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The persistence of latent, replication-competent HIV-1 proviruses in resting CD4+ T cells, and other cellular reservoirs, represents a major barrier to a cure. This reservoir is impervious to the immune system and to antiretroviral therapy, but has the potential to produce infectious rebound virus if antiretroviral therapy is interrupted. There are multiple ongoing efforts to identify and/or develop novel therapeutic strategies to eliminate or silence this latent reservoir of HIV-1 infection. One of these strategies is termed “block and lock”. The “block” refers to a therapeutic agent’s capacity to inhibit (or “block”) transcription of HIV-1 proviruses, while the “lock” refers to its capacity to induce permanent silencing of the proviruses, typically via repressive epigenetic modifications. The “block and lock” approach elicits a functional, rather than sterilizing, cure for HIV-1 infection. This review article focuses on therapeutic approaches (i.e., small molecules, nucleic acids and recombinant proteins) that have been identified to block and, in some cases, lock HIV-1 in the latent state. We also touch on critical research that needs to be accomplished to advance this approach into humans.
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Introduction

HIV-1 is a single-stranded positive-sense enveloped RNA retrovirus that causes acquired immunodeficiency syndrome (AIDS), a condition affecting ~ 36 million people worldwide. Antiretroviral therapy (ART) effectively restricts virus replication, and people living with HIV-1 infection on ART lead relatively healthy lives, as virus replication is suppressed to under the limit of detection of clinically used assays (currently, 20 HIV-1 RNA copies/ml of plasma). ART, however, is not curative and low-levels of persistent viremia can be detected by ultra-sensitive assays in the majority of infected individuals (1). Though the source of this viremia is likely to be variable and multi-faceted across each individual, in virologically suppressed individuals it is unclear if there is ongoing viral replication (2) and most replication-competent HIV-1 proviral DNA is found in resting CD4+ T cells (3). Other cell types such as hematopoietic stem cells, macrophages, and monocytes have been shown to possess proviral DNA, though they are not considered a major constituent of the reservoir (4–6). The reservoir of latent HIV-1 that resides in resting CD4+ T cells is thought to constitute the major hurdle to a HIV-1 cure (3) since it is unrecognized by the immune system, unaffected by ART, may produce infectious virus particles, and can contribute to either ongoing viremia during ART or HIV-1 viral rebound if treatment is paused.

Therapeutic approaches to eradicate the reservoir of latent HIV-1 infection in resting CD4+ T cells include (1): transplantation of hematopoietic stem cells engineered to lack the viral co-receptor CCR5 (2); gene editing to cleave the HIV-1 genome; and (3) a “shock and kill” approach that reverses latency thus rendering the infected cells vulnerable to immune clearance mechanisms, including therapeutic or immunomodulatory enhancement strategies (7–10). There are, however, limitations associated with each of these approaches, including scalability (particularly for hematopoietic stem cell treatment), the ability to deliver gene editing vehicles to all cells constituting the reservoir in vivo, and difficulties associated with the viral latency reversal in all, and not just a subset, of infected cells. As an alternative, the “block and lock” strategy involves long-term silencing of HIV-1 proviruses to prevent viral rebound following therapy cessation (11–13). The “block” refers to therapeutic agents, or latency promoting agents (LPAs), that inhibit (or “block”) the transcription of latent HIV-1 proviruses. LPAs can specifically target viral proteins (i.e., Tat or integrase) and, in addition to their “blocking” phenotype, they may also elicit antiviral activity (i.e., inhibit ongoing HIV-1 replication). Alternatively, LPAs could target host proteins and elicit only a “blocking” phenotype. The “lock” refers to the agent’s ability to induce permanent silencing of HIV-1 proviruses, typically via repressive epigenetic modifications. This approach elicits a functional, rather than sterilizing, cure. In this review, we discuss recent reports that encompass the block and lock strategy.



