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Abstract

:

Combination antiretroviral therapy (cART) has significantly improved the prognosis of individuals living with human immunodeficiency virus (HIV). Acquired immunodeficiency syndrome has transformed from a fatal disease to a treatable chronic infection. Currently, effective and safe anti-HIV drugs are available. Although cART can reduce viral production in the body of the patient to below the detection limit, it cannot eliminate the HIV provirus integrated into the host cell genome; hence, the virus will be produced again after cART discontinuation. Therefore, research into a cure (or remission) for HIV has been widely conducted. In this review, we focus on drug development targeting cells latently infected with HIV and assess the progress including our current studies, particularly in terms of the “Shock and Kill”, and “Block and Lock” strategies.
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1. Introduction


Nearly 40 years have passed since the discovery of acquired immunodeficiency syndrome (AIDS) caused by the human immunodeficiency virus (HIV), and advances in antiviral therapy have significantly improved the prognosis of individuals infected with HIV [1]. Antiviral therapy, specifically the combination antiretroviral therapy (cART), strongly suppresses viral replication and reduces the plasma HIV viral load, resulting in a significant reconstitution of the immune system [2,3,4]. The life expectancy of patients infected with HIV who are treated with cART has improved significantly since 1996, and mortality rates for people infected with HIV have now approached general mortality rates [5,6]. Thus, the successful development of cART has changed AIDS from an inevitably fatal disease to a manageable chronic infection. Although cART can reduce viral production in the patient’s peripheral blood to levels below the detection limit, it cannot eliminate the HIV genome integrated into the cells. Thus, even life-long cART cannot eradicate HIV because of its persistence in a latent form in cell reservoirs [7,8,9,10,11] (Figure 1). In individuals infected with HIV, viral rebound is observed within weeks of cART cessation [12,13]; hence, they require lifelong treatment. Additionally, with an increase in the number of older adults with HIV who have been taking medications for more than 20 years, various complications besides AIDS-related diseases have emerged. Under such circumstances, several studies have been conducted towards curing HIV or causing it to go into remission, and one possible approach is to use drugs that can deplete or inactivate HIV reservoir cells. In this article, we describe the dynamics of the HIV reservoirs in vivo and how to detect them. We then introduce treatment strategies and new agents that have been reported to be effective in reducing or inactivating HIV reservoirs.




2. HIV Reservoirs in HIV-Infected Individuals Undergoing cART


After infection with HIV, proviral DNA is produced from HIV genomic RNA by the HIV reverse transcriptase, which is subsequently integrated into the host DNA. Certain HIV proviruses immediately start producing HIV RNA and proteins, whereas others remain silent as “HIV latently infected cells”. Latent HIV proviruses exist in all CD4+ T cell subsets; however, they exist predominantly in resting memory T cells [8,14,15,16]. As HIV reservoir cells do not produce HIV-related RNA and proteins, they are indistinguishable from uninfected cells and are not eliminated by immune cells. In 2017, CD32a was identified as a marker of latent HIV infection, but this was soon denied by another research group [17]. Therefore, detecting HIV reservoir cells using reservoir-specific markers is difficult. Roughly one in 105–108 CD4+ T cells are reported to be latently infected cells in patients with HIV undergoing cART, which indicates approximately 104–107 HIV latent cells in the whole body, assuming a total of 1011 CD4+ T lymphocytes [18,19]. Furthermore, only 1–2% of the lymphocytes in the body are believed to circulate in the blood. Most of the remaining lymphocytes are distributed in tissues throughout the body; however, their distribution varies [20]. Such conditions complicate the measurement of HIV reservoirs in the body. Lymphocytes in patients with HIV undergoing cART are mostly found in the lymph nodes, similar to those in uninfected people [21]. Thus, the presence of high concentrations of cells in the lymph nodes may increase the chances of the cell-to-cell transmission of HIV. In addition, the anatomical features of lymph nodes create pharmacological and immunological sanctuaries for HIV.



The reactivation level of cells latently infected with HIV via stimulation differs between blood and tissues, such as lymph nodes or the gastrointestinal tract. In addition, transcriptional activity in cells latently infected with HIV is affected by the provirus integration site [22,23,24,25,26,27,28]. Analyses of samples from elite controllers of HIV replication and patients under long-term cART revealed that full-length (replication-competent) proviruses were mainly found in transcriptionally inaccessible sites, such as centromeric satellite DNA and sites with heterochromatin features [28,29]. These results suggest that a less transcriptionally active reservoir is favored in both elite controllers and patients undergoing long-term ART.




