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 CURRENT
OPINION New latency-promoting agents for a block-and-lock

functional cure strategy
1746-630X Copyright © 2024 The A
Eline Pellaers, Alexe Denis and Zeger Debyser
Purpose of review

Currently, HIV-infected patients are treated with antiretroviral therapy. However, when the treatment is
interrupted, viral rebound occurs from latently infected cells. Therefore, scientists aim to develop an HIV-1
cure which eradicates or permanently silences the latent reservoir.

Recent findings

Previously, scientists focused on the shock-and-kill cure strategy, which aims to eradicate the latent reservoir
using latency-reactivating agents. Limited success shifts the interest towards the block-and-lock cure
approach, which aims to achieve a functional cure by blocking HIV-1 transcription and locking the provirus
in a deep latent state, resistant to treatment-interruption. In this strategy, latency promoting agents are used
to induce transcriptional silencing and alter the epigenetics environment at the HIV promotor.

Summary

For the block-and-lock cure strategy to succeed more investigation into the transcriptional and epigenetic
regulation of HIV-1 gene expression is necessary to design optimal latency-promoting agents. In this review,
we will discuss the latency promoting agents that have been described in literature during the past 2 years
(2022--2023).
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INTRODUCTION eradicational cure approach [9]. This strategy uses
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Combination antiretroviral therapy (cART) reduces
the replication of HIV-1, but HIV-1 proviruses sur-
vive in the latent reservoir [1]. The latent reservoir is
a population of immune cells that contain an inte-
grated HIV-1 provirus that does not undergo viral
replication and as such hides from the immune
system. However, the latent reservoir remains rep-
lication competent, and therefore, treatment inter-
ruption results in viral rebound, resulting in the
necessity of life-long therapy adherence to cART.
Drug fatigue, side effects, high treatment costs, the
emergence of resistant strains and stigma are still
associated with HIV-1 infection [2]. In addition,
people living with HIV (PLWH) suffer from early
aging due to chronic inflammation [3]. This empha-
sizes the importance of continued efforts to cure
HIV-1 infection.

To cure HIV-1 infection, the latent reservoir
needs to be eradicated or silenced permanently.
Several strategies are under investigation to eradi-
cate the latent reservoir, such as chimeric antigen
receptor T-cell (CAR-T) therapies [4] and gene edit-
ing strategies [5–8]. However, the shock-and-kill
strategy is probably the most investigated
uthor(s). Published by Wolters Kluwe
latency-reactivating agents (LRAs) to reactivate
latently infected cells and as such kill these cells
by cytopathic effects of the virus itself or by
immune-mediated clearance [9]. Limited success
in ex-vivo studies and clinical trials [10] shifted
the interest towards a functional cure based on
permanent silencing of the latent reservoir [11–
14]. A functional cure may be more feasible than
eradication, as evolutionary evidence shows that
about 8% of the human genome consists of
r Health, Inc. www.co-hivandaids.com
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KEY POINTS

� The block-and-lock functional cure strategy uses latency-
promoting agents to permanently silence the
latent reservoir.

� An ideal LPA should block viral transcription and lock
the proviral promotor in a durable latent state resistant
to reactivation, even after compound removal.

� LEDGINs retarget integration out of active genes and
as such introduce a deep latent reservoir resistant to
reactivation, even after compound withdrawal.

Cure (block and lock)
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sequences derived from endogenous retroviruses
that have been transcriptionally silenced [15]. Sec-
ondly, some HIV-infected patients show virological
control in the absence of treatment, referred to as
elite controllers and posttreatment controllers
(PTCs) [16]. The functional cure for HIV-1 infection
is called the block-and-lock approach. The block-
and-lock approach uses latency-promoting agents
(LPAs) to “block” HIV-1 transcription and “lock” the
proviral promotor in a durable deep latent state,
even after compound withdrawal [11–14]. To
induce this permanent lock phenotype, LPAs must
induce epigenetic modifications that silence HIV-1
gene expression. Various LPAs have been proposed
[17]. One of the most well known LPAs is the Tat
inhibitor didehyro-cortistatin A (dCA). This com-
pound was shown to prevent reactivation in CD4þT
cells isolated from HIV-1-infected patients for
25days after compound removal in vitro and for
19days after treatment interruption in vivo in BLT
(bone marrow-liver-thymus) humanized mice [18–
27]. However, until now, none of the LPAs under
investigation have resulted in a permanent deep
latent state. This indicates that persistent research
is required to discover new drug targets and identify
new LPAs. In this review, we will provide a recent
update on the block-and-lock cure approaches.
LATENCY-PROMOTING AGENTS