Viral and Cellular Factors That Regulate HIV-1 Transcription

The gene expression of HIV-1 is regulated by viral proteins and host factors. The HIV-1-encoded regulatory protein, trans-activator of transcription (Tat), vastly enhances viral transcription efficiency (14). Tat binds to the trans-activation response (TAR) RNA region that is situated at the 5′ end of HIV-1 transcripts and recruits the RNA polymerase II (Pol) II positive transcription elongation factor p-TEFb (15–17). p-TEFb is a cyclin dependent kinase that consists of cyclin-dependent kinase 9 (CDK9) and cyclin T1. In metabolically active cells, CDK9 and cyclin T1 are secluded in the 7SK ribonucleoprotein (RNP) RNA-protein complex. CDK9 and cyclin T1 are liberated from the 7SK RNP and bind to TAR RNA in complex with Tat and organize the assembly of a super elongation complex (SEC) along with several additional proteins. p-TEFb phosphorylates the 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole sensitivity inducing factor (DSIF) and negative elongation factor (NELF), and importantly the carboxyl terminal domain of the large subunit of RNA Pol II which promotes the transition into the productive synthesis of mRNAs through transcriptional elongation. Of note, CDK9 and cyclin T1 function is decreased in resting CD4+ T cells that harbor HIV-1 proviral DNA. As such therapeutic strategies that further negatively regulate Tat and/or p-TEFb activity would act as potent block and lock agents. HIV-1 transcription is mediated by the 5’-long terminal repeat (LTR) and is often restricted in vivo. Specifically, the binding sites in the LTR for several transcription factors includes nuclear factor kappa B (NF-κB), nuclear factor of activated T cell (NFAT), signal transducer and activator of transcription 5 (STAT5), activator protein 1 (AP-1) and Sp1. In resting CD4+ T cells, many of these viral transcription factors are sequestered, thereby fostering HIV-1 latency (18). Three precisely positioned nucleosomes within the 5′-LTR, namely Nuc-0, Nuc-1, and Nuc-2, also regulate HIV-1 transcription. In particular,the repressive Nuc-1 is positioned immediately downstream of the transcription start site (TSS) and represses viral transcription.

HIV-1 latency is established and regulated through a multitude of host and viral epigenetic and genetic mechanisms. Active viral transcription is mediated by Tat and the multiple activating co-factor complexes, whereas viral latency is promoted by epigenetic regulators that promote nucleosome occupancy at the 5’ HIV-1 LTR promoter region. The class I histone deacetylases (HDACs), HDAC-1, -2 and -3, play a major role in the repressive heterochromatin environment that enforces HIV-1 latency (19–22). Following T cell activation, histone acetylation surrounding Nuc-1 increases significantly, concomitant with removal of the HDACs. Many other histone-modifying enzymes are recruited to the 5’-LTR by host cell transcription factors as well as Tat, of which may also be subject to post-translational modification by various factors. The mammalian SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodeling complex, the ATP-dependent BRG1/BRM associated factor (BAF), also contributes to HIV-1 transcriptional repression (23). In latent cells containing proviral DNA, BAF complexes promote nucleosome density immediately downstream of the HIV-1 TSS. The polybromo-associated BAF (PBAF) complex, which is closely related to BAF and possess several of the same subunits, substitutes BAF and induces removal of the repressive Nuc-1, leading to HIV-1 transcription activation and reversing latency. All of the viral proteins and host factors involved in the foundation and maintenance of HIV-1 latency represent viable targets for the development of block and lock cure strategies.

The preservation of cell identity as well as cellular lineage commitment relies on the combination of many factors including signaling pathways, transcription factors, and the genetic/epigenetic machinery. These regulatory factors have many intersections and they modulate the pattern of gene expression. Thus, it is not surprising that these cellular signaling pathways also play a critical role in the conservation of proviral latency and, as described below, several studies have reported that inhibition or activation of key proteins in these pathways can elicit a block and lock effect.

Below, we highlight several small molecules that have been reported to inhibit the reversal of HIV-1 latency and induce a block and lock phenotype. The structures of these small molecules are illustrated in Figure 1. Figure 2 provides a graphical illustration of the molecular mechanisms involved in suppressing viral latency.




Figure 1 | Chemical structures of small molecules that elicit a block and lock phenotype. The molecule’s target is noted in parentheses.






Figure 2 | Block and lock approach as a functional cure for HIV-1 infection. The block and lock approach involves long-term durable silencing of viral gene expression. Small molecule can elicit this phenotype by affecting multiple different host and viral proteins and pathways, as illustrated here. This Figure was created using BioRender.com.