3. Detection and Measurement of HIV Reservoirs


In most cases, the only available sample from each patient was peripheral blood; however, as described previously, the detection and measurement of HIV latent reservoir cells from blood samples are challenging due to the limited number of reservoir cells. In addition, cell populations in the blood may not reflect the characteristics of reservoir cells throughout the body, particularly those in the lymph nodes, where the majority of lymphocytes are located. To detect cells latently infected with HIV in the blood, an easy and sensitive method involves the measurement of HIV proviral DNA in cells. Conventional quantitative polymerase chain reaction (qPCR) or droplet digital PCR can be used for quantification. DNA extracted from HIV-infected cells contains integrated HIV provirus and unintegrated provirus, which can be distinguished using different primer sets [30,31,32,33]. However, most HIV DNA from patients undergoing cART is considered to be in an integrated form [31]. Another issue in measuring HIV reservoir size using qPCR is that it detects not only intact (replication-competent) proviruses but also replication-incompetent (e.g., defective) proviruses [30,34]. This is because, in most cases, a primer set amplifies only a part of the HIV genome (such as the Gag region), and the PCR cannot distinguish between defective and full-length proviral genomes; thus, the HIV reservoir size quantified via DNA detection is likely much larger than the “true” reservoir size that can actually produce the virus. In our previous study using a cell-line-based model, we observed the accumulation of defective proviruses or replication-incompetent proviruses within a few months and found a cell clone with intact (without defection) proviruses that failed to produce HIV-1 mRNA in the model under treatment [35]. An analysis of clinical samples derived from HIV patients demonstrated that only 7% of proviruses expressed HIV mRNA from donors infected with HIV [36]. Furthermore, Anderson et al. showed that an increase in gag-deleted proviruses occurred only after 1–2 years of therapy, and the number of defective proviruses increased after 10–15 years of therapy [37].



Thus, another way to quantify HIV reservoirs is to stimulate peripheral lymphocytes ex vivo with an agent such as phorbol 12-myristate 13-acetate or phytohemagglutinin (PHA) and observe changes in the induction of HIV RNA transcription. This method allows for the detection of cells capable of inducing HIV RNA transcription. However, this method also detects proviruses that are not full length (replication competent) [30]. To detect only reservoir cells capable of producing HIV with replication-competent provirus, the quantitative viral outgrowth assay (QVOA) has been considered the gold-standard assay [9,26,31,38,39,40]. In this assay, CD4+ cells from a patient are activated ex vivo with agents such as PHA, anti-CD3, and anti-CD28 antibodies [41]. A positive result in this assay indicates the presence of HIV reservoir cells that can be reactivated and produce viruses; however, because the number of cells with replication-competent provirus in the blood is low in most patients undergoing cART, negative cases are often observed, even if they have some cells with the replication-competent provirus in the blood.




4. “Shock and Kill” Strategy and Drugs That May Eliminate HIV Reservoir Cells


The strategy to eliminate HIV reservoirs using latency-reversing agents (LRAs) has been referred to as “Shock and Kill” [42,43,44,45,46]. In this approach, cells latently infected with HIV are first reactivated with an LRA; reactivated cells start producing HIV-RNA, proteins, and HIV particles, and these cells are finally eliminated by immune effectors such as cytotoxic T lymphocytes or undergo virally induced cytopathic damage or apoptosis [35,47,48,49] (Figure 2). However, the process of reversing HIV latency using LRAs and eliminating HIV reservoir cells in vivo presents numerous obstacles. Several LRAs have been evaluated in clinical trials, with most studies demonstrating that the HIV latent reservoir size remains unchanged; thus, indicating that these drugs fail to reduce the number of cells latently infected with HIV in vivo [50,51,52,53,54,55]. These results imply that in vitro LRA potency does not necessarily correlate with clinical LRA potency, presumably because multiple mechanisms are involved in maintaining HIV latency in vivo [26,46,56,57]. A recent study showed that a significant proportion of T cell reservoir cells harboring replication-competent proviruses did not respond to stimulation-induced reactivation [26]. Moreover, hypothetically, the use of LRA alone in treatment-naïve patients with HIV could result in infectious virus production from reactivated latently infected cells, with subsequent infection of uninfected bystander cells. Therefore, combining LRA(s) with strong cART drugs is essential to effectively use LRA therapy to eliminate HIV reservoirs.



Several small-molecule drugs developed or reported to be LRAs (particularly in the early phase) include protein kinase C (PKC) activators (e.g., ingenol-3-angelate (PEP005), prostratin, and bryostatin-1), histone deacetylases (HDAC) inhibitors (e.g., SAHA/vorinostat), and BRD4 inhibitors (e.g., JQ1) [58,59]. The first LRA candidates to be clinically evaluated were HDAC inhibitors, including valproic acid and vorinostat (SAHA), some of which were originally developed as anticancer agents. Although numerous clinical studies investigating HDAC inhibitors observed a temporal increase in cell-associated and plasma HIV RNA following HIV latency reversal, they did not report a clear decrease in HIV reservoir cells [50,51,53,54,55,60]. Another concern with the use of HDAC inhibitors is that they (e.g., vorinostat) reportedly enhance CD4+ T cell susceptibility to HIV [61].



