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Review

Human Immunodeficiency Virus 1 (HIV-1): 
Viral Latency, the Reservoir, and the Cure
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An estimated 37 million people globally suffer from Human Immunodeficiency Virus-1 (HIV-1) infection 
with 1.7 million newly acquired infections occurring on average each year. Although crucial advances in 
combined antiretroviral therapy (ART) over the last two decades have transformed an HIV-1 diagnosis into 
a tolerable and controlled condition, enabling over 20 million people living with HIV-1 to enjoy healthy 
and productive lives, no cure or vaccine yet exists. Developing a successful cure strategy will require 
a firm understanding of how viral latency is established and how a persistent and long-lived latent is 
generated. The latent reservoir remains the primary obstacle for cure development and most putative cure 
strategies proposed fundamentally address its eradication or permanent suppression.
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INTRODUCTION

Human Immunodeficiency Virus-1 (HIV-1) remains 
a clinical burden after more than three decades following 
its discovery as the cause of acquired immunodeficiency 
syndrome (AIDS). Until the introduction of highly ef-
fective combined antiretroviral therapy (ART) in 1995, 
a positive HIV-1 diagnosis was generally accepted as a 
death sentence. Today, with more effective daily ART 
regimens available every year, HIV-1 has become a man-
ageable condition during which people living with HIV-1 

lead productive and otherwise healthy lives. It is appar-
ent, however, that ART is not a cure and cannot complete-
ly clear the infection because any protracted interruption 
in the daily ART schedule will lead to rebound of viral 
replication and clinical symptoms. ART functions to in-
hibit viral replication of a new generation of target cells 
but it cannot eradicate a small but robust long-lived cel-
lular reservoir of infected cells that have archived repli-
cation-competent viral DNA. The cellular latent reservoir 
is generated by the capacity of HIV-1 to integrate a DNA 
copy of its genome, reverse transcribed from two RNA 
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genomic templates, into the genome of infected host 
cells. Reservoir persistence is maintained despite daily 
ART treatment and as a result, there remains no cure, full 
or functional, for HIV-1 infection.

This review provides a comprehensive overview of 
our current understanding of the HIV-1 viral latency and 
the latent reservoir with a focus on current cure strate-
gies designed to prevent viral rebound and promote viral 
remission in patients undergoing therapy interruption. A 
brief examination on promising cure strategies will fol-
low, concentrating on how the reservoir can be targeted, 
eradicated, or permanently suppressed.

HIV-1 VIRAL ENTRY AND INTEGRATION

Viral entry begins upon engagement of the viral en-
velope glycoprotein (Env) with surface CD4 on the plas-
ma membrane of the target cell. HIV-1 Env is structured 
as a trimer of heterodimers consisting of two non-co-
valently bound subunits, gp120 and gp41, originally 
cleaved from a gp160 precursor. HIV-1 Env functions 
as a Type I membrane fusion machine with gp120 posi-
tioned on the trimer apex and the transmembrane gp41 
protein embedded within the viral membrane anchoring 
the trimer to the viral particle [1-7]. The CD4 binding site 
of gp120 engages one or more CD4 molecules on the host 
cell, inducing a conformational change that reveals an ad-
ditional co-receptor binding site. HIV-1 has evolved to 
exploit two main co-receptors for entry, C-C chemokine 
receptor 5 (CCR5) and C-X-C chemokine receptor type 
4 (CXCR4) [8-10]. Once the co-receptor binds the gp120 
co-receptor binding site, it activates the gp41 for fusion. 
Fusion peptide insertion into the target cell membrane 
purportedly induces gp41 to undergo an additional con-
formational change into a “six-helix bundle,” releasing 
enough free energy to overcome the repulsion between 
the negatively charged membranes to fuse viral and cellu-
lar membranes, delivering the viral capsid into the target 
cell cytosol [1-11].