All LPAs that have been discovered during the last
2 years (2022–2023) will be discussed below.
LEDGIN GS-9822

The epigenetic reader lens-epithelium derived
growth factor (LEDGF/p75) consists of an integrase
binding domain (IBD), binding the HIV-1 integrase
and a PWWP domain, interacting with the methy-
lated histone mark H3K36me2/3, which is associ-
ated with active transcription [28]. This interaction
2 www.co-hivandaids.com
allows LEDGF/p75 to guide HIV-1 integration into
transcriptionally active genes. The small molecules
referred to as LEDGINs, designed via structure-based
drug design [29], bind the LEDGF/p75-binding
pocket of the viral integrase, inhibiting viral inte-
gration [14,17,29]. It has been shown that next to
their antiviral effect, LEDGINs also contain latency
promoting effects by altering the integration pref-
erences of HIV-1 [30

&

,31,32
&

]. Vansant et al. [30
&

]
further characterized the potential of LEDGINs for a
functional cure by using the barcoded HIV-ensem-
bles (B-HIVE) technology, which tags the HIV
genome with a unique barcode to trace insert-spe-
cific HIV expression. The authors showed that after
addition of the LEDGIN CX014442, integration
occurred out of active chromatin regions and more
towards intergenic regions and genes that are less
transcriptionally active [30

&

,31,32
&

]. Next, Janssens
et al. [32

&

] optimized single-cell branched DNA
imaging, a fluorescent in-situ hybridization techni-
que that allows the simultaneous detection of viral
DNA and RNA, to further characterize the latency
promoting effect of LEDGINs. By using this techni-
que, the authors confirmed that LEDGINs reduce
integration, transcription and reactivation, both in
T cell lines and primary cells infected in vitro [32

&

].
Additionally, changes in the three-dimensional
localization of the provirus within the nucleus were
observed, as integrationwas shifted towards the core
of the nucleus rather than the periphery
[30

&

,31,32
&

]. Gilead developed a preclinical LEDGIN
candidate, GS-9822. This compound showed favor-
able characteristics such as high metabolic stability,
high barrier to emergence of resistance, and desir-
able pharmacokinetic properties for the develop-
ment of clinical LEDGIN candidates [33

&&

]. In
2023, Bruggemans et al. [33

&&

] did a side-by-side
comparison of the two LEDGINs GS-9822 and
CX014442. Both GS-9822 and CX014442 hampered
HIV-1 replication in multiple round assays [33

&&

].
Both LEDGINs also abrogated the interaction
between LEDGF/p75 and the HIV-1 integrase
[33

&&

]. Integration site sequencing revealed that
both LEDGINs retargeted integration towards
repressive chromatin regions. Finally, using a dou-
ble reporter system both LEDGINs were shown
to increase the fraction of latent vs. productive
provirus and to hamper viral reactivation [33

&&

].
GS-9822 was significantly more potent than
CX104442 at nanomolar concentrations in all
assays. This nanomolar activity of GS-9822 supports
the high potential for a functional cure strategy
based on this class of compounds [33

&&

]. Neverthe-
less, clinical development of GS-9822 was
hindered due to urothelial toxicity in cynomolgus
monkeys [33

&&

]. Although proof-of-principle for
Volume 19 � Number 00 � Month 2024
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LEDGIN-mediated retargeting and a functional
block-and-lock cure has been obtained, additional
lead optimization is necessary to increase the
potency of future LEDGIN candidates.

A consensus has been reached that the transcrip-
tional state of the HIV provirus is influenced by the
integration site and its chromatin environment.
Therefore, LEDGINs are appealing as LPAs. The use
of LEDGINs may extend beyond preexposure pro-
phylaxis, as they could be added to drug regimens
during acute infection. Early treatment with ART is
known to reduce the size of the latent reservoir [34].
The addition of LEDGINs to this early treatment
regime could potentially transform the residual res-
ervoir inadeep latent state, increasing thechanceof a
durable silencing after treatment discontinuation.
The effects of LEDGIN on HIV-1 integration sites in
patients with chronic HIV-1 infection are yet to be
determined. However, in 2019, Swanstr€om’s group
showed that replication-competent reservoirs pri-
marily arise at the beginning of treatment [35,36].
LEDGINs may thus also serve as LPAs in chronically
infected patients diagnosed years after infection, if
included in first-line treatment. In chronically
infectedpatients already treatedwithART, the extent
to which latent reservoirs are activated and modu-
lated after treatment discontinuation remains to be
investigated. LEDGINs will only work in this patient
category if the reservoir is dynamic. Next research
steps include quantitative viral outgrowth assays
(QVOA) using samples from HIV-1-infected patients
treated with ART. In this setting LEDGIN treatment
could hamper reactivation of HIV-1. Additionally,
LEDGINs can be tested in vivo in mouse models or
macaquemonkeys infectedwith SIV. Primate studies
require the availability of a LEDGIN that also targets
HIV-2/SIV. Finally, we recommend that during clin-
ical trials with LEDGINs to test antiviral potency,
samplesare collected forproviral loaddetermination,
integration site sequencing and QVOA to further
characterize how LEDGINs silence the latent reser-
voir in patients.
Ponatinib (AP2453)