Another class of LRAs is agonists/activators of PKC, which play a critical role in the regulation of cell growth, differentiation, and apoptosis [62,63]. PKC agonists/activators induce transcription factors, such as NF-κB, which bind to the HIV long terminal repeat (LTR) and thus activate HIV mRNA transcription [64]. Recent studies have demonstrated that some PKC activators, such as PEP005, exhibit potent latency-reversing activity in several HIV-latent cell lines and primary cells derived from individuals infected with HIV in vitro [48,58,65,66,67]. A recent clinical trial using the PKC agonist bryostatin-1 demonstrated that the drug was safe in a single dose. However, the drug did not show any effect on latent HIV transcription in vivo, probably due to low plasma concentrations [52]. The potency of PKC activators, such as PEP005, is reported to be strongly enhanced by their combination with LRAs from a different class. Several groups have reported that combined treatment is effective for achieving maximum LRA reactivation [48,65,66], among which JQ1 combined with a PKC activator is to be considered one of the most effective combinations [48,49,65,66].



Antiviral cytotoxic T lymphocytes or antibodies are absent in conventional cell line-based models of cells latently infected with HIV in vitro (e.g., J-Lat). However, certain LRAs show latent cell-specific cytopathicity or apoptosis [35,68], and we have previously reported that some LRAs, such as PEP005, strongly induce the upregulation of active caspase-3, resulting in enhanced apoptosis [48,49]. HIV preferentially integrates into genomic regions via active transcription, resulting in a high proportion of HIV integration within the host genome [69]. In addition, the epigenetic circumstance of integrated proviruses is associated with the accessibility of transcription factors that drive the promoter activity of the 5ʹ-LTR. These findings indicate that LRA susceptibility among different latently infected with HIV varies depending on the genetic and epigenetic environments of the integrated proviruses. Thus, using such broad-acting LRAs alone (e.g., HDAC inhibitors or PKC activators) may be considered insufficient to eradicate HIV reservoirs in vivo, and the addition of other strategies/techniques with different mechanisms of action may be required. In this regard, Battivelli et al. [70] reported that LRAs could reactivate only some of the cells with latent proviruses using their in vitro model, thus demonstrating a wide variation in drug susceptibility to LRAs among different HIV-infected cells. Thus, drugs with different mechanisms of action or drug combinations that are effective in reproducing a wide variety of HIV proviruses must be developed to eliminate cells capable of producing HIV. Currently, three major models can provide preclinical testing for an HIV cure: in vitro primary cell or cell line systems, ex vivo testing in clinical samples, and in vivo animal models. The key determinant of the success of these models is whether they can recapitulate drug effects in vivo. In particular, genetic and epigenetic environments are key factors that determine the fate of HIV provirus, either active viral production or viral latency [24]. Currently available in vitro HIV latent models, such as ACH2, J1.1, and U1 cells, carry only one or two proviruses integrated into particular host genomic regions and cannot recapitulate the thousands of different integration sites observed in vivo [71,72]. Ex vivo models using clinical samples from HIV-infected individuals may also capitulate the diverse HIV integration sites [58]. However, the rarity of HIV-infected cells in the peripheral blood of HIV patients receiving cART [26,73] prevents a scalable and robust analysis of the effects of drugs. Although animal models provide valuable pre-clinical testing data, the associated costs and resources hinder large-scale screening [74,75,76]. Therefore, we recently developed a new in vitro infection model using Jurkat cells that harbor a much wider variety of HIV-infected cell clones than conventional in vitro models. This model also enables the analysis of both the antiviral effect of cART drugs and the effect of reservoir elimination by LRAs [35]. As another example of a primary cell-derived model, Dobrowolski et al. reported an HIV latency model (the QUECEL model), which can be used to successfully generate a large number of CD4+ T cells latently infected with HIV in vitro. A cocktail of cytokines including TGF-beta, IL-10, and IL-8 is used to generate the cell model with a homogeneous population of cells latently infected with HIV [77]. The LRA drug candidates identified via such cell line-based assay systems can be further evaluated via drug assays using primary CD4+ T cell-derived HIV latent reservoir models [77,78,79,80,81,82,83] or animal models (i.e., HIV-infected humanized mice or SIV-infected macaques) [74,75,76].




5. Strategy to Completely Inactivate HIV Reservoir Cells


Although the eradication of HIV involves the complete elimination of viral reservoirs, which has been an unattainable goal, further research towards a cure for HIV is underway. Developing a functional cure for HIV involves achieving persistent suppression of HIV transcription despite the presence of an integrated provirus via persistently silencing the latent provirus in infected cells. In this approach, proposed as a “Block and Lock” strategy (Figure 2), HIV reservoir cells with integrated HIV proviruses are not completely eradicated; however, viral transcription is kept at a low enough level that the produced virus can be cleared by the immune function. Multiple therapeutic targets have been investigated for inhibiting HIV transcription; however, they have not yet been examined in clinical trials due to the complexity of various factors involved in HIV transcription.