Small Molecules That Target HIV-1 Proteins


Didehydro-Cortistatin A (dCA)

dCA is a synthetic analog derived from cortistatin A, which is naturally produced steroidal alkaloid from Corticium simplex. dCA has been shown to bind to the basic domain of Tat and is a potent inhibitor of viral transcription (24). dCA blocks HIV-1 reactivation from latency in primary CD4+ T cells from HIV-1 patients and in several other cellular models of latency (25). Importantly, dCA mediated inhibition of Tat promotes a repressive heterochromatin environment at the HIV-1 promoter, marked by decreased histone H3 lysine 27 (H3K27) acetylation levels at Nuc-1 and limited PBAF recruitment (26). In an in vivo murine model of HIV-1 infection, dCA reduced the viral mRNA burden in mouse tissues, and both reduced and delayed HIV-1 rebound following the cessation of ART (27). HIV-1 resistance to dCA is associated with mutations in the LTR that augment the basal levels of HIV-1 transcription by 10- to 30-fold, and with mutations in the viral accessory proteins Nef and Vpr that increase NF-κB nuclear translocation, which promotes transcription from the HIV-1 promoter (28). Collectively, these studies demonstrate a proof-of-concept that latency promoting agents can be used to suppress ongoing transcriptional events under ART, and can significantly delay and/or reduce viral rebound levels in upon treatment interruption.



Allosteric Integrase Inhibitors (ALLINIs)

HIV-1 preferentially integrates into actively transcribed gene-dense regions. This selectivity is driven by direct interaction between HIV-1 integrase and the lens epithelium–derived growth factor (LEDGF/p75), a host protein that acts as a transcriptional coactivator, binding various proteins to active transcription units through recognition of the trimethylated histone H3 at lysine 36 (H3K36me3) (29). ALLINIs, also referred to as LEDGINs, non-catalytic-site integrase inhibitors (NCINI) or multimeric integrase inhibitors (MINI), bind to HIV-1 integrase at the integrase- LEDGF/p75 interaction site, perturb the viral-host protein interaction, and inhibit HIV-1 integration (30, 31). As expected by an HIV-1 integrase inhibitor, the ALLINI CX14442 was found to reduce the number of integrated proviruses. However, CX14442 also retargeted the site of residual HIV-1 integration away from active chromatin (32). Specifically, proviruses were integrating into less-gene-dense regions with a more repressive epigenetic environment, and were shifted away from H3K36me3, which lowered HIV-1 transcription. Similar results were noted with GS-9822, also an ALLINI, in that residual provirus was both more latent and refractory to reactivation, and were integrated away from genes and gene-dense chromatin, resulting in a more repressive heterochromatin environment (33). Collectively, these studies suggest that if HIV-1-infected individuals are treated early with ART regimens that include an ALLINI, the replication-competent viral reservoir in resting CD4+ T cells will be transcriptionally impaired, thus mimicking a “locked” phenotype.




Small Molecules That Target Epigenetic Proteins


Inhibitors of the Facilitates Chromatin Transcription (FACT) Complex

The FACT proteins suppressor of Ty 16 homolog (SUPT16H) and structure specific recognition protein 1 (SSRP1) represses HIV-1 transcription and induce viral latency (34). Depletion of SUPT16H or SSRP1 protein in cell line models of HIV-1 latency, increases transcriptional initiation and transcriptional elongation and is able to reverse latent HIV-1. Similar observations were reported with a primary CD4+ T cell model of HIV-1 latency. Curaxin 100 (CBL0100) is a small molecule that targets the FACT complex and was found to inhibit both HIV-1 reactivation and replication in in vitro and ex vivo models of virus latency (35). From a mechanistic perspective, CBL0100 targeted HIV-1 transcriptional elongation and decreased the occupancy of FACT and Pol II at the HIV-1 LTR promoter region. Recently, another small molecule, Q308, was also found to inhibit HIV-1 gene transcription mediated by Tat and selectively decreases FACT expression levels (36).