A drug screen of 1701 FDA-approved compounds for
their inhibitory effect on PMA-induced reactivation
in J-Lat cells, resulted in the discovery of ponatinib
(AP2453). Ponatinib is a tyrosine kinase inhibitor,
used for the treatment of chronic myeloid leukemia
(CML) and acute lymphoid leukemia (ALL) [37–39].
Huang et al. [40

&&

] confirmed the ability of ponatinib
to reduce reactivation in J-Lat cells induced by sev-
eral LRAs with distinct mechanisms of action. More-
over, the authors tested ponatinib’s potential as an
LPA in multiple J-Lat cell lines with diverse viral
1746-630X Copyright © 2024 The Author(s). Published by Wolters Kluwe
integration sites, indicating that the latency promot-
ingactivity is independent of the integrationpattern.
In addition, Bcl-2-transduced primary CD4þT cells
andCD4þT cells collected fromART-suppressedHIV-
1 infected patients were used to confirm the inhib-
itory effect of ponatinib on HIV-1 transcription
[40

&&

]. An important and challenging aspect of the
block-and-lock approach is the ability of LPAs to
maintain deep latency after compound withdrawal.
Therefore, Huang et al. [40

&&

] showed that pretreat-
ment of J-Lat cells with ponatinib increased the
resistance to reactivation for several days. Next, the
authors investigated themechanism by which pona-
tinib exerted its latency promoting effect. Ponatinib
inhibited the phosphorylation of the phosphatidyli-
nositol 3-kinase (PI3K)/protein kinase B (AKT)/mam-
malian target of rapamycin (mTOR)pathwayandp65
[40

&&

]. This is not far-fetched, as the Verdin already
linked the mammalian target of rapamycin complex
(mTORc) to HIV-1 latency and latency reversal
[41,42]. Several inhibitors of the mTORc such as
rapamycine, torin and pp242, have been shown to
silenceHIV-1 gene expression [41,42]. For ponatinib,
investigation into the chromatin environment near
the LTR promotor remains warranted, as the perma-
nent effect cannot be reached by mTOR inhibition
alone. To conclude, screening for FDA-approved
drugs is a desirable strategy for discovering new LPAs.
However, ponatinib is FDA-approved for the treat-
ment of cancer and has serious side effects, including
arterial ischemic events [43]. For other indications
such asHIV-1 infection, the risk-benefit ratiomust be
reconsidered, taking into account that in the context
of a functional cure strategy a short treatment is
envisaged rather than a long-term dosing.
Sulforaphane

Earlier research has demonstrated that sulforaphane
inhibits HIV-1 infection of macrophages by activat-
ing nuclear erythroid 2-related factor (Nrf2) [44,45].
Nrf2 is a transcription factor regulating the expres-
sion of genes involved in oxidative stress [46]. Inter-
estingly, nrf2 has been shown to inhibit NF-kB
signaling, a determinant of HIV-1 gene expression
[47]. Therefore, Jamal et al. [48

&&

] studied the effect
of sulforaphane in latently infected cells. Sulfora-
phane hampered TNF-a and PMA-induced reactiva-
tion in distinct monocyte and T cell lines without
showing toxicity [48

&&

]. Mechanistically, qPCR
showed that sulforaphane inhibits initiation
and elongation of HIV-1 transcription [48

&&

].
In addition, immunoblot analysis indicated sulfor-
aphane-induced accumulation of Nrf-2 in the cells,
resulting in decreasedNF-kBphosphorylation [48