Currently, one of the most studied “Block and Lock” drugs that silences HIV transcription is the Tat inhibitor, diodehydro-cortistatin A (dCA) [84]. The Tat protein, which potently activates HIV gene expression [85], is highly conserved among HIV isolates, and has no cellular homologues. Tat is also an important factor in stimulating HIV transcriptional elongation via recruiting and activating RNA polymerase II. Mousseau et al. reported that dCA bound to the TAR-binding domain of Tat and inhibited transcriptional elongation of the HIV promoter, causing its epigenetic silencing [84]. Recent studies using CD4+ T cells from cART-treated individuals have shown that dCA induces a persistent latent infection that is resistant to reactivation by LRA, and that prior treatment with dCA slows and reduces viral rebound in a bone marrow/liver/thymus (BLT) mouse model [86]. Furthermore, when injected intraperitoneally into mice, dCA was shown to cross the blood–brain barrier and was detected at high levels in the brain, where microglial cells are thought to exist as HIV reservoirs [87]. These results suggest that dCA and other TAT inhibitors may be further developed for clinical use as they inhibit Tat-dependent transcription and induce a suppressive epigenetic circumstance that prevents HIV reactivation during treatment interruption.



Facilitating chromatin transcription complex (FACT) and bromodomain-containing protein 4 (BRD4) are important targets for HIV transcriptional regulators. FACT is an HIV transcriptional regulator consisting of a suppressor of Ty16 (SUPT16H) and a structure-specific recognition protein (SSRP1). FACT acts as a histone chaperone, destabilizing nucleosome structure and promoting RNA polymerase II-driven transcription. Previous studies have shown that the anticancer compound curaxin inhibits HIV replication and reactivation. Curaxin was also found to inhibit FACT and suppress NF-κB-mediated transcription, suggesting that curaxin might promote HIV latency via FACT inhibition [88]. Thus, a combination regimen with cART and a FACT inhibitor may lead to faster viremia reduction, a stronger suppression of HIV reactivation, and maintenance of deep HIV latency during treatment interruption. BRD4 is a member of the bromodomain and extra-terminal domain family and is involved in regulating the expression of various genes [89]. As mentioned previously, BRD4 inhibitors activate HIV transcription by promoting the binding of P-TEF-b and Tat, whereas BRD4 itself competitively inhibits their binding; thus, BRD4 regulators (enhancers) may be useful as HIV transcriptional repressors. ZL0580 is a recently developed BRD4 selective modulator that binds to BRD4 bromodomain 1 and inhibits HIV transcription [90]. The mechanism of action of ZL0580 is to prevent P-TEF-b (CDK9/cyclin T1 complex) binding to Tat by promoting BRD4-CDK9 binding, thereby preventing Tat binding to LTR [91]. Following treatment discontinuation, ZL0580 induces a delay in viral rebound (ex vivo) in the peripheral blood mononuclear cells (PBMCs) of aviremic individuals infected with HIV. Furthermore, it also inhibited spontaneous HIV replication in PBMCs from ART-naïve viremic individuals and inhibited PHA-stimulated reactivation [90]. Thus, the BRD4 modulator is a promising candidate as a new class of “Block and Lock” drugs; however, further validation is needed as BRD4 is a multifunctional molecule involved in HIV gene transcription.



The heat shock protein 90 (HSP90) is another potential therapeutic target. HSP90 is a cellular chaperone protein that facilitates the folding and stabilization of other proteins and protects cells, particularly under high temperature-induced stress [92]. HSP90 expression is known to increase in HIV-infected mononuclear cells and T cells, with increased protein production, including viral proteins [93,94]. Recent studies have shown that the HSP90 inhibitors, AUY922 and 17-AGG, prevent viral rebound in combination with the reverse transcriptase inhibitor EFdA after treatment interruption in HIV-infected humanized BLT mouse models. Viral reactivation was observed in PBMCs and the spleen upon restimulation, thus indicating that the HSP90 inhibitor was able to maintain the latency of the replication-competent HIV provirus [95]. These results suggest that HSP90 inhibitors may provide long-term remission of HIV replication owing to strong inhibition of HIV latent reservoirs.



