The PKC agonist prostratin has shown similar synergistic
activity when combined with HDAC inhibitors(85), JQ1 (a BRD domain inhibitor) (28; 86),
hexamethylene bisacetamide (HMBA, a P-TEFb release enhancer) (87) and a TLR-8 agonist
(88). Ingenol B has demonstrated synergy with JQ1 in patient cells ex vivo(84). In separate
work, ingenol-3-angelate showed similar synergistic behavior with JQ1 in patient cells ex
vivo (50), however this result was not observed in a study that made use of resting CD4* T
cells from rhesus macaques(86). Several other studies have examined the combinatorial
effect of novel LRASs. An inhibitor of transcriptional activator Runx1 called R05-3335
demonstrated synergy with vorinostat in patient PBMCs ex vivo (89). Panobinostat and
romidepsin synergized with 5-azadC, a DNA demethylating agent (90). A human lectin,
galectin-9, synergized in patient cells ex vivo with vorinostat and JQ1 (91). While it is
difficult to directly compare results across these studies that make use of different /n vitro
and ex vivo systems and varying definitions of pharmacologic synergy, the overarching
theme is that synergy appears to be achievable when combining different LRA classes. This
is a promising observation that will hopefully translate into future LRA combination trials.
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Kill phase considerations

One of the fundamental conclusions from the first HIV-1 eradication trials testing the ‘shock
and kill” strategy is that the “kill” phase, in which latently infected cells expressing viral
RNA and antigens are targeted by the immune system or die of viral cytopathic effect,
cannot be expected to passively follow the initial shock, at least with current LRAs(21; 67).
A landmark set of experiments provided the biological basis for this lack of activity(92), and
Jones and Walker have provided a thorough review of this topic(93). Several groups have
investigated the effects that LRAs may have on effector cell function /n vitroand as
components of pilot HIV-1 eradication clinical trials. Jones and colleagues described that
exposure to the HDAC inhibitors vorinostat, romidepsin or panobinostat lead to functional
impairment of CD8* T cells 7 vitro(94). Clutton and colleagues confirmed these findings
and established the pharmacokinetics of these immune suppressive effects(95). Walker-
Sperling and colleagues extended these observations and found that bryostatin-1 also had
inhibitory effects on CD8* T cell function(96), though interestingly they found that
prostratin and JQ1 were not immune suppressive. A follow up study by the same group
found that ingenol B also did not appear to affect CD8* T cell function in vitro (97). The
immunomodulatory effects of LRAs are not limited to CTL function. Two groups have
characterized LRA-induced changes in both phenotype and function of NK cells(98; 99).
PKC agonists induced generalized NK cell activation, while HDAC inhibitors decreased
antiviral targeting by these innate immune cells.

Taken together, the results of these studies suggest that some form of immune boosting may
be necessary for the ‘shock and kill” strategy to succeed in the clinic. A recent clinical trial
administering romidepsin in combination with therapeutic vaccine Vacc-4x and recombinant
human granulocyte macrophage colony-stimulating factor (rhGM-CSF) demonstrated a non-
significant decline in PCR-based measures of proviral DNA and was generally well-
tolerated by participants(100). Additional trials testing romidepsin with a different vaccine
candidate, MVA.HIVconsv (NCT02616874) and with the promising HIV-1 broadly
neutralizing antibody 3BNC117 (NCT03041012) are actively recruiting participants at
present. Several pilot clinical trials are in the recruitment or pre-enrollment phase that
combine other LRAs with various means to stimulate antiviral immunity. Vorinostat will be
administered with an HIV-1 vaccine candidate, ChAdV63.HIVconsv in two trials (NCT
01319383 and NCT02336074), with an innate immune stimulant AGS-004 (NCT02707900)
and with hydroxychloroquine and maraviroc (NCT02475915). Panobinostat will be
combined with pegylated interferon (NCT02471430). Current and upcoming clinical trials
are summarized by Delagreverie et al. (20) and continuously updated on clinicaltrials.gov.

Durable suppression of latent proviral transcription

Efforts to pharmacologically reverse latency can be considered a means to attain a
‘sterilizing” cure of HIV-1 through eradication of persistent viral reservoirs. An alternative
approach to achieve “functional’ cure of HIV-1 infection (defined as long-term control of
virus replication in the absence of ART; reviewed in (101; 102)) is the induction of long-
lasting suppression of proviral gene expression. The Tat viral protein is a strong trans-
activator of proviral gene expression, and its absence leads to severely restricted replication.
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Tat antagonists have been developed by several groups and appear to be potent inhibitors of
HIV-1 transcription /n vitro (103-105). Mousseau and colleagues have produced a novel Tat
inhibitor, didehydro cortistatin A (dCA), with the unusual ability to induce a permanent state
of latency that is present in culture many weeks after removal of the drug(105). Their /n
vitro experiments suggest that dCA binds to Tat’s basic domain, which mediates localization
to the nucleolus and binding to the transactivation response element (TAR) (106). dCA thus
prevents recruitment of Tat to the TAR stem/loop structure, presumably hindering the
recruitment of P-TEFb and the onset of transcription elongation. Surprisingly, when
treatment with dCA on latently infected HeLa-CD4 cells was interrupted, viral rebound was
not observed for the remainder of the experiment (150 days), even after the addition of
potent LRAs to the culture(105).