Inhibitors of Bromodomain Containing 4 (BRD4)

A family of proteins called the bromodomain and extraterminal (BET) proteins are host epigenetic factors marked by 2 N-terminal bromodomains that recognize acetylated histones in chromatin. BRD4, a member of this family, plays a crucial role in HIV-1 transcriptional regulation (37). Specifically, BRD4 competes with Tat for host p-TEFb/CDK9 which results in HIV-1 transcription elongation. The pan-BET inhibitor JQ1, which non-selectively targets both N-terminal bromodomains of all BET proteins, disables the interaction between BRD4 and Tat and reactivates latent HIV-1 infection (38–40). Niu et al. identified ZL0580, a small molecule, that selectively binds to BD1 domain of BRD4. ZL0580 enforced HIV-1 latency in both in vitro and ex vivo cell models of latency by preventing the transactivation of Tat as well as transcription elongation and also induced repressive heterochromatin structure at the HIV-1 LTR promoter (41). Combinatorial treatment of CD4+ T cells derived from aviremic HIV-infected individuals with both ZL0580 and ART demonstrated that ZL0580 promoted suppression of HIV-1and led to a delay in viral rebound after interruption of ART.



Inhibitors of the Lysine Demethylases 6A and 6B

H3K27 tri-methylation (H3K27me3) and DNA methylation are correlated with suppression of viral reactivation at the HIV-1 LTR, whereas H3K4 tri-methylation (H3K4me3) is associated with HIV-1 expression (42). Ethyl 3-((6-(4,5-dihydro-1H-benzo[d]azepin-3(2H)-yl)-2-(pyridin-2-yl)pyrimidin-4-yl)amino)propanoate (GSK-J4) is a strong inhibitor of UTX/KDM6A and JMJD3/KDM6B—both of which are the H3K27me3/me2-demethylases. In HIV-1 latently infected cells from patients, GSK-J4 was able to inhibit latent HIV-1 reactivation and promoted methylation of DNAat certain the 5’-LTR region of latent HIV-1 by facilitating engagement of DNA methyltransferase 3 alpha to HIV-1 LTR (43). However, silencing of HIV-1 through epigenetic mechanisms required continuous addition of GSK-J4 and the effect was lost quickly after drug removal. DNA methylation additionally was shortly lost after drug removal, which suggests active and fast demethylation of the DNA in the HIV-1 promoter region. As such, inhibitors of lysine methylases could be used in therapeutic approaches to induce the “block” but not “lock” phenotype.



Proteasomal Degradation of the Xeroderma Pigmentosum Type B (XPB) Subunit of the Transcription Factor IIH (TFIIH)

The transcription factor TFIIH enhances transcription initiation by inducing the DNA strands to open up near the transcription start site and phosphorylating and activating the carboxyl terminal domain of RNA Pol II. The aldosterone, spironolactone, mediates the proteasomal degradation of the XPB subunit of TFIIH as well as represses acute HIV-1 infection in vitro (44). While spironolactone readily inhibits HIV-1 transcription by decreasing Pol II recruitment to the HIV-1 genome, perpetual pretreatment with the drug was not able to maintain sustained epigenetic suppression of HIV-1 upon interruption of the drug, since the virus is reactivated when XPB reemerges. However, spironolactone by itself without ART was found to maintain transcriptional silencing of HIV-1.



Inhibitors of Heat Shock Protein 90 (Hsp90)

Heat shock induces overexpression of Hsp90 and leads to the activation of inducible cellular transcription factors. Specifically, heat shock facilitates HIV-1 transcription through activation of Hsp90 activity, which induces HIV-1-specific essential host cell transcription factors (NF-κB, NFAT, and STAT5), while inhibition of Hsp90 significantly reduces their gene expression (45). Of note, the Hsp90 inhibitors tanespimycin (17-(allylamino)-17-demethoxygeldanamycin) and luminespib (5-[2,4-dihydroxy-5-(propan-2-yl)phenyl]-N-ethyl-4-{4-[(morpholin-4-yl)methyl]phenyl}-1,2-oxazole-3-carboxamide) were found to prevent HIV-1 expression for up to 11 weeks in HIV-1-infected humanized NOD scid IL-2Rγ−/− bone marrow-liver-thymus mice after treatment interruption (46). These data suggest that supplementing ART with Hsp90 inhibitors could possibly prevent rebound viremia from persistent HIV reservoirs.