&&

].
Therefore, sulforaphane is hypothesized to interfere
r Health, Inc. www.co-hivandaids.com 3
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with NF-kB activation through Nrf-2 accumulation.
A major strength is that this study demonstrates the
consistent pro-latency effect of sulforaphane in
monocytes and CD4þ T cell lines. However, it is still
of great importance to explore whether sulfora-
phane alters the epigenetic landscape at the HIV-1
promoter andwould be able to permanently prevent
reactivation after drug discontinuation.
Senexin a and BRD6989

Cyclin-dependent kinase 8/19 (CDK8/19) positively
regulatesHIV-1 transcriptionbyphosphorylating the
CTD of the RNA Pol II [49]. Horvath et al. [50

&&

]
showed that inhibitors of CDK8/19, Senexin A and
BRD6989, inhibit latency reversal induced by several
LRAs, both in latency cell line models and primary
cells from infected patients. In line, they showed that
CRISPR mediated knock-out of CDK8, impaired
latency reversal as well [50

&&

]. Mechanistically, chro-
matin immunoprecipitation (Ch-IP) showed that
RNA Pol II recruitment to the HIV promotor was
dependent on CDK8/19, as the addition of CDK8/
19 inhibitors hamperedRNAPol II recruitment to the
HIVLTR.As such, this studyhighlights thatCDK8/19
represents a valid target for the block-and-lock cure
approach and that repurposing of other CDK8/19
inhibitors is of interest.
ARN-3236, YKL-05-099 and HG-9-91-01

Organisms’ responses to the environment and
pathogens are controlled by endogenous daily fluc-
tuations called circadian rhythms [51]. The HIV-1
promotor is the binding site for many circadian
transcription factors, such as REV-ERB and Basic
Helix-Loop-Helix ARNT Like 1 (BMAL1) [51]. As
such, these circadian transcription factors regulate
viral transcription [51]. Interestingly, the activation
of REV-ERB through SR9009 was shown to prevent
HIV-1 replication in primary T cells and was found
to be effective against multiple HIV subtypes [51].
This prompted the investigation into pharmaceut-
ical compounds regulating circadian transcription
factors. Because the salt inducible kinases (SIK) have
been shown to control circadian rhythms [52], Borr-
mann et al. [53

&&

] decided to investigate the SIK
inhibitors ARN-3236, YKL-05-099 and HG-9-91-01
for their effect on HIV-1 transcription and reactiva-
tion. These three SIK inhibitors were shown to
hamper HIV-1 replication in circadian synchronized
cells and primary cells [53

&&

]. In addition, these SIK
inhibitors inhibited TNF-a mediated reactivation in
J-Lat cells [53

&&

]. Overall, this study highlights the
potential of SIK inhibitors as LPAs. However, general
knowledge about the mechanism of action is still
4 www.co-hivandaids.com
necessary, as well as investigation into the persistent
effect of SIK inhibitors on HIV-1 latency.
Wogonin

Instead of screening FDA-approved drugs, Zhang
et al. [54

&&

] aimed to screen drugs derived from
herbs. The most interesting LPA that emerged out
of this screen is called wogonin. Wogonin is a fla-
vone derived from the Chinese herb S. baicalensis,
known to play a role in the cancer biology [55,56].
Using flowcytometry and qPCRwogoninwas shown
to inhibit HIV-1 reactivation in cell models with
distinct integration sites and in patient-derived
CD4þT cells [54

&&

]. Wogonin was effective against
reactivation induced by several LRAs (PMA, vorino-
stat, panobinostat, ricolinostat, JQ1 and anti CD3/
CD28 antibodies) [54

&&

]. Moreover, the latency-pro-
moting effect was translated to the clinic as Wogo-
nin impaired HIV-1 transcription in CD4þT cells
collected from ART-suppressed patients [54

&&

]. A
necessary quality for a successful LPA is a long-last-
ing effect induced by epigenetic fingerprints near
the HIV LTR [54

&&

]. Remarkably, pretreatment for
24h with wogonin, promoted the resistance to reac-
tivation in J-Lat cells [54

&&

]. This prompted the
investigation into epigenetic modifications induced
by wogonin. Crotonylation of histones at the HIV
LTR is known to stimulate transcription even more
potently than acetylation [57,58]. The upregulation
of histone crotonylation is dependent on the activ-
ity of the histone acetyltransferase p300 and its
downregulation on HDAC1 [57,58]. Western blot
analysis proved that wogonin decreases the protein
level of p300, but has no effect onHDAC1 [54

&&

]. The
p300-specific activator, CTPB, reversed the effects of
wogonin on HIV-1 reactivation and histone croto-
nylation, suggesting that wogonin’s primary mech-
anism of action is histone crotonylation [54