The viral capsid engages with several host proteins to 
facilitate uncoating and reverse transcription of two RNA 
genome strands into a complimentary DNA (cDNA) copy 
and the formation of an integration-competent pre-inte-
gration complex (PIC) for entry though the nuclear pore. 
The capsid travels along the host cell’s microtubule net-
work to traffic to the nuclear pores during which time re-
verse transcriptase within the viral capsid core begins to 
generate a double-stranded cDNA molecule. Successful 
reverse transcription and uncoating requires the bind-
ing of the host protein Cyclophilin A (CypA) to the CA 
subunit of the viral capsid, suggesting that uncoating is 
a sequential process that may require some cytosolic re-
modeling of the capsid core prior to full disassembly [12-
16]. In addition, successful import of the completed PIC 

into the nucleus requires the binding of an additional host 
protein, Cleavage and poly‑adenylation specificity factor 
6 (CPSF6) to the capsid core, further enhancing core sta-
bility during cytoplasmic trafficking [17-20].

The PIC consists of a large nucleoprotein complex 
comprised of host proteins as well as a processed cDNA 
molecule associated with HIV-1 Integrase, which catalyz-
es the endonuclease-mediated priming of the 5’ and 3’ 
ends of the cDNA for full integration into the host ge-
nome [21]. HIV-1 primarily integrates into transcription-
ally active chromatin regions exhibiting hallmark histone 
modifications associated with active transcriptional sites, 
e.g. H3K4me1 and me2, H3K27me1, and H3K36me3 
[22-26]. The host protein LEDGF/p75 functions to great-
ly enhance integration efficiency while mediating HIV 
integration into actively transcribed genes, mainly with-
in introns [27,28]. Once integrated, the HIV-1 cDNA is 
termed a provirus and can now be accessed by the host 
cell transcriptional machinery to produce viral protein. 
Overall, integration of an HIV-1 provirus into the host 
cell genome can lead to three general outcomes: 1. the 
triggering of apoptosis from double-strand DNA break-
age caused by the integration event, 2. active transcrip-
tion of the provirus, 3. and the transcriptional repression 
of the proviral sequence, the critical hallmark of latent 
HIV-1 infection [29]. Such latently infected cells consti-
tute a persistent reservoir of HIV-1 genetic information 
that, when ART suppression is lifted, will give rise to re-
crudescent viremia.

THE HIV-1 LATENT RESERVOIR: 
CELLULAR COMPOSITION, 
MAINTENANCE, AND PERSISTENCE

A cellular reservoir of HIV-1 latently infected cells 
was discovered in the years following the advent of ART 
[30-33]. Groundbreaking studies conducted between 
1996 and 1997 determined that over the course of treated 
infection, HIV-1 plasma viremia exhibited a multiphasic 
decay pattern, in which the majority of plasma viremia 
declined rapidly with a half-life of approximately one day 
with a subsequent phase calculated to have a half-life of 
about 20 days [34-38]. These phases were quickly associ-
ated with the depletion of productively infected cells and 
the gradual depletion of longer-lived target cells, respec-
tively. In addition, if ART was optimal, HIV-1 viremia 
could be brought to below the limit of detection of PCR-
based assays used at the time. These results were encour-
aging and it was believed that ART could fully clear HIV-
1 infection in patients after only 2-3 years of interrupted 
treatment, if indeed the decay kinetics measured truly 
represented the total HIV-1 infected cell compartment 
in infected patients [38]. However, this notion was soon 
discredited as clinical findings revealed that virtually all 
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patients experienced full rebounding viremia if ART was 
interrupted, usually within 2 weeks following therapy in-
terruption [39,40]. Moreover, the length of ART adher-
ence had no effect on whether this rebound would occur. 
It soon became evident that earlier measurements were 
incomplete and additional latently infected cell compart-
ments persisted in ART treated patients. Subsequent stud-
ies showed that the main cellular reservoir consisted of 
resting memory CD4+ T cells due to the fact that these 
populations could readily produce replication-compe-
tent virus upon in vitro induction in ART treated patients 
[31,33,41]. Afterwards, the existence of a latent reservoir 
comprised predominately of resting memory CD4+ T 
cells was widely accepted.