Targeting cell signaling pathways, such as Janus Kinase (JAK) and mammalian target of rapamycin (mTOR), is also a possible option for “Block and Lock” therapy. The homeostasis of memory T cells, a sanctuary of the latent HIV reservoir, is regulated and maintained by cytokines, followed by JAK-STAT pathway activation [96]. Previous studies have reported that the JAK inhibitors ruxolitinib and tofacitinib inhibit HIV reactivation in primary CD4+ T cells, suggesting that the JAK/STAT pathway is involved in HIV persistence and reactivation [97]. These inhibitors, which have been approved for the treatment of blood disorders (myelofibrosis and polycythemia vera) and autoimmune diseases (rheumatoid arthritis, psoriatic arthritis, and ulcerative colitis), possess potent anti-inflammatory properties. In addition, ruxolitinib, which is known to exhibit anti-HIV activity in vitro, demonstrated efficacy and safety in a recent Phase 2 clinical trial (NCT02475655) in individuals infected with HIV on cART, including reductions in key markers associated with viral persistence [98]. The serine/threonine kinase mTOR forms two complexes, mTORC1 and m TORC2, which are involved in various cellular processes. The mTOR complex regulates HIV latency, and two mTORC1 inhibitor genes, TSC1 and DEPDC5, are involved in latent HIV infection [99,100]. Several clinical trials (NCT02990312 and NCT02440789) started in 2019 to evaluate the effects of the mTORC1 inhibitor sirolimus (rapamycin) on HIV latency, immune activation, and inflammation related to HIV infection.



In conclusion, these “Block and Lock” drug candidates show potential for development and can ultimately maintain HIV latent reservoirs or achieve a functional cure for HIV. However, further evaluation is required as most drugs directly affect molecules that may be associated with off-target effects via inhibiting or activating cellular factors which are critical for cell survival.




6. Non-Drug Strategies to Eliminate HIV Reservoir Cells


As another important curative strategy, anti-HIV broadly neutralizing antibodies (bNAbs) are being explored [101]. Antibodies are considered to be the key modulators of immunity and differ from cART in that they can recruit immune effector functions through their Fc domains [102]. Antibodies accelerate the clearance of viruses and infected cells, whereas antigen–antibody immune complexes are potent immunogens that can promote the development of host immune responses [102,103,104]. The potential of bNAbs to induce long-term remission of HIV has been shown using animal models [105,106]. Nishimura et al. evaluated the effects of the combination of 3BNC117 and 10–1074 in the absence of ART during early SHIVAD8 infection. In contrast to the ART condition, six out of thirteen animals achieved long-term viral control, and an additional four became elite controllers. Further, their analysis demonstrated that the antibody therapy facilitated the emergence of potent CD8+ T cell immunity that can durably suppress virus replication [105]. Borducchi et al. reported that the administration of an HIV env-specific broadly neutralizing antibody (PGT121) together with an LRA (Toll-like receptor 7 agonist: GS-9620) during cART successfully delayed viral rebound following the discontinuation of cART in simian human immunodeficiency virus (SHIV)-infected rhesus monkeys [106]. In humans, limited data are available on the effects of bNAbs on the latent HIV reservoirs. Some studies failed to show an effect of bNAbs on the HIV reservoir size in the treated patients [107,108]. However, another study showed that the combination of 3BNC117 and 10–1074 led to longer periods of viral suppression after ART discontinuation, including two individuals that continued to maintain suppression for over 30 weeks [109,110].



Other strategies, such as gene therapy using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR), immunotherapy, and hematopoietic stem cell transplantation (HSCT), have also been reported [111,112,113,114]. For immunotherapy, Liu et al. reported a clinical study for bNAb-derived chimeric antigen receptor (CAR) T cells, with a total of fourteen participants who received a single administration of bNAb-derived CAR-T cells. In this study, six participants discontinued ART, and viremia rebound occurred in all of them, with a 5.3-week median time. However, cell-associated viral RNA and intact proviruses decreased significantly after CAR-T cell treatment; thus, suggesting that CAR-T cells exerted pressure on rebound viruses [111]. As some patients with cancer who received HSCT maintained long-term HIV remission, HSCT has been considered a potential treatment option to cure HIV. However, the detailed mechanism and optimal protocol remain to be developed. Lastly, Wu et al. showed using SIV-infected macaque model that the allogeneic immunity cleared HIV latent cells following stem cell transplantation [112].




7. Perspectives towards the HIV Cure


Over the last 20 years, numerous anti-HIV drugs targeting different stages of the HIV life cycle have become available. The development of effective antiviral agents has improved our ability to manage HIV infections. Furthermore, the introduction of cART with a single-tablet regimen and long-acting drugs has significantly changed the quality of life of patients with HIV. However, as discussed in this review, continuous efforts have been made to establish a way to eliminate HIV reservoirs and consolidate latency conditions toward the cure of HIV infection, which is one of the most important and challenging topics in current HIV research (Figure 1).



After reactivation using the “Shock and Kill” strategy, an adequate immune response is required for the effective elimination of HIV reservoir cells. To effectively “kill,” some LRAs have been reported to induce apoptosis, specifically in cells latently infected with HIV after reactivation [35,68]. Furthermore, some drugs, such as second mitochondrial-derived activator of caspases (SMAC), mimetics, and toll-like receptor agonists, are expected to exhibit LRA activity and also activate the immune system (e.g., via inhibiting cell survival mechanisms) [47,68].



