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Highly active antiretroviral therapy (HAART) can effectively suppress the replication of human immunodeficiency virus-1 (HIV-1) and 
block disease progression.  However, chronic HIV-1 infection remains incurable due to the persistence of a viral reservoir, including 
the transcriptionally silent provirus in CD4+ memory T cells and the sanctuary sites that are inaccessible to drugs.  Reactivation and 
the subsequent elimination of latent virus through virus-specific cytotoxic effects or host immune responses are critical strategies 
for combating the disease.  Indeed, a number of latency reactivating reagents have been identified through mechanism-directed 
approaches and large-scale screening, including: (1) histone deacetylase inhibitors (HDACi); (2) cytokines and chemokines; (3) DNA 
methyltransferase inhibitors (DNMTI); (4) histone methyltransferase inhibitors (HMTI); (5) protein kinase C (PKC) activators; (6) P-TEFb 
activators; and (7) unclassified agents, such as disulfram.  They have proved to be efficacious in latent cell line models and CD4+ T 
lymphocytes from HIV-1-infected patients.  This review comprehensively summarizes the recent progress and relative challenges in this 
field.
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Introduction
During the last three decades, highly active antiretroviral 
therapy (HAART) has remarkably decreased the morbidity 
and mortality of HIV-infected patients.  However, HAART 
fails to eradicate latent viral reservoirs in vivo.  AIDS remains 
an incurable disease because the cessation of treatment inevi-
tably leads to a rapid rebound of viremia, which is associated 
with the existence of a viral reservoir.  A significant propor-
tion of patients fail to maintain an undetectable plasma viral 
load (<50 copies/mL) because of a lack of adherence and/
or the emergence of drug resistance[1, 2].  Despite having a 
viral load below a detectable level, many patients also experi-
ence co-morbidities, such as cardiovascular diseases, bone 
disorders and cognitive impairments[3].  Moreover, immune 
functions fail to be fully restored after HAART treatment in 
patients chronically infected with HIV-1[4].  The persistence 

of resting CD4+ T cells harboring a transcriptionally silent, 
yet replication-competent, provirus represents a major bar-
rier to eradication.  Reactivation of latent proviruses results 
in the rapid progression of AIDS.  Recently, several new 
therapeutic approaches have been proposed that aim to con-
trol (functional cure) or eliminate (sterilizing cure) the viral 
reservoir, including novel drugs, gene therapy, bone marrow 
transplantation (BMT), immune-modulation and combina-
tion approaches[5–7].  The most widely discussed approach 
for eliminating the latent reservoir is the so-called “shock 
and kill” strategy.  Specifically, this strategy seeks to activate 
HIV-1 from latent reservoirs using latency-reversing agents 
and then to target HIV-1-infected cells for eradication via the 
host immune response and/or cytotoxic drugs.  Recently, 
a number of latency-reversing agents have been identified.  
The different anti-latency molecules have multiple different 
pharmacological targets.  The molecular mechanisms respon-
sible for latency are multiply determined; therefore, we will 
briefly introduce the transcriptional mechanisms governing 
latency, which are highly relevant for current anti-latency 
compounds.
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Molecular mechanisms responsible for the development 
of HIV-1 latency
The major barrier to the eradication of HIV-1 is the establish-
ment of a latent reservoir in different anatomical sites 
throughout host bodies.  Resting CD4+ T cells in blood are 
considered to be the predominant viral reservoir.  Moreover, 
other anatomical compartments, including the central nervous 
system (CNS), gut-associated lymphoid tissue, bone marrow 
and genital tract, are also believed to act as reservoirs for 
persistently infected cells.  Latency happens at a very low fre-
quency; only a small number of resting CD4+ T cells (approxi-
mately one million cells) harbor replication-competent latent 
provirus, which can be activated by mitogens[8].  Silencing of 
active infection in activated T cells and immediate silent inte-
gration in resting T cells both contribute to the establishment 
of latency, which has been demonstrated in vitro by several 
research groups[9–12].  The molecular mechanisms associated 
with latency are not completely understood[13–16].  In general, 
latency can be divided into pre-integration latency and post-
integration latency; the latter accounts for the establishment 
of the latent viral reservoir.  Latency can be maintained at 
transcriptional levels (eg, lack of transcriptional activators, 
condensed chromatin structure) or at post-transcriptional 
levels (eg, inhibition of nuclear RNA transport and inhibition 
of translation by microRNA), and it is generally assumed that 
maintenance at the transcriptional level is the case for the 
majority of latently infected cells.  Molecular mechanisms tar-
geting transcription consist of both trans-effects and cis-effects, 
including: (1) the chromatin environment around the integra-
tion site and transcriptional interference[17, 18]; (2) the epigenetic 
control of the HIV-1 promoter or the presence of repressive 
nucleosomes (nuc-0 and nuc-1)[19, 20]; (3) lack of crucial tran-
scriptional factors, such as NF-κB or nuclear factor of activated 
T cells (NFAT)[21], sub-optimal concentrations of transcrip-
tional activators such as Tat[22, 23] or the presence of transcrip-
tional suppressors such as CTIP2 (COUPTF Interacting Protein 
2)[24, 25], DSIF (DRB-Sensitivity Inducing Factor)[26] and NELF 
(Negative Elongation Factor)[27]; (4) the sequestration of posi-
tive transcriptional elongation factor b (P-TEFb) in its inactive 
form with HEXIM [hexamethylene bisacetamide (HMBA)-
induced protein 1] and 7SK snRNA (small nuclear RNA)[28–30].  