Memory T cells can be categorized into five general 
groups, central memory cells (Tcm), transitional mem-
ory (Ttm), effector memory cells (Tem), tissue-resident 
memory (Trm), and stem cell memory (Tscm) [42]. Each 
group is defined phenotypically by the surface expres-
sion of specific chemokine and homing receptors. The 
differential expression of these select surface markers 
determine the trafficking behavior and functionality of 
each group [43]. Latent HIV-1 has been detected in each 
memory cell subset described, yet the reservoir appears 
to be comprised primarily of Tcm and Ttm cells, which 
together preferentially contain the majority of integrated 
HIV-1 DNA in infected patients [44-46]. Tem reservoirs 
have also been claimed to make up a large fraction of the 
total latent reservoir in patients and Tscm cells have been 
identified as a self-renewing reservoir in patents during 
long-term ART [47,48].

In order to design rational strategies against the la-
tent reservoir, it is important to understand where the 
reservoir resides within the body and how the reservoir 
persists over the course of decades while patients con-
tinue to maintain daily ART. From the discussion above, 
it can be assumed that resting memory CD4+ T cells 
are present throughout the body, both in circulation and 
within tissues. Initial reports surveying the distribution 
of latently infected resting memory cells in humans and 
in SIV-infected rhesus macaques demonstrated that such 
cells could be found in about equal frequency in blood 
and tissue compartments [31,49-52]. Preliminary reports 
also provide evidence that latently infected cells are har-
bored within multiple secondary lymphoid tissue sys-
tems. These reports claim that active transcription occurs 
in lymphoid tissues in vivo during ART suppression, and 
that viral recrudescence emerges in multiple lymph node 
tissues in parallel during ART interruption, both suggest-
ing a reservoir that is, in part, tissue localized [47,53].

Since its discovery, the stability of the latent reser-
voir was believed to be due to the natural longevity of 
different subsets of resting memory CD4+ T cells [31,54]. 
Indeed, IL-7 and IL-15 mediated homeostatic prolifera-

tion of memory T cell subsets has been proposed to ex-
plain reservoir stability over time as well as a mechanism 
to increase the level of infected cells in vivo [44,55]. In-
fection of a memory T cell population discovered to have 
self-renewing stem-like properties has also been put for-
ward to explain some degree of reservoir persistence, as 
described earlier [48]. New findings have also revealed 
that latent HIV-1 infection can be established in resting 
memory cells displaying a T follicular helper cell (Tfh) 
phenotype, a crucial helper T cell population that provides 
necessary signals to B cells undergoing proliferation and 
somatic hypermutation in germinal centers [56-59]. Tfh 
cells can enter germinal centers and purportedly evade 
CD8+ T cell mediated cytotoxicity. As a result, germinal 
centers are increasingly described as a site of “immune 
privilege” in which latently infected Tfh cells can persist 
for long periods while avoiding the adaptive immune re-
sponse. When transitioning to a resting memory state, in-
fected Tfh cells harboring a latent provirus can comprise 
a significant fraction of the latent reservoir [57,58,60]. 
Identifying the contribution made by Tfh cells, both cir-
culating in the peripheral blood and resident in secondary 
lymphoid tissues, to HIV-1 persistence during active and 
suppressed infection has currently become a stimulating 
area of research.