Unlike the “Shock and Kill” strategy, the “Block and Lock” strategy attempts to permanently silence the HIV provirus in reservoir cells and strengthen the HIV latency state. This strategy is expected to prevent or delay viral rebound after cART interruption [91]. For a cure using both of these strategies, further studies using in vivo HIV latent infection models and clinical trials are needed. These strategies have completely different actions on HIV reservoir cells and they may be effective in ultimately developing a functional cure for HIV, if used sequentially to target distinct subsets of HIV reservoir cells: initial reactivation of LRA-sensitive cell populations is expected to reduce reservoir size via “Shock and Kill.” Subsequently, “Block and Lock” is applied to reservoir cells which are non-responsive to LRA; thus, causing reservoir cells to fall into a deep latency that cannot be easily reactivated [35,86,99].



Although permanently silencing all proviruses with a “Block and Lock” strategy is difficult, extending the period of viral rebound may be possible; however, determining the duration of rebound suppression using this strategy requires further investigation. Furthermore, the side effects of long-term administration of “Block and Lock” drugs and their effects on the immune system represent the main issues that require long-term analysis in vitro and subsequent clinical trials. Numerous patients with HIV and their doctors will consider it to be dangerous to discontinue cART after “Block and Lock” treatment; thus, continuing both therapies is an option. The benefit of this is that chronic inflammation seen in cART-treated patients may improve by completely suppressing the production of virus or viral proteins during cART treatment.



Needless to say, not only these two strategies, but also other treatment options, such as those discussed in Section 6, are very important. For example, during the reservoir removal phase in “Shock and Kill”, the removal of reservoir cells is likely to be more effective if bNAbs and/or immunomodulators are administered simultaneously. Therapies using CRISPR or CAR-T may not be fully effective on their own, but when combined with other therapies, they are likely to be more effective in the removal and inactivation of HIV reservoirs. However, we will need to wait for the results of future clinical studies to know what combinations in what order are most effective. Furthermore, the quality and quantity of the residual reservoirs may be widely different among patients, and the development of methods to accurately identify these differences is critical to controlling HIV reservoirs in each patient.



The progress in HIV research since the 1980s has been remarkable. However, we have not yet reached a cure. As knowledge and technology advance, new findings will eventually lead to breakthroughs, and more detailed future research on the HIV reservoirs will provide valuable insights into future treatment strategies that might cure HIV.







Author Contributions


Conceptualization, K.M. (Kenji Maeda) and K.M. (Kouki Matsuda); writing—original draft preparation, K.M. (Kenji Maeda) and K.M. (Kouki Matsuda); writing—review and editing, K.M. (Kenji Maeda); visualization, K.M. (Kouki Matsuda); supervision, K.M. (Kenji Maeda); project administration, K.M. (Kenji Maeda); funding acquisition, K.M. (Kenji Maeda) and K.M. (Kouki Matsuda). All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by grants from the National Center for Global Health and Medicine, Japan (#22A2005) and grants from JSPS KAKENHI (#20K17480, 23K15385, 23K07944).




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationship that could be considered as potential conflict of interest.




References


	



UNAIDS. 2023 Global AIDS Update. 2023. Available online: http://www.unaids.org/en (accessed on 10 November 2023).

	



Autran, B.; Carcelain, G.; Li, T.S.; Blanc, C.; Mathez, D.; Tubiana, R.; Katlama, C.; Debre, P.; Leibowitch, J. Positive effects of combined antiretroviral therapy on CD4+ T cell homeostasis and function in advanced HIV disease. Science 1997, 277, 112–116. [Google Scholar] [CrossRef] [PubMed]

	



Komanduri, K.V.; Viswanathan, M.N.; Wieder, E.D.; Schmidt, D.K.; Bredt, B.M.; Jacobson, M.A.; McCune, J.M. Restoration of cytomegalovirus-specific CD4+ T-lymphocyte responses after ganciclovir and highly active antiretroviral therapy in individuals infected with HIV-1. Nat. Med. 1998, 4, 953–956. [Google Scholar] [CrossRef] [PubMed]

	



Lederman, M.M.; Connick, E.; Landay, A.; Kuritzkes, D.R.; Spritzler, J.; St Clair, M.; Kotzin, B.L.; Fox, L.; Chiozzi, M.H.; Leonard, J.M.; et al. Immunologic responses associated with 12 weeks of combination antiretroviral therapy consisting of zidovudine, lamivudine, and ritonavir: Results of AIDS Clinical Trials Group Protocol 315. J. Infect. Dis. 1998, 178, 70–79. [Google Scholar] [CrossRef] [PubMed]

	