Two nucleosomes (nuc-0 and nuc-1) that assemble around 
transcription sites harbor markers of silent heterochromatin, 
such as low acetylation of histones, lysine 9 trimethylated 
histone 3 (H3K9me3) and heterochromatin protein 1 (HP1)[31].  
Disruption of nucleosomes by acetylation upon recruitment of 
histone acetyltransferase allows viral transcriptional activation 
to occur.  Similarly, the reversible methylation of histone or 
CpG islands around the 5′ long terminal repeat (LTR) also 
regulates the activity of the HIV promoter epigenetically[32].

It is worth noting that the CNS has several unique features 
that may result in differences in viral transcription and how 
latency is established.  These include CNS-specific cell types, 
altered LTR activity, unique transcription factors and unique 
epigenetic factors.  A large body of evidence has suggested 
that perivascular macrophages, microglia, and astrocytes, 

which are all susceptible to HIV infection, represent possible 
latent reservoirs in the CNS[33].  Phylogenetic and functional 
analyses showed reduced basal transcriptional activity of 
CNS-derived LTRs in astrocytes and T cells compared to that 
of non-CNS-derived LTRs, which most likely contributes to 
HIV-1 latency in the brain[34].  Unique transcription factors are 
also considered to be closely associated with HIV-1 latency in 
the brain.  The most important transcription factors relevant 
to HIV transcription include Sp1-4, NF-κB, AP-1, and C/EBP.  
An abundance of Sp3 relative to Sp1 in astrocytes can, in some 
part, explain the restriction of HIV-1 transcription within these 
cells[35].  In addition, Desplats and his colleagues reported that 
levels of BCL11B, heterochromatin protein 1 (HP1)α, methyl 
CpG binding protein 2 (MeCP2), and histone deacetylase 1 
(HDAC1) were significantly increased in CNS cells latently 
infected with HIV-1, favoring the idea that epigenetic factors 
are involved in silencing mechanisms[36].

Therapeutics used in reactivating latent virus
In recent years, small molecular compounds targeting 
different mechanisms involved in maintaining latency have 
been identified.  These can be categorized into the following 
groups, mainly based on pharmacological targets (Figure 1): 
(1) histone deacetylase inhibitors (HDACi); (2) cytokines and 
chemokines; (3) DNA methyltransferase inhibitors (DNMTI); 
(4) histone methyltransferase inhibitors (HMTI); (5) protein 
kinase C (PKC) activators; (6) P-TEFb activators; and (7) 
unclassified agents, such as disulfram[9].  These compounds 
have been suggested as agents to reactivate HIV-1 and 
eradicate viral reservoirs.  In addition, compounds with 
known pharmacological targets have also been found in large-
scale screenings.  We summarize the clinical application of 
several typical reactivating agents below.