Residual viral replication in tissues during suppres-
sive ART may indirectly maintain the latent reservoir and 
act as a means of HIV-1 persistence. In theory, low-grade 
inflammation induced by trace levels of viral replication 
could promote reservoir replenishment to a small ex-
tent. Although one report suggested that low-level viral 
replication occurs in secondary lymphoid tissues under 
ART, these findings have been met with skepticism and 
the concept remains highly controversial [61]. However, 
additional findings from another report support the claim 
of low-level active viral replication in elite controllers 
in the absence of ART [47]. The authors found genetic 
signatures of active viral replication in Tfh and non-Tfh 
memory cells in lymphoid tissues and also revealed that 
latently infected cells found in the blood compartment 
contained inducible provirus closely related to less diver-
sified virus present during early infection. Between the 
tissue and blood compartments were circulating memory 
cells that contained more diversified virus, presumably 
of recent origin. Taken together, these data suggest that 
active viral replication in Tfh cells protected in privileged 
immune sites may facilitate reservoir persistence in un-
suppressed individuals. Whether these events are also 
present in in non-elite controllers during ART suppres-
sion is still unknown.

Important work in recent years has identified that the 
clonal expansion of resting memory CD4+ T cell popula-
tions can contribute up to 50-60% of the entire reservoir 
at any given time during infection [62-66]. Some studies 
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the introns of transcriptionally active genes found in eu-
chromatic regions of the host cell genome [22-26]. This 
is mainly the result of the host factor LEDGF/p75, which 
binds to the HIV-1 preinitiation complex (PIC) following 
nuclear entry for recruitment to sites of open gene tran-
scription [27,28]. A recent report claims that HIV-1 inte-
grates preferentially in a subset of transcriptionally active 
regions and that integration most often occurs in chroma-
tin loops in close proximity to the nuclear pores [73]. In 
contrast, HIV-1 integration is strongly disfavored in tran-
scriptionally active regions located in the nuclear core, 
suggesting that chromatin topography may play a critical 
role in determining integration sites [73]. Integration also 
has been shown to occur frequently in close proximity 
to highly repetitive Alu elements, which are enriched in 
HIV-1 integration hotspots [23,70].

The integrated provirus possesses identical 5’ and 
3’ long terminal repeat (LTR) sequences, a consequence 
of reverse transcription, and the 5’-LTR acts as a tran-
scriptional promoter, containing binding sites for host 
transcription factors found in high concentrations in ac-
tivated CD4+ T cells, e.g. NF-κB, AP1, and NFAT [74-
77]. Although these transcription factors alone can pro-
mote low-level HIV-1 gene expression via recruitment of 
coactivators p300 and CREB and the RNA Polymerase 
II (Pol II) transcriptional machinery, transcriptional ac-
tivation at the 5’-LTR is induced predominantly via the 
binding of the HIV-1 accessory protein Trans-activator 
of transcription (Tat) to two RNA stemloop structures 
formed from nascent HIV-1 RNA transcripts (i.e. TAR 
sites) [78]. Cooperative binding of Tat to the host coacti-
vator pTEF-b (a protein complex consisting of cyclin T1 
and CDK9) mediates binding to TAR sequences within 
the 5’-LTR and allows pTEF-b to phosphorylate Pol II 
resting on the 5’LTR promoter [79-82]. Pol II phosphor-
ylation is required for continuous RNA transcription and 
precludes premature pausing on the DNA template [83-
85].

Epigenetic modification is also required for suc-
cessful proviral gene expression. The transcriptionally 
repressive nucleosomes nuc-0 and nuc-1 preferentially 
assemble at the 5’-LTR of integrated proviruses and can 
preclude the elongation of HIV-1 RNA transcripts [86]. 
Histone hypoacetylation is required to maintain nuc-
1 at sites of transcriptional repression, suggesting that 
the proper positioning of nucleosomes along the HIV-1 
provirus, facilitating access to the host transcriptional 
machinery, is mediated in part by endogenous levels of 
histone deacetylases (HDACs) [87,88]. Notably, meth-
ylation of the LTR, a common epigenetic form of gene 
repression, is not prevalent on integrated proviral LTRs, 
even though some reports have shown that the histone 
methyltransferases EZH2, G9a, and SUV39H1 can con-
tribute to HIV-1 latency [89,90].

have demonstrated that clonal propagation resulting from 
the recognition of cognate antigen by a memory cell clon-
al population, the so-called memory response mounted 
against a previously encountered antigen, can contribute 
to reservoir persistence [67]. In support of this concept, 
co-infections with Epstein-Barr Virus (EBV) and cyto-
megalovirus (CMV) have also been shown to promote 
antigen-associated proliferation of latently infected mem-
ory T cell clones specific against EBV and CMV antigens 
[68].