Rev is also essential for viral replication as it regulates the export of unspliced and singly
spliced mMRNAs. An inhibitor of Rev, ABX464, was recently identified, which had the
ability to inhibit viral replication in culture as well as in humanized mice (107). When ART
treatment was compared with ABX464 in humanized mice infected with HIV-1, it was noted
that after viral suppression was achieved, removal of ART led to rebound in 6/6 mice. In
contrast, removal of ABX464 led to rebound in only 2/6 animals, with viral loads in those
two animals 200-fold lower than that in ART-treated animals. The protective effect lasted 52
days and was, therefore, equated to a functional cure.

Conclusions

Research addressing HIV-1 persistence is rapidly expanding, and distinct strategies are
making their way to pilot clinical trials. It is hoped that the results of these trials will help
establish consensus regarding the most efficacious approach to augment the suppressive
effects of ART and curb the HIV-1 epidemic(108). Several critical issues remain to be
answered in order for the field to advance, including gaining a better understanding of the
contribution of non-T cell reservoirs to viral persistence (and means to target them)(109),
and consensus definitions of the clinical and virologic correlates of LRA efficacy and
reservoir perturbation /n vivo(110). The diversity and creativity encompassed by current
HIV-1 eradication approaches serves as a source of optimism that the resounding success of
combination antiretroviral therapy two decades ago will be complemented someday soon by
scalable clinical strategies to target the minute fraction of virus that persists despite ART.
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Figure. Signaling pathways leading to HI V-1 reactivation

Signaling steps involved in viral reactivation by SMAC mimetics, Disulfiram and
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Benzotriazole derivatives. For details, see main text. Adapted from references 78 and 82.
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LRA Combinations

Bryostatin-1

Panobinostat

Reference LRA 1 LRA 2 Model Result
Prostratin \orinostat P .
85 JLat, gémaé;r?r:'yzz%at'em apparent synergistic reactivation in patient PBMCs
Prostratin TSA -
. JLat, ACH2, TZMbl, aviremic apparent synergistic reactivation in cell lines, low
89 Runx1 Vorinostat patient PBMCs (n=6) activity in patient PBMCs
Bryostatin-1 Disulfiram
Bryostatin-1 JQ1

Bryostatin-1 Romidepsin
Bryostatin-1 \orinostat
: aviremic patient rCD4+ T cells synergy between Bryostatin-1 or Prostratin and
- s JQ1 (n=14) JQ1 or HDACI; no synergy with disulfiram
Prostratin Romidepsin
Disulfiram Panobinostat
Disulfiram Romidepsin
Disulfiram \orinostat
Disulfiram JQ1
50 Ingenol-3-angelate JQ1 ILat, U1, aviremic patient synergistic reactivation in patient CD4+ T cells
rCD4+ T cells (n=13)
Ingenol B JQ1 JLat, U1, aviremic patient
84 PBMCs (n=24) and rCD4+ T synergistic reactivation in all models
Bryostatin-1 JQ1 cells (n=15)

Bryostatin-1

Panobinostat

83 JB9GFP, THPBIGFP cell lines apparent synergistic reactivation in cell lines
Bryostatin-1 Romidepsin
5-azadC Entinostat
5-azadC Sodium butyrate
5-azadC \orinostat
_ JLat, aviremic patient PBMCs 5-azadC + panobinostat or romidepsin show
90 5-azadC Valproate (n=24) apparent synergistic reactivation in patient cells
5-azadC Belinostat
5-azadC Panobinostat
5-azadC Romidepsin
87 Prostratin HMBA JLat, 2D10 cell lines apparent synergistic reactivation in cell lines
Galectin-9 JQ1
Galectin-9 Panobinostat
o1 Galectin-9 Bryostatin-1 JLat, aviremic patient rtCD4+ T | synergistic reactivation in patient CD4+ T cells for
Galectin-9 Prostratin cells (n=13) Gal-9 + SAHA and JQ1
Galectin-9 Romidepsin
Galectin-9 SAHA
JLat and MDDC co-culture, L T .
88 TLR-8 agonist Prostratin aviremic patient CD4 T cells apparent synergistic reactivation in cell lines, low

(n=6)

activity in patient T cells
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LRA Combinations

Reference LRA1 LRA 2 Model Result
Ingenol-3-angelate JQ1
Prostratin JQ1 | : Ingenol-3-angelate reactivates latency at lower
86 JLz_iI_t,Cr;c|>|r; Fggiﬂsp;?cageuigh concentrations than other PKCa; no synergy
Ingenol-3-angelate Prostratin q observed with JQ1
Ingenol-3-angelate Bryostatin-1
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