Bromodomain and extra-terminal (BET) inhibitors
JQ1 is a cell-permeable compound with potent anti-cancer 
activity[37].  It interacts with bromodomains, exhibiting the 
highest specificity in Brd4.  Recently, several lines of evidence 
indicated that JQ1 reactivates latent HIV in both the clonal and 
primary cell model of HIV latency, providing evidence for its 
multifunctional utility[22, 36].  Specifically, it inhibits recognition 
of acetylated lysines relevant to actively transcribed chromatin 
by binding to the bromodomain-binding pocket.  When 
transcription initiates, the P-TEFb complex, comprised of 
cyclin-dependent kinase 9 (CDK9) and its regulatory partner 
cyclin T1 (CycT1), is recruited onto the HIV TAR loop through 
interactions with HIV Tat.  P-TEFb is maintained in a dynamic 
equilibrium between its inactive form when associated with 
the 7SK RNA complex and its active form when recruited 
to TAR by Tat. JQ1 is thought to increase the availability of 
P-TEFb by freeing it from its complex with 7SK RNA or Brd4.  
Notably, JQ1 and an HDACi or PKC agonist synergistically 
reactivated latent HIV in HAART treated patients, but JQ1 
treatment alone did not[22].
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HDACi
Histones are reversibly acetylated by histone acetyltransferases 
(HATs) and deacetylated by histone deacetylases (HDACs), 
which can be divided into three main classes based on their 
homologs in yeast.  Class I includes HDAC-1, -2, -3, and -8.  
Class II comprises HDAC-4, -5, -6, -7, -9, and -10.  HDAC-
11 has the properties of both Class I and Class II HDACs 
and therefore belongs to an individual group.  Histone 
acetylation influences chromatin architecture at transcription 
sites and is crucial for active gene expression.  Lysines 9 and 
14 of histone 3 (H3K9, H3K14), and lysine 16 of histone 4 
(H4K16) are generally involved in this process.  Acetylation 
of the histone tail is believed to decrease the compaction of 
chromatin thereby increasing the accessibility of chromatin 
to transcription factors and co-activators.  HDAC maintains 
HIV latency by deacetylating histones directly at provirus-
integrated sites or indirectly by inducing deacetylation of non-
histone proteins, such as NF-κB.  Accordingly, reactivating 

latent HIV by inhibiting HDAC represents a practicable 
strategy for the eradication of the latent HIV reservoir.  
Furthermore, intensive investigations of the pharmaceutical 
and toxicological properties of HDACis as anti-cancer drugs 
make these molecules the most advanced anti-latency agents 
in clinical trials.  HDACis are classified into four major 
structural families: short-chain aliphatic acids (including 
valproic acid and butyric acid), hydroxamic acids (such 
as trichostatin A and vorinostat), benzamides (including 
entinostat), and cyclic tetrapeptides and depsipeptides (such 
as trapoxin B and romidepsin).  These four classes of HDACis 
share the same molecular structure, consisting of a cap for 
HDAC surface recognition, a hydrophobic aliphatic linker 5–6 
carbons in length, and a head comprising a functional group to 
chelate the zinc cation in the catalytic center.  This functional 
group can be a hydroxamic acid, a benzamide group, a 
carboxylic acid group or an epoxide group.  Various HDACis 
were shown to reactivate the provirus in experimental systems 

Figure 1.  Multifactorial mechanisms governing HIV-1 latency and latency-reversing agents based on their pharmaceutical targets.  Different compounds 
have been identified that reactivate HIV-1 transcription.  In the cytoplasm, PKC agonists such as prostratin and brystatin 1 can activate PKC, which 
leads to the subsequent phosphorylation and degradation of NF-κB inhibitor IκB-α, followed by the freeing of p65/p50 and accumulation of p65/p50 
in the nucleus.  The binding of p65/p50 to the HIV LTR enhances initial transcription.  Disulfram promotes the degradation of PTEN and upregulates 
HIV-1 transcription upon activation of the Akt pathway.  Cytokines such as IL-7 and IL-15, which are involved in the JAK/STAT pathway, also have a 
positive effect on latent virus reactivation.  In the nucleus, the recruitment of the P-TEFb complex, comprised of CDK9 and cyclin T1, by HIV Tat is the 
prerequisite for transcription initiation.  JQ1, by binding to Brd4, can release P-TEFb and thereby promote transcription elongation.  HDACi inhibits 
deacetylation of histones and non-histone transcription factors, allowing for acetylation by the HATs, which is required for a more favorable chromatin 
structure.  In addition, DNMTIs, of which Aza-CdR is the prototype, and HMTIs, including DNZep and chaetocin, reactivate HIV-1 transcription by targeting 
DNMT and HMT, respectively.  
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or in primary cells isolated from patients under antiretroviral 
therapy (ART).  Below, we introduce several typical HDACis 
that are either in ongoing clinical trials or approved by the 
FDA.