Clonal expansion was convincingly demonstrated by 
parallel reports that took advantage of next-generation 
genome sequencing of the junction between integrated 
HIV-1 proviruses and adjacent host sequences to deter-
mine the exact chromosomal location of each integration 
event [62,69]. Together, these reports concluded that the 
proliferation of rare CD4+ T cell clones may be a major 
factor involved in maintaining the latent reservoir over 
time. A follow-up study revealed that the vast majority 
of expanded clones harbored defective proviruses, unable 
to produce mature infectious viral particles, and expand-
ed clones carrying fully infectious replication-compe-
tent provirus were extremely rare [70]. To explain this 
observation, this report suggested the paucity of replica-
tion-competent clones was the result of HIV-1 induced 
apoptosis following activation from a resting state. This 
model implies that most clonally expanded latently in-
fected cells would then carry defective proviruses that 
would not lead to apoptosis upon reactivation, which is 
indeed what the group observed in their patient data [70]. 
Other groups argue that T cell activation and HIV-1 tran-
scription are separate and decoupled processes, and they 
claim rare expanded clones carrying replication-compe-
tent proviruses do persist under normal infection con-
ditions [63,65-67]. Moreover, up to about 11% of pro-
viral sequences in the reservoir persisting in any given 
patient may be replication-competent [71]. Interestingly, 
subsequent reports have even suggested that some open 
reading frames in defective proviruses were indeed tran-
scriptionally intact, providing a mechanism to “distract” 
CD8+ T cell responses from the replication-competent 
reservoir via antigen presentation by latently infected 
cells that cannot produce infectious virus [72]. Although 
clonal expansion has been well documented in multiple 
patient samples, whether this process is a primary driver 
of latent reservoir persistence in a general sense is still a 
matter of debate.

MOLECULAR BIOLOGY OF HIV-1 LATENCY

In order to interrupt the development of the latent 
reservoir, it is crucial to understand the molecular mech-
anisms underlying the promotion and maintenance of 
HIV-1 latency. HIV-1 integration occurs primarily within 
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overall function of the viral accessory protein Tat, which 
may act as the primary driver of HIV-1 latency and provi-
ral transcriptional elongation. Interestingly, tat is one of 
the earliest gene transcripts generated, and sustained tat 
expression can promote a powerful feed-forward loop of 
proviral transcriptional elongation, which results in the 
enhancement of total HIV-1 gene expression via a virally 
intrinsic latency program. Some studies have suggested 
that tat-dependent transcription is primarily a stochastic 
process in which cell-to-cell variability of available host 
transcription factors and cofactors establish a “threshold 
level” for successful HIV-1 transcription [71,97,98]. If 
the concentration of available Tat rises above this lev-
el, tat expression can amplify HIV-1 gene transcription 
and initiate the feed-forward loop described above. This 
model suggests that proviral gene expression is regulated 
mainly at the level of gene transcription with the proviral 
element persisting categorially in either an ON and OFF 
state, dependent on the successful recruitment of RNA 
Polymerase II to the 5’-LTR promoter. Studies showing 
that small molecule drugs that can increase transcription-
al noise, due to the longer occupancy of RNA Polymerase 
II at the 5’-LTR and therefore greater frequency of sus-
tained transcriptional bursts, increase the probability of 
the proviral ON state, providing support for this model 
[99]. Furthermore, additional studies have provided ev-
idence that a Tat-mediated intrinsic latency program can 
actually provide an evolutionary benefit to HIV-1 and that 
latency is ultimately an adaptation derived from natural 
selection [100]. According to this view, HIV-1 latency en-
hances overall viral transmission between hosts by main-
taining low infection levels at barrier mucosal tissues 
during the onset of infection and allowing for a higher 
probability of subsequent systemic spread [100]. Wheth-
er HIV-1 latency is the result of host cellular functional 
states at the moment of infection, is controlled via a vi-
rally intrinsic program, or is perhaps the consequence of 
both, remains to be determined.