Bhaskaran, K.; Hamouda, O.; Sannes, M.; Boufassa, F.; Johnson, A.M.; Lambert, P.C.; Porter, K.; Collaboration, C. Changes in the risk of death after HIV seroconversion compared with mortality in the general population. JAMA 2008, 300, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Walensky, R.P.; Paltiel, A.D.; Losina, E.; Mercincavage, L.M.; Schackman, B.R.; Sax, P.E.; Weinstein, M.C.; Freedberg, K.A. The survival benefits of AIDS treatment in the United States. J. Infect. Dis. 2006, 194, 11–19. [Google Scholar] [CrossRef] [PubMed]

	



Chun, T.W.; Davey, R.T., Jr.; Engel, D.; Lane, H.C.; Fauci, A.S. Re-emergence of HIV after stopping therapy. Nature 1999, 401, 874–875. [Google Scholar] [CrossRef] [PubMed]

	



Churchill, M.J.; Deeks, S.G.; Margolis, D.M.; Siliciano, R.F.; Swanstrom, R. HIV reservoirs: What, where and how to target them. Nat. Rev. Microbiol. 2016, 14, 55–60. [Google Scholar] [CrossRef] [PubMed]

	



Finzi, D.; Hermankova, M.; Pierson, T.; Carruth, L.M.; Buck, C.; Chaisson, R.E.; Quinn, T.C.; Chadwick, K.; Margolick, J.; Brookmeyer, R.; et al. Identification of a reservoir for HIV-1 in patients on highly active antiretroviral therapy. Science 1997, 278, 1295–1300. [Google Scholar] [CrossRef]

	



Siliciano, J.D.; Kajdas, J.; Finzi, D.; Quinn, T.C.; Chadwick, K.; Margolick, J.B.; Kovacs, C.; Gange, S.J.; Siliciano, R.F. Long-term follow-up studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat. Med. 2003, 9, 727–728. [Google Scholar] [CrossRef]

	



Geeraert, L.; Kraus, G.; Pomerantz, R.J. Hide-and-seek: The challenge of viral persistence in HIV-1 infection. Annu. Rev. Med. 2008, 59, 487–501. [Google Scholar] [CrossRef]

	



Abdel-Mohsen, M.; Richman, D.; Siliciano, R.F.; Nussenzweig, M.C.; Howell, B.J.; Martinez-Picado, J.; Chomont, N.; Bar, K.J.; Yu, X.G.; Lichterfeld, M.; et al. Recommendations for measuring HIV reservoir size in cure-directed clinical trials. Nat. Med. 2020, 26, 1339–1350. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.Z.; Aga, E.; Bosch, R.J.; Pilkinton, M.; Kroon, E.; MacLaren, L.; Keefer, M.; Fox, L.; Barr, L.; Acosta, E.; et al. Time to Viral Rebound After Interruption of Modern Antiretroviral Therapies. Clin. Infect. Dis. 2022, 74, 865–870. [Google Scholar] [CrossRef] [PubMed]

	



Chomont, N.; El-Far, M.; Ancuta, P.; Trautmann, L.; Procopio, F.A.; Yassine-Diab, B.; Boucher, G.; Boulassel, M.R.; Ghattas, G.; Brenchley, J.M.; et al. HIV reservoir size and persistence are driven by T cell survival and homeostatic proliferation. Nat. Med. 2009, 15, 893–900. [Google Scholar] [CrossRef] [PubMed]

	



Brenchley, J.M.; Hill, B.J.; Ambrozak, D.R.; Price, D.A.; Guenaga, F.J.; Casazza, J.P.; Kuruppu, J.; Yazdani, J.; Migueles, S.A.; Connors, M.; et al. T-cell subsets that harbor human immunodeficiency virus (HIV) in vivo: Implications for HIV pathogenesis. J. Virol. 2004, 78, 1160–1168. [Google Scholar] [CrossRef] [PubMed]

	



Buzon, M.J.; Sun, H.; Li, C.; Shaw, A.; Seiss, K.; Ouyang, Z.; Martin-Gayo, E.; Leng, J.; Henrich, T.J.; Li, J.Z.; et al. HIV-1 persistence in CD4+ T cells with stem cell-like properties. Nat. Med. 2014, 20, 139–142. [Google Scholar] [CrossRef] [PubMed]

	



Descours, B.; Petitjean, G.; Lopez-Zaragoza, J.L.; Bruel, T.; Raffel, R.; Psomas, C.; Reynes, J.; Lacabaratz, C.; Levy, Y.; Schwartz, O.; et al. CD32a is a marker of a CD4 T-cell HIV reservoir harbouring replication-competent proviruses. Nature 2017, 543, 564–567. [Google Scholar] [CrossRef] [PubMed]

	



Strain, M.C.; Little, S.J.; Daar, E.S.; Havlir, D.V.; Gunthard, H.F.; Lam, R.Y.; Daly, O.A.; Nguyen, J.; Ignacio, C.C.; Spina, C.A.; et al. Effect of treatment, during primary infection, on establishment and clearance of cellular reservoirs of HIV-1. J. Infect. Dis. 2005, 191, 1410–1418. [Google Scholar] [CrossRef]