Short chain aliphatic acids 
Butyric acid and valproic acid (VPA) belong to this category.  
VPA is a carboxylate HDAC inhibitor that is prescribed for 
seizures and psychiatric disorders.  It was the first HDACi 
proposed to reverse HIV latency.  However, VPA is weak and 
nonspecific in inducing HIV-1 out of latency in vitro.  Clini-
cal trials using a combination of HAART and VPA produced 
conflicting results.  In the first study by Lehrman et al, the 
frequency of resting cell infection was significantly reduced 
after VPA was added into ART[38].  In the subsequent clinical 
studies, no detectable changes in the size of the latent reservoir 
were observed between patients receiving HAART alone and 
patients receiving HAART plus VPA[39, 40].  Limited effects of 
VPA on latently infected resting CD4+ T cells were observed 
in a prospective study[41], and these effects waned over time.  
These studies clearly demonstrated that VPA, with or without 
HAART, was of limited value in decreasing the reservoir of 
latently infected resting T cells.  Nevertheless, other HDACis 
of high specificity and tolerability should be explored.  

Hydroxamic acids: SAHA/vorinostat, givinostat (ITF2357) and 
panobinostat (LBH-589)
To date, suberoylanilide hydroxamic acid (SAHA/vorino-
stat, VOR) is the best studied HDAC inhibitor with respect to 
HIV latency.  It has been named vorinostat and is currently 
approved by the FDA for the treatment of cutaneous T cell 
lymphoma.  SAHA reactivates latent viruses in a variety of 
in vitro cell models of HIV latency, including ACH-2, U1, and 
J-LAT and in resting CD4+ T cells isolated from ART patients.  
This evidence constitutes a proof-of-concept that clinical expo-
sure to SAHA might disrupt latent infection[42, 43].  However, 
whether treatment with SAHA will lead to reduction of the 
latent viral reservoir remains unknown.  Moreover, two other 
promising HDAC inhibitors are givinostat and panobinostat, 
which have been demonstrated to display potency in HIV 
infected cells[44, 45].  Notably, givinostat decreases expression 
of the HIV co-receptors CXCR4 and CCR5 on the cell surface 
of infected CD4+ T cells, and panobinostat has displayed a 
potency superior to that of multiple other HDACis, including 
VPA, vorinostat, givinostat, and belinostat[45].

Cyclic tetrapeptides and depsipeptides
Romidepsin (RMD; Istodax) is a natural cyclic peptide isolated 
from Chromobacterium violaceum that has been approved by 
the FDA to treat cutaneous T cell lymphoma.  In a comparison 
with vorinostat, RMD was superior in the following aspects: 
1) In an in vitro latency model, RMD displayed an EC50 value 
of 4.5 nmol/L and a CC50 value of 100 nmol/L, resulting in an 
approximately 20-fold selectivity window, whereas vorinostat 
was substantially less potent, with EC50 and CC50 values of 4 
µmol/L and 25 µmol/L, respectively.  RMD is also the most 

potent inducer of HIV with the lowest EC50 value to date; 2) 
The activation of HIV transcription is more durable with RMD 
than with vorinostat[46].  In both resting and memory CD4+ T 
cells isolated from combination antiretroviral therapy (cART)-
treated patients, a 4-h exposure to 40 nmol/L RMD induced, 
on average, a 6-fold increase in intracellular HIV RNA levels, 
whereas a 24-h treatment with 1 mmol/L VOR resulted in 2- 
to 3-fold increases[46].  RMD is a more robust inducer of HIV 
expression in latently infected cells than all other HDACis in 
clinical tests[46].  