&&

].
Overall, these results seem highly promising, as
the effect of wogonin was investigated in vitro in
latent cell line models and ex vivo in patient-derived
cells, but independent research groups still need to
confirm these results. Furthermore, this study high-
lights that apart from well known epigenetic mod-
ifications such as acetylation and methylation, also
other more unique chromatin alterations can
potently induce latency.
Topotecan

The FDA-approved camptothecin analog topotecan is
used to treat cancer by targeting topoisomerase I [59].
Already in 1993, scientists indicated that topotecan
has antiviral activity in acutely and chronicallyHIV-1-
infected cells, independently of topoisomerase I
Volume 19 � Number 00 � Month 2024
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inhibition [60,61]. In 2023, Mukim et al. [62
&&

] first
reported topotecan as a block-and-lock agent as addi-
tion of topotecan to in-vitro infected primary CD4þT
cells resulted in impaired HIV-1 transcription and
reactivation. Moreover, topotecan appeared to induce
a durable silencing as 24h treatment induced deep
latency for 3 additional days after removal of the
compound in vitro [62

&&

]. Next, the authors investi-
gated topotecan’smechanism of action. Interestingly,
topotecan appeared to alter splicing as an increased
number of unspliced transcripts and a decreased num-
ber of multiply spliced and singly spliced transcripts
were observed after addition of topotecan [62

&&

]. Fur-
ther mechanistic studies revealed that topotecan pro-
moted intron retention and upregulated SRSF6
expression. However, further mechanistic studies are
warranted as Bennet et al. [63] showed that the anti-
viral effect of another camptothecin analogue was
caused by disrupting the multimerization of the Vif
protein. Moreover, additional studies on the epige-
netic landscape at the HIV promotor after topotecan
treatment are necessary. Topotecan inhibited reacti-
vation for 3days after withdrawal of the compound
from cell culture, but long-term experiments are still
required to confirm how long topotecan’s effects on
HIV-1 latency lasts. Additionally, the efficacy of top-
otecan needs to be validated ex vivo using cells from
HIV-1-infected patients. Finally, the toxicity of top-
otecan seen in clinical trials [64], indicated that further
lead optimization is required to produce less toxic and
more potent analogues.
CONCLUSION

In recent years, the concept of a block-and-lock func-
tional cure based on long-term silencing of the latent
reservoir as opposed to virus eradication has gained
popularity. This motivated scientists to develop and
investigate LPAs. During the last 2 years, several
research groups screened FDA-approved drugs or
herbs to discover new LPAs such as ponatinib
[40

&&

], wogonin [54
&&

] and topotecan [62
&&

], while
other research groups targeted proteins involved in
HIV-1 latency to design LPAs. For example, by target-
ing the interaction between LEDGF/p75 and the
viral integrase, LEDGINs were developed
[29,30

&

,31,32
&

,33
&&

]. In addition, sulforaphane tar-
gets Nrf2 [48

&&

], while senexin A and BRD6989 target
CDK8/19 [50

&&

]. The LPAs that are currently under
investigation are promising but require further opti-
mization. There are two important aspects to latency
promoting activity: the block and the lock pheno-
type. An LPAwith a ’block’ phenotype inhibitsHIV-1
transcription, whereas LPAs with a ’lock’ phenotype
induce a deep latent reservoir resistant to reactiva-
tion, even in the absence of treatment. Although
1746-630X Copyright © 2024 The Author(s). Published by Wolters Kluwe
many LPAs can inhibit HIV-1 transcription (block),
fewcanpermanently put theprovirus in adeep latent
state (lock). The GS-9822 compound induces a long-
lasting effect by retargeting the provirus out of active
regions [33

&&

]. In addition, pretreatment with wogo-
nin renders the cells resistant to reactivation, prob-
ably by inhibiting crotonylation near the HIV
promotor [54

&&

]. Ponatinib [40
&&

] and topotecan
[62

&&

] could maintain a deep latent state after com-
pound withdrawal, through unknown mechanisms.
However, it is likely that these compounds may
induce chromatin modifications as well, which last
after compoundwithdrawal. Still, it will remain chal-
lenging to durably silence HIV-1 gene expression in
patients. The relationship between permanent sup-
pression of HIV-1 transcription/reactivation, epige-
netics and the time to viral rebound is still elusive
and requires further investigation. However, during
the last 2 years, the block-and-lock functional cure
strategy moved significantly forward, increasing the
hope for a functional cure for HIV-1 infection.
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