Small Molecules That Target Cell Signaling Pathways


Janus Kinase 2 (Jak)-STAT Inhibitors

The replication-competent latent HIV-1 reservoir resides within memory CD4+ T cells — central, transitional, and effector — all of which must be exposed to the γ-C receptor cytokines (IL-2, IL-7 and IL-15) for their long-term persistence (47). STAT-5 phosphorylation (pSTAT5) is induced following the exposure of the respective γ-C receptor cytokines cytokines with their respective receptors which facilitates anti-apoptotic signaling and increased T cell division. Given that there are several binding sites for pSTAT5 within the HIV-1 LTR, IL-2, IL-7 and IL-15 have been shown to enhance viral expression from infected cells. Ruxolitinib and tofacitinib are two FDA-approved Jak inhibitors that were both shown to block reactivation of latent proviruses in a primary CD4+ T cell model of HIV-1 latency (48). pSTAT5 has also been shown to strongly correlate with high levels of integrated viral DNA, and Jak inhibitors can decrease the amount of CD4+ T cells harboring integrated viral DNA (49). Other Jak inhibitors, including baricitinib and filgotinib, also inhibit virus production from latently infected cells, STAT5 phosphorylation and homeostatic proliferation (50, 51). Recently, an AIDS Clinical Trial Group multi-site Phase 2a study (A5336) has evaluated ruxolitinib, which has shown remarkable efficacy and safety in virally suppressed patients living with HIV-1, including a notable reduction in key markers associated with viral persistence (52). Collectively, these studies suggest that Jak inhibitors are a therapeutic strategy to block key events of T cell activation that modulate HIV-1 persistence.



Mammalian Target of Rapamycin (mTOR) Inhibitors

A genome-wide short hairpin (sh) RNA screen identified that the mTOR complex regulates HIV-1 latency (53). Knockdown of the mTOR complex or small molecule inhibition of mTOR activity suppressed latency reversal in several HIV-1 latency models and in patient cells from HIV-infected individuals. This inhibition was due in part to diminished phosphorylation of CDK9. While this study suggests that inhibition of mTOR may have therapeutic potential, other studies have reported that inhibition of mTOR had minimal effects on HIV-1 latency reversal (54, 55).



Activation of Kelch-Like ECH-Associated Protein 1 (Keap1) - Nuclear Factor Erythroid-2-Related Factor 2 (Nrf2) Pathway by Hydrogen Sulfide (H2S)

Reactivation of latent HIV-1 is associated with decreased expression of the H2S producing enzyme cystathionine-γ-lyase and downregulation of endogenous H2S (56). Chemical complementation of cystathionine-γ-lyase activity with a slow-releasing H2S donor, morpholin-4-ium 4-methoxyphenyl(morpholino) phosphinodithioate (GYY4137), was found to suppress HIV-1 gene expression by promoting the Keap1-Nrf2 pathway, blocking NF-κB, and engaging the epigenetic silencer, Yin Yang 1 (YY1), to the HIV-1 promoter (56). Combinatorial treatment of GYY4137 and ART prevented viral rebound in latently infected CD4+ T cells from ART-suppressed patients and demonstrated no adverse effect on proviral content or CD4+ T cell subsets, showing that the reduction in viral rebound is due to inhibition of transcription and not due to a reduction of a select group of infected cells.



Inhibitors of P21 (RAC1) Activated Kinases (PAKs)

Our laboratory utilized the 24ST1NLESG cell line model of HIV-1 latency to high-throughput screen a structurally diverse library cell permeable, medically active kinase inhibitors, which targets a comprehensive array of signaling pathways, to identify small molecule inhibitors of HIV-1 latency reversal (55). The screen was carried with or without co-treatment of three latency-reversing agents—prostratin, JQ-1, and panobinostat— each of which having distinct mechanisms of action. We found 12 kinase inhibitors that inhibited HIV-1 latency reversal regardless of the latency reversal agent used in the screen. Of these, PF-3758309, a pan-PAK inhibitor, was identified to be the most potent. The 50% inhibitory concentrations (IC50) in the 24ST1NLESG cells ranged from 0.1 to 1 nM (selectivity indices, >3,300), and for PF-3758309 was also shown to inhibit HIV-1 reversal from latency in CD4+ T cells isolated from HIV-1-infected donors. More recently, we have shown that PAK1 and PAK2 are abundantly expressed in resting CD4+ T cells, and that knockdown of PAK1 and PAK2 in 24ST1NLESG cells inhibits HIV-1 reactivation, mostly likely by decreasing NF-κB expression (unpublished data).