Benzamide HDAC inhibitors
Entinostat (MS275) and mocetinostat (MGCD0103) also induce 
HIV expression from in vitro HIV-latently infected cell lines 
and primary cell models.  Entinostat mainly targets HDACis 
(HDAC 1, 2, 3), which are the HDACs most associated with 
HIV regulation.  Mocetinostat also targets HADC 1 and is cur-
rently undergoing clinical trials for Hodgkin lymphoma[47].  
Entinostat exhibits its highest potency against HDAC 1 
(nanomolar range) and is less potent against HDACs 2 and 3 
(micromolar range).  Currently, entinostat is being evaluated 
in 23 Phase I or II trials for a range of malignancies and has 
been demonstrated to be well-tolerated and negative in the 
Ames test.  In a mouse renal cancer model, entinostat has been 
shown to have suppressive activity for regulatory T cell func-
tion, which will be beneficial for eliminating HIV latency[48].  
In latently infected CCL19-treated primary T cells and the 
ACH2 cell line, entinostat led to higher virus production than 
SAHA[49].  Taken together, benzamide HDACis, with entino-
stat as the prototype, are an attractive novel option for future 
clinical trials.

Collectively, HDACis are promising and efficacious agents 
to reactivate latent HIV, and several related regimens are being 
administered in clinical trials.  Recent efforts have focused on 
developing novel HDACis with high specificity for a unique 
HDAC, as such inhibitors would be likely to have fewer “off-
target” effects.
 
DNA methyltransferase inhibitors (DNMTI)
In an effort to identify novel mechanisms governing latency, 
methyl-CpG binding domain protein 2 (MBD2) was identified 
by a cDNA screen in the J-Lat cell model as a transcriptional 
repressor closely associated with latency.  The HIV-1 promoter 
is hypermethylated at two CpG islands surrounding the HIV 
transcriptional start site.  MBD2 binds specifically to methyl-
ated DNA and consequently recruits HDAC, which leads to 
chromatin remodeling and histone deacetylation.  5-Aza-2’-de-
oxycytidine (Aza-CdR), which is approved for use in humans 
to treat myelodysplastic syndrome[50], was shown to reactivate 
latent virus on its own and to have an intensified synergistic 
effect when used in combination with NF-κB activators[51].  
Aza-CdR plus tumor necrosis factor (TNF)α activated latent 
virus replication at least twice as well as TNFα alone in J-Lat 
cells.  LTR dimethylation was observed after Aza-CdR treat-
ment, which correlated with a synergistic increase in proviral 
activation[52].  However, Aza-CdR treatment led to compli-
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cated results depending upon the cell line used.  For example, 
in J-Lat 10.6, ACH-2 and U1 cell lines, the combination of Aza-
CdR and TNFα did not increase or maintain activation but 
instead decreased activation, most likely because of a detri-
mental effect of Aza-CdR when used in some latently infected 
cells[52].  Overall, the ability of Aza-CdR to activate HIV rep-
lication exhibited a strong cell line dependence, highlighting 
the necessity for fairly elaborate combinations of latency acti-
vators and co-activators, and careful optimization of anti-HIV 
strategies.

Histone methyltransferase inhibitors (HMTI)
Histone H3 lysine 9 (H3K9) methylation plays an important 
role in HIV transcriptional regulation.  H3K9 trimethylation 
(H3K9me3), mediated by Suv39H1[53]; H3K27 trimethylation 
(H3K27me3)[54] and H3K9 dimethylation (H3K9me2), medi-
ated by G9α[19] lead to HIV transcriptional silencing in differ-
ent cell models, including peripheral blood mononuclear cells 
(PBMCs) from infected individuals.  Therefore, HMTIs could 
also be used to purge HIV-1 latent reservoirs.  Three specific 
inhibitors of lysine methyltransferase have been developed: 
chaetocin, which specifically inhibits SUV39 H1; and 3-deaza-
neplanocin A (DZNep) and BIX-01294, which act on the G9α 
HMT.