CURE STRATEGIES TARGETING THE 
LATENT RESERVOIR

Eradication or the permanent suppression of the la-
tent reservoir are the primary objectives for HIV-1 cure 
strategies. Current efforts concentrate on target reactiva-
tion of the CD4+ T cell pool in an infected patient in order 
to drive the clearance of all latently infected cells via host 
innate and adaptive cellular immune responses, termed 
“shock-and-kill.” Extensive progress has been made on 
this front, particularly with small molecules and broadly 
neutralizing antibody immunotherapies.

Initial studies to reactivate cellular latent reservoirs 
employed IL-2 therapy and T cell receptor (TCR) ago-
nists to mimic native CD4+ T cell activation [101,102]. 

Why and how latent infection occurs during HIV-
1 infection is unclear. HIV-1 replicates continuously 
throughout untreated infection and exhibits remarkable 
immune evasion capacity, avoiding immunological con-
trol by both humoral and CD8+ cytotoxic T cell responses 
without the need to reside in a quiescent state. One model 
has been proposed to explain the generation and the low 
frequency of the latently infected cell pool during in vivo 
infection [91]. This model suggests that latent infection 
is the result of a small population of activated CD4+ T 
cells infected during the transition to or reversion back to 
a memory cell. The global intracellular environment of 
resting memory cells, as well as the genomic and chroma-
tin landscape surrounding the integrated provirus, fosters 
latent over productive infection. In support of this mod-
el, resting memory cells maintain a repressive chromatin 
environment proximal to integrated proviral DNA, and 
crucial transcription factors are sequestered within the 
cytosol and are unavailable to bind the 5’-LTR [88,92]. 
Additionally, cofactors such as pTEF-b, and other es-
sential cellular cofactors for HIV-1 proviral transcription 
such as CycK/CDK13 and CycL/CDK11 [93], are found 
primarily in an inactive non-phosphorylated state, un-
available for proviral transcriptional initiation at the 5’-
LTR promoter [94]. It has been postulated that so-called 
effector-to-memory transitioning (EMT) cells, which ex-
hibit high levels of CCR5+ coreceptor, sufficient levels of 
dNTPs due to low level expression of SAMHD1, and also 
sequester critical transcription factors in the cytosol, pro-
vide a suitable an intracellular environment that encour-
ages latent infection [91]. Since very few activated CD4+ 
T cells survive the contraction phase of a natural immune 
response and progress to EMT cells during memory cell 
transition, rare infection of EMT cells can also explain 
the low frequency of latent cells (between 0.03-3 cells per 
million resting CD4+ T cells) comprising the reservoir 
[95]. In summary, according to this model, HIV-1 latent 
infection is primarily the result of both the availability 
of critical transcription factors and cellular cofactors and 
the overall chromatin landscape surrounding the integrat-
ed provirus. As a result, latent infection may be induced 
when target cells are infected while transitioning to a rest-
ing cellular state with low intracellular levels of required 
transcription factors, cofactors, and a higher frequency of 
chromatin modifications that lead to repressed gene tran-
scription.