Small Molecules Without Defined Mechanisms of Action Found in High Throughput Screens

Levosimendan, an FDA-approved drug to currently treat heart failure, was found as an inhibitor of HIV-1 latency reversal via screening of a compound library containing FDA-approved molecules (57). Levosimendan was found to exhibit potent inhibition of HIV-1 latency reversal in several cell lines of latency by affecting the HIV-1 LTR-Tat transcriptional axis, and in primary CD4+ T cells also inhibited both HIV-1 latency reversal and acute replication.

Lu et al. used time-lapse fluorescence microscopy to measure HIV-1 gene-expression dynamics and identify latency promoting agents that would be otherwise disregarded when screening solely for mean gene expression (58). Following a screen of 1,806 compounds they identified NSC 401005, NSC 400938, PX12, and tiopronin, all of which are functionally and structurally similar to inhibitors of thioredoxin reductase, an enzyme whose function is to maintain redox balance in host cells. These molecules reduced reversal of HIV-1 latency in both Jurkat and primary cell models.



Block and Lock Approaches Using Nucleic Acids


Short Hairpin (sh)/Small Interfering (si) RNA

The siRNA molecule siPromA targets the multiple NF-κB sites in the HIV-1 LTR promoter to elicit silencing of viral transcription through repressive epigenetic marks (59). si143, which also targets the HIV-1 5’-LTR, similarly induces transcriptional gene silencing (59). Further studies showed that cells expressing PromA, 143, or both, demonstrated significant resistance to viral reactivation that was correlated with significant changes in the levels of H3K27me3, Argonaute RISC Component 1 (AGO1) and HDAC1 in the LTR, which are associated with reduced HIV-1 reactivation (60). LTR362 is an RNA sequence that also targets the multiple NF-κB binding sites in the HIV-1 LTR and has overlap with the siPromA sequence (61). In a humanized mouse model of HIV-1 infection, LTR362 in combination with a HIV-1 glycoprotein 120 (gp120) aptamer and two RNAs targeting the viral mRNAs of Tat and rev inhibited viral reactivation and raised CD4+ T cell counts relative to controls. However, LTR362 did not appear to facilitate epigenetic silencing of the 5′-LTR, with inhibition against HIV-1 infection being related to the post-transcriptional regulation of rev and Tat.



Long Non-Coding (lnc) RNA

Saayman et al., identified a lncRNA that induced HIV-1 gene silencing in vitro through the recruitment of a chromatin-remodeling complex, involving DNA methyltransferase 3 alpha (DNMT3a), enhancer of zeste homolog 2 (EZH2), and HDAC1 to the HIV-1 LTR promoter (62). Li et al., identified a lncRNA termed NRON that suppressed virus transcription by promoting Tat degradation (63).



Repurposed Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR Associated Protein 9 (Cas9)

Olson et al., sought to silence HIV-1 proviruses by constructing a nuclease-deficient disabled Cas9 (dCas9) linked to the transcriptional repressor domain derived from Kruppel-associated box (KRAB) (64). They found that dCas9-KRAB along with unique guide RNAs (gRNAs) inhibit HIV-1 transcription and expression of latent HIV-1 proviruses, and that this suppression is associated with chromatin changes, including reduced H3 histone acetylation and increased histone H3 lysine 9 trimethylation, epigenetic marks that are correlated with suppression of transcription. Collectively, these studies suggest that genomic approaches could form part of a “toolkit” for block-and-lock strategies.



7SK Oligonucleotide Mimetics

Yamayoshi et al., developed oligonucleotides that mimic the function of 7SK and showed them to be potent inhibitors of HIV-1 LTR specific transcription (65). Interestingly, the inhibitory effects were shown to be increased by co-transfection with plasmids expressing Tat. Taken together, these data suggest that 7SK mimics may have a potential to be a therapeutic strategy for HIV-1 block and lock strategies.