SUV39H1 has been implicated in maintaining HIV latency 
in microglial cells through its interaction with CTIP-2 and 
HP1 γ[53].  Similarly, G9α was also proposed to be involved 
in the establishment of HIV latency[19].  Chaetocin belongs 
to the 3–6-epi-dithio-diketopiperazines, which have been 
suggested to participate in immunosuppression[55] and 
anti-inflammation[56].  As a specific SUV39H1 inhibitor, 
chaetocin was observed to cause a 25-fold increase in latent 
HIV expression without significant toxicity or global T 
cell activation in Jurkat T cells[57].  Subsequently, another 
group observed that chaetocin induced HIV-1 recovery in 
50% of CD8-depleted PBMC cultures and in 86% of resting 
CD4+ T cell cultures isolated from HIV-1-infected, HAART-
treated patients[32].  Furthermore, the combinations of 
chaetocin+SAHA and chaetocin+prostratin have higher 
potential than the compound alone to reactive HIV replication 
from latent CD4+ resting T cells from patients[32].  BIX-
01294, as a diazepin-quinazolin-amine derivative, selectively 
suppressed the enzymatic activity of histone lysine 
methyltransferase (HKMT) G9α by binding to its SET catalytic 
domain.  BIX-01294 reactivated HIV-1 expression in 80% of 
resting CD4+ T cell cultures isolated from similar patients[32].  
However, in another experimental system, BIX-01294 was a 
comparatively poor inducer of latent proviruses and was only 
able to induce 21.1% of the latent proviruses in the E4 cell line 
after overnight exposure to the drug[54].  The broad-spectrum 
agent DZNep was reported to downregulate several HKMTs 
and to target EZH2[58].  Exposure of cells to 10 µmol/L DZNep 
led to global reductions in H3K27me3 (44% reduction) and 
H3K9me2 (70% reduction), accompanied by a reactivation of 
latent virus.  A synergistic effect was observed when DZNep 
and SAHA were combined[54].  The selective combination of 

DZNep and an HDACi provided the most effective means to 
reverse the epigenetic gene silencing; therefore, DZNep, which 
targets H3K27me3 formation, has great potential as a selective 
inducer of latent HIV-1 proviruses.

Protein kinase C activators 
Prostratin
Prostratin, a non-tumor-promoting phorbol ester, was 
reported to antagonize HIV latency in J-Lat cells, the SICD-hu 
Thy/Liv system, and the blood of patients with HAART-sup-
pressed HIV.  Importantly, unlike other related phorbol esters 
(eg, phorbol-12-myristate-13-acetate and 12-deoxyphorbol-
13-phenyl acetate (DPP)), prostratin is not a tumor promoter 
or an irritant.  Furthermore, prostratin even protects against 
tumor-promoting effects of these other agents, making it a 
good candidate for HIV therapy[59, 60].  In addition, prostratin 
elicits pleiotropic effects relevant to HIV treatment.  It causes 
downregulation of CD4, CXCR4 and, in some cases, CCR5 
and thereby protects CD4+ T cells from infection[61, 62].  Further 
investigation revealed that prostratin induces PKC-mediated 
phosphorylation, and the degradation of IκB and enables the 
subsequent release and penetration of transcriptional factor 
NF-κB into the cell nucleus, where NF-κB binds to LTRs, lead-
ing to transcriptional initiation[63].  However, research on pros-
tratin has relied exclusively on plant sources, which have low 
isolation yields.  Beans et al designed and synthesized prostra-
tin analogs that outperformed native prostratin.  These analogs 
exhibited higher affinity for PKC, with Ki values of less than 2 
nmol/L.  More importantly, these analogs induced latent virus 
20-fold more potently than the preclinical leading drug, pros-
tratin, in latently infected U1 cell lines.  Significantly, a potent 
lead analog also induced the expression of latent virus from 
PBMCs isolated from HAART-treated patients at the concen-
tration at which prostratin lost its efficacy.  These potent ana-
logs will facilitate the research and preclinical advancement of 
HIV/AIDS eradication[64].