A cell-state dependent model for latency, although 
intuitive, does not explain some critical features of latent 
infection, in particular, recent findings suggesting that 
latency reversal and HIV-1 transcription is not always 
directly coupled to cellular reactivation and the availabil-
ity of activation-associated transcription factors [71,96]. 
An alternative argument can be made that viral latency 
may be more directly associated with the expression and 
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prior observations that a large fraction of HIV-1 infected 
CD4+ T cells are also specific for HIV-1 antigen. Toll-
Like Receptor 7 (TLR7) activation by the TLR7 agonist 
GS-9620 has been demonstrated to promote profound re-
activation of CD4+ T cells via increased levels of type 
II interferon (i.e. IFN-γ) [114]. Remarkably, in a SIV in-
fected non-human primate (NHP) model in combination 
with an recombinant adenovirus serotype 26 prime vac-
cine (Ad26) prior to a modified vaccine Ankara (MVA) 
boost, GS-9620 stimulation promoted a broad immune 
response against SIV that led to a dramatic delay in viral 
rebound following ART interruption [115]. Furthermore, 
a vaccine cocktail that delivers an almost full represen-
tation of possible HIV-1 quasispecies could potentially 
reactivate HIV-1-specific CD4+ T cells within the reser-
voir leading to their ultimate elimination [116,117]. This 
method could reduce the reservoir to levels that could 
be managed in average patient lifetimes considering that 
HIV-1-specific CD4+ T cells comprise a large subset of 
HIV-1 infected cells in vivo [118,119].

Reactivating HIV-1 latent cells exposes them to at-
tack by the host immune system, but native responses may 
need to be enhanced in order to achieve full eradication 
of the reservoir. CD8+ CTLs are largely responsible for 
establishing a viral set point during untreated chronic in-
fection, underlying their importance in eliminating HIV-1 
infected cells [120-124]. However, many challenges will 
have to be overcome in order to direct an efficient CTL 
response. HIV-1 quasispecies evolve rapidly during in-
fection and CTL escape mutants ultimately emerge due 
to persistent positive selection exerted by the immune 
system and these escape mutants can become archived in 
the reservoir [125]. In addition, as previously discussed, 
defective proviruses can express HIV-1 protein antigens 
that can modulate the CTL response against the reservoir 
by acting as decoys [71,72]. Also, CD8+ CTLs under-
go immune “exhaustion” during chronic viral infection 
such as HIV-1 due to persistent exposure to viral antigen, 
characterized by reduced responses to activation signals, 
reduced levels of cytotoxicity, and expression of exhaus-
tion surface markers such as PD-1 [126,127].

To address these challenges, various strategies have 
been implemented to enhance CTL recognition of re-
activated latently infected cells, maintain efficient CTL 
responses in the presence of escape mutants, and circum-
vent CTL exhaustion that normally occurs during pro-
longed responses against chronic viral infections. One 
strategy aims to stimulate a subset of CD8+ CTL clones 
that recognize predominating HIV-1 antigens presented 
following latency reactivation with potent IL-15 super-
agonists [128]. Promisingly, a CMV-based vaccine vec-
tor developed from the CMV strain 68.1 has been used 
in SIV infected NHPs, resulting in a broader and more 
robust CTL response elicited from other viral vector 