Block and Lock Approaches Using Recombinant Proteins


NullBasic

NullBasic is a 101 amino acid transdominant Tat mutant with an modified basic domain in amino acid positions 49-57, that includes the TAR-binding region, which inhibits viral gene expression via competition with HIV-1 Tat, but also through blocking Rev-mediated transport of HIV-1 mRNA (66). Retroviral vectors that expressed NullBasic were transduced into CD4+ T cells and demonstrated inhibition of HIV-1 transcription and replication via reduced Pol II occupancy at the LTR region and diminished H3K9 acetylation (67). NullBasic retroviral transduction of primary human CD4+ T cells as well as transplantation in a NOD scid gamma mouse model showed viral RNA was undetectable in plasma samples for up to two weeks post-infection and markedly decreased HIV-1 RNA levels in CD4+ T cells derived from tissue (68).



Hexamethylene-bis-Acetamide-Inducible Transcript 1 (HEXIM1)-Tat Chimera

As described above (2. Viral and cellular factors that regulate HIV-1 transcription), Tat binds to the TAR RNA element and facilitates recruitment of the Pol II positive transcription elongation factor p-TEFb. In cells, p-TEFb is held by 7SK snRNP, and Tat can remove p-TEFb from the 7SK snRNP, where it is sequestered and rendered inactive by HEXIM1. Leoz et al., reported that a fusion protein that combined the Tat and HEXIM1 functional domains, strongly reduced HIV-1 gene expression, by competing with the interaction between Tat, TAR and P-TEFb (69). In lymphocyte T cell line models of HIV latency, the fusion protein reduced the spread of infection as well as HIV-1, with minor impacts on cellular metabolism and transcription. This study is a proof-of-concept of innovative approaches to disrupt HIV transcription by competing for RNA-protein interactions by utilizing peptide.




Other Approaches to Inhibit HIV-1 Latency Reversal


Vanadium Pentoxide (V2O5) Nanosheets

V2O5 nanosheets are similar to natural glutathione peroxidase activity in that they reduce reactive oxygen species correlated with HIV-1 infection (70). V2O5 nanosheets catalyze reactive oxygen species neutralization in HIV-1-infected cells and inhibit HIV-1 reactivation and replication, through modulation of the expression of pathways regulating redox balance, HIV-1 transactivation (e.g., NF-κB), inflammation, and apoptosis. V2O5 nanosheets also block HIV-1 reactivation upon treatment with prostratin of latently infected CD4+ T cells from HIV-infected individuals on ART. V2O5 could be used with other agents to enforce HIV-1 latency and elicit the “block and lock” phenotype.




Conclusions

As described above, numerous diverse approaches have been identified to elicit a “block and lock” phenotype to inhibit reactivation of latent HIV-1 infection in CD4+ T cells. These approaches include small molecules, nucleic acids, and recombinant proteins. Currently, it is unknown whether any single approach will deliver sufficiently long-term silencing of latent proviruses to facilitate a functional HIV-1 cure. As such combination studies using two or more approaches should be rigorously explored in vitro and in appropriate animal models. While some of the therapeutic agents discussed in this application have been tested in humanized mice models of HIV-1 infection, none have progressed to clinical trials, with the exception of the Jak inhibitor ruxolitinib. However, it is not known whether ruxolitinib treatment resulted in block and lock phenotype in the clinical trial, as this measurement was not included as an end point in the study. A key issue for many of the therapeutic agents described in this review relates to target specificity as well as their impact on normal cell function. For example, small molecules that target epigenetic proteins or cell signaling pathways will fundamentally alter the functioning of other cellular processes which, in the long-term, may promote toxicity or adverse events in humans. In this regard, molecules that specifically target viral proteins (e.g. dCA or ALLINIs) may have a therapeutic advantage. To this end, to effectively develop a “block and lock” functional cure strategy the field requires the following advancements; (i) the discovery and development of potent molecules with appropriate safety and pharmacokinetic/pharmacodynamic properties such that they can be used clinically; (ii) the development of delivery systems for these molecules that specifically target latent reservoir cells; and (iii) appropriate clinical trials to assess efficacy and safety in HIV-1-infected individuals.
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