Ingenol B (IngB)
A recent study found that a newly modified ingenol ester 
compound originally isolated from Euphorbia tirucalli, Ingenol 
B (IngB), reactivated latent viruses in J-Lat A1 cell lines and 
purified CD4+ T cells from HIV-1 infected patients under long-
term HAART[65].  IngB can effectively promote HIV transcrip-
tion through activation of the protein kinase C (PKC) δ-Serine 
664-NF-κB pathway or through a direct increase in NF-κB 
expression.  Furthermore, IngB has minimal cell toxicity and 
is more potent than prostratin, SAHA and JQ1 in reactivat-
ing latent infection in vitro.  A remarkable synergistic effect of 
IngB with JQ1 or HMBA in vitro would lead to a novel strategy 
in viral eradication.

In a recent report, a new semi-synthetic ingenol ester, 3-cap-
royl-ingenol (ING B), was shown to reactivate viral transcrip-
tion in primary resting T cells by up to 12-fold upon activation 
of the PKC isoform.  ING B outperforms a variety of current 
activators, such as SAHA, ingenol 3, 20-dibenzoate, PMA and 
HMBA and has a synergistic effect with SAHA[66].
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Cytokines and chemokines
Cytokines have been proposed to act not only as an alternative 
immunomodulatory therapy to HAART but also to activate 
latent proviruses and increase the turnover rate of the latent 
reservoir.  Therefore, several cytokines, eg, interleukin (IL)-2, 
IL-7, and IL-15, which share the same γ chain, have putative 
roles in latent reservoir clearance.  The first attempt to purge 
a latent pool of HIV-1-infected CD4+ T cells was performed 
using IL-2 and other T cell activators, such as anti-CD3 
antibody (OKT3).  However, these agents induced global 
activation of T cells, which caused unacceptable toxicities and 
failed to reduce the latent reservoir[67, 68].  In an investigation 
of the ability of IL-7 to purge latent virus, IL-7 was shown 
to have a greater capacity to activate latent reservoir from 
peripheral blood mononuclear cells (PBMCs) isolated from 
infected patients and CD4+ T lymphocytes than either IL-2 
alone or IL-2 combined with phytohemagglutinin (PHA)[69].  
Notably, IL-7 reactivated different provirus quasispecies than 
IL-2, indicating that different activators of proviral latency 
may perturb and deplete only a specific portion of proviruses 
in virally infected individuals.

Positive transcription elongation factor b activators
Hexamethylene bisacetamide (HMBA) is a hybrid bipolar 
compound that is a potent inducer of differentiation of vari-
ous transformed cells and induces apoptosis[70, 71].  Vlach et al 
observed that HMBA reactivated latent HIV-1 provirus with-
out any detectable changes in the binding patterns of nuclear 
proteins to the enhancer or leader sequences of the HIV-1 LTR 
in cells of T lymphocytic and monocytic origin[72].  Subsequent 
mechanistic studies revealed that HMBA activates Akt via 
phosphatidylinositol-3-kinase (PI3K), leading to the phosphor-
ylation of HEXIM-1 and the resultant release of active P-TEFb 
from its transcriptionally inactive complex with HEXIM-1 and 
7SK snRNA[72].  Notably, HMBA induces HIV-1 expression 
in latent infected CD4+ resting memory T cells from aviremic 
patients under treatment with ART[73].  The nuclear content 
of CDK9 increased, allowing recruitment of CDK9 by Sp1 to 
the HIV-1 LTR.  Concomitantly, the C-terminus of RNA poly-
merase II was hyperphosphorylated at the Ser2 and Ser5 resi-
dues, which is consistent with its roles in transcriptional initia-
tion and elongation[73].  This evidence indicated that HMBA 
may be a candidate to reactivate latent virus.