Unfortunately, lymphocyte activation was not specific to 
cells latently infected with HIV-1, and these treatments 
resulted in severe complications without clear evidence 
for reservoir eradication. It became apparent that global 
reactivation of lymphocyte populations would not consti-
tute a viable cure option. Small molecules targeting the 
epigenetic regulation of HIV-1 proviral transcription were 
screened in the hopes of discovering a reagent that could 
reverse latency without undesired immune toxicity. As 
described previously, nucleosomes nuc-0 and nuc-1 are 
recruited to integrated HIV-1 proviral DNA and inhibit 
host transcriptional machinery [86]. Acetylation of nuc-0 
and nuc-1 remodels these nucleosomes and releases tran-
scriptional inhibition of the provirus. Consequently, inhi-
bition of histone deacetylases (HDACs) could potentially 
maintain replication-competent proviruses in a transcrip-
tionally active state. As a result, the characterization of 
novel HDAC inhibitors as well as other small molecules 
targeting epigenetic regulation of HIV-1 transcription, 
collectively called latency reversing agents (LRAs), has 
become a top research priority. Other categories of LRAs 
include methylation inhibitors, bromodomain and extra-
terminal domain (BET) inhibitors, and Protein Kinase C 
(PKC) agonists [103-110]. Pharmacological evaluation 
of candidate LRAs has been challenging, however, due to 
the fact that many drug candidates that reactivate latent-
ly infected cell lines in vitro fail to demonstrate a strong 
capacity to reactivate HIV-1 infected primary cells ex-
tracted from infected patients [110]. One report demon-
strated that the only effective single-compound treatment 
in HIV-1 positive patient CD4+ T cells was the PKC ag-
onist bryostatin-1, which unfortunately has a high clin-
ical toxicity [110]. Additionally, clinical trials using the 
HDAC inhibitor valproic acid, also failed to show signif-
icant reduction of the latent reservoir in treated patients 
[111,112].

Strategies to reactivate the latent reservoir without 
inducing CD4+ T cell activation itself have also been 
attempted [96,99,113]. Interestingly, administration of 
5-hydroxynaphthalene-1,4-dione (5HN) has been shown 
to reactivate latent HIV-1 without functionally activating 
the CD4+ T cell global activating NFAT and Protein Ki-
nase C (PKC) signaling networks. Moreover, delivery of 
tat-loaded exosomes to resting CD4+ T cells reactivated 
latent HIV-1 gene expression without cotreatment of T 
cell activation agents or other LRAs [113]. These data 
suggest that HIV-1 latency reversal is possible without 
global T cell activation, albeit at lower overall levels, and 
further support the model that HIV-1 latency is a hard-
wired feature of HIV-1 infection that relies more on the 
stochastic nature of gene transcription than the overall 
physiological state of the infected host cell.

Alternative approaches for reservoir reactivation 
target innate immune recognition pathways and exploit 
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layed in each monkey treated with both PGT121 and GS-
9620 and roughly half of dual-treated monkeys exhibits 
no viral rebound within six months of ART cessation. 
The authors demonstrated that GS-9620 activated mul-
tiple immune cells, including CD8+ CTLs and NK cells. 
The authors speculate that global immune activation, me-
diated by GS-9620, activated latently infected cells. Ac-
tivated HIV-1 infected cells would express cell-surface 
Env which would bind to PGT121. PGT121 binding to 
activated HIV-1 infected cells would in turn facilitate cell 
clearance by ADCC via NK cell and CTL Fc receptor en-
gagement [148].

The studies described above provide clear evidence 
that reactivation of resting memory CD4+ T cells that 
may promote latency reversal combined with a means to 
recruit both functional innate and adaptive cellular im-
mune responses constitute a possible therapeutic cure for 
HIV-1 infection. In addition, these studies underscore 
the need for tractable animal models to test individual 
components of HIV-1 cure strategies, due to the fact that 
successful combination therapies using bNAbs have been 
shown to be effective in humanized mouse models before 
direct testing in NHPs and human patients.

CONCLUSION

Currently, two reports of individuals exhibiting 
long-term viremic remission have demonstrated that a 
functional cure is indeed possible, and a renewed inter-
est in developing new HIV-1 eradication strategies has 
emerged as a result [149,150]. Consequently, there has 
been a robust research effort to characterize HIV-1 rep-
lication-competent cellular reservoirs and understand the 
mechanisms underlying reservoir persistence in peripher-
al and tissue compartments. Together with a growing rep-
ertoire of highly potent bNAbs, extensive efforts in LRA 
small molecule discovery, and combinations of different 
anti-viral and immunological regimes, one can remain 
optimistic about an eventual transition from potential 
cure strategy to effective clinical therapy. With contin-
ued funding, continuing clinical trials, and the courage 
to take risks, we can remain hopeful that the cure can be 
achieved.
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