Unclassified agents
Disulfram (bis(diethylthiocarbamoyl) disulfide) is an FDA-
approved drug used to treat alcoholism.  It can inhibit alde-
hyde dehydrogenase and increase acetaldehyde levels in 
patients.  Xing et al found that disulfram reactivated latent 
HIV-1 in a Bcl2-transduced CD4+ T cell model without 
inducing global T cell activation[74].  However, the molecular 
mechanism of in vitro disulfram-induced HIV latency reac-
tivation is ambiguous.  A recent report found that disulfram 
induced-degradation of tensin homolog (PTEN) protein might 
contribute to upregulation of HIV-1 transcription through the 
Akt signaling pathway in U1 cell lines[75].  Importantly, only 

the parent compound and its first metabolite, diethyldithio-
carbamic acid (DDTC), can reactivate latent HIV-1, whereas 
subsequent metabolites, such as diethyldithiocarbamate 
methyl ester (DDTC-Me), lose their efficacy.  In a pilot clinical 
trial in which disulfram was administered for 14 d to HIV-1 
infected individuals on ART, no significant changes in either 
the residual viremia or in the size of the latent reservoir were 
observed[76].  Strikingly, the pharmacokinetics and pharmaco-
dynamics of disulfram were highly variable among subjects.  
The intersubject variability suggested that higher doses of 
disulfram might be more effective, and combining disulfram 
with other latency-reversing agents might have a more pro-
nounced effect on the eradication of the reservoir.  

In addition to disulfram, a number of compounds have been 
identified by large-scale screening of chemical and siRNA 
libraries in in vitro cell models of HIV latency; however, their 
mechanisms of action remain elusive.  Two classes of deriva-
tives of quinoline-8-ol; Mannich adducts of 5-chloroquinolin-
8-ol and quinolin-8-yl carbamates were discovered to reacti-
vate HIV-1 expression without causing T cell activation using 
a high-throughput system (HTS)[77].  Furthermore, Micheva-
Viteva et al discovered antiviral 6 (AV6) using cell-based HTS 
assays.  In subsequent studies, they demonstrated that AV6 
required NFAT to reactivate latent infection, and demon-
strated the broad spectrum of its latency-reversing activity in 
a variety of cells, including lymphocyte-based clonal cell lines 
and latently infected patient cells[78].

Summary
The extensive current studies of molecular mechanisms asso-
ciated with HIV latency have expanded our knowledge of 
new drug targets, allowing for the development of novel anti-
latency therapeutics.  Several groups of latency-reversing com-
pounds have been identified and tested in laboratories and 
preclinical trials.  However, the tested eradication cures so far 
have yielded complicated or unsatisfactory results, and sev-
eral setbacks have occurred.  A major obstacle in evaluating 
new latency-reversing agents is the lack of a suitable model 
representing latency in vivo.  Currently available cell lines and 
several primary cell models fail to fully mimic the process in 
AIDS patients.  Therefore, to provide a standard representa-
tion of persistent HIV-1 infection to evaluate new agents, non-
human primate animal models can be used because these 
models faithfully represent the in vivo latently infected cells in 
the ART setting.  Another unresolved issue in this strategy is 
the poor capacity to reduce the latent reservoir in clinical trials 
when a single reactivating agent is used.  In addition, single 
agents likely purge only a highly specific quasispecies of latent 
virus or purge virus from only specific cell types.  Therefore, a 
combination of several latency reactivating agents is required 
to obtain a satisfactory result.  Another overarching question 
is whether the increase in viral protein expression in reac-
tivated cells induced by these compounds will lead to viral 
cytopathogenicity and/or elimination by cytotoxic T cells.  To 
this end, Siliciano et al recently reported that unstimulated 
HIV-specific cytotoxic T cell lymphocytes (CTLs) failed to kill 



914

www.nature.com/aps
Shang HT et al

Acta Pharmacologica Sinica

npg

the latently infected cells reactivated by SAHA.  In contrast, 
antigen-specific stimulation of patients’ CTLs led to rapid kill-
ing of these SAHA-reactivated cells[79].  Moreover, monocytes, 
macrophages and myeloid dendritic cells are more resistant 
to viral cytotoxic effects.  Therefore, significant boosting of the 
CTL response before viral reactivation represents a necessary 
supplemental strategy for the latency-reversing approach.

Despite the hurdles in HIV-1 eradication in vivo, remarkable 
progress has been made in this field.  In particular, novel 
strategies utilizing new anti-latency agents have been 
proposed and are in both preclinical and clinical trials, which 
will enable the field to move closer to effective clearance of 
HIV-1 in the future. 
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