	



Zhang, Z.Q.; Notermans, D.W.; Sedgewick, G.; Cavert, W.; Wietgrefe, S.; Zupancic, M.; Gebhard, K.; Henry, K.; Boies, L.; Chen, Z.; et al. Kinetics of CD4+ T cell repopulation of lymphoid tissues after treatment of HIV-1 infection. Proc. Natl. Acad. Sci. USA 1998, 95, 1154–1159. [Google Scholar] [CrossRef]

	



Blum, K.S.; Pabst, R. Lymphocyte numbers and subsets in the human blood. Do they mirror the situation in all organs? Immunol. Lett. 2007, 108, 45–51. [Google Scholar] [CrossRef]

	



Haase, A.T. Population biology of HIV-1 infection: Viral and CD4+ T cell demographics and dynamics in lymphatic tissues. Annu. Rev. Immunol. 1999, 17, 625–656. [Google Scholar] [CrossRef]

	



Banga, R.; Procopio, F.A.; Noto, A.; Pollakis, G.; Cavassini, M.; Ohmiti, K.; Corpataux, J.M.; de Leval, L.; Pantaleo, G.; Perreau, M. PD-1(+) and follicular helper T cells are responsible for persistent HIV-1 transcription in treated aviremic individuals. Nat. Med. 2016, 22, 754–761. [Google Scholar] [CrossRef]

	



Liu, R.; Yeh, Y.J.; Varabyou, A.; Collora, J.A.; Sherrill-Mix, S.; Talbot, C.C., Jr.; Mehta, S.; Albrecht, K.; Hao, H.; Zhang, H.; et al. Single-cell transcriptional landscapes reveal HIV-1-driven aberrant host gene transcription as a potential therapeutic target. Sci. Transl. Med. 2020, 12, eaaz0802. [Google Scholar] [CrossRef] [PubMed]

	



Einkauf, K.B.; Lee, G.Q.; Gao, C.; Sharaf, R.; Sun, X.; Hua, S.; Chen, S.M.; Jiang, C.; Lian, X.; Chowdhury, F.Z.; et al. Intact HIV-1 proviruses accumulate at distinct chromosomal positions during prolonged antiretroviral therapy. J. Clin. Investig. 2019, 129, 988–998. [Google Scholar] [CrossRef] [PubMed]

	



Cohn, L.B.; Silva, I.T.; Oliveira, T.Y.; Rosales, R.A.; Parrish, E.H.; Learn, G.H.; Hahn, B.H.; Czartoski, J.L.; McElrath, M.J.; Lehmann, C.; et al. HIV-1 integration landscape during latent and active infection. Cell 2015, 160, 420–432. [Google Scholar] [CrossRef] [PubMed]

	



Ho, Y.C.; Shan, L.; Hosmane, N.N.; Wang, J.; Laskey, S.B.; Rosenbloom, D.I.; Lai, J.; Blankson, J.N.; Siliciano, J.D.; Siliciano, R.F. Replication-competent noninduced proviruses in the latent reservoir increase barrier to HIV-1 cure. Cell 2013, 155, 540–551. [Google Scholar] [CrossRef]

	



Telwatte, S.; Lee, S.; Somsouk, M.; Hatano, H.; Baker, C.; Kaiser, P.; Kim, P.; Chen, T.H.; Milush, J.; Hunt, P.W.; et al. Gut and blood differ in constitutive blocks to HIV transcription, suggesting tissue-specific differences in the mechanisms that govern HIV latency. PLoS Pathog. 2018, 14, e1007357. [Google Scholar] [CrossRef] [PubMed]

	



Einkauf, K.B.; Osborn, M.R.; Gao, C.; Sun, W.; Sun, X.; Lian, X.; Parsons, E.M.; Gladkov, G.T.; Seiger, K.W.; Blackmer, J.E.; et al. Parallel analysis of transcription, integration, and sequence of single HIV-1 proviruses. Cell 2022, 185, 266–282.e15. [Google Scholar] [CrossRef]

	



Jiang, C.; Lian, X.; Gao, C.; Sun, X.; Einkauf, K.B.; Chevalier, J.M.; Chen, S.M.Y.; Hua, S.; Rhee, B.; Chang, K.; et al. Distinct viral reservoirs in individuals with spontaneous control of HIV-1. Nature 2020, 585, 261–267. [Google Scholar] [CrossRef]

	



Massanella, M.; Richman, D.D. Measuring the latent reservoir in vivo. J. Clin. Investig. 2016, 126, 464–472. [Google Scholar] [CrossRef]

	



Eriksson, S.; Graf, E.H.; Dahl, V.; Strain, M.C.; Yukl, S.A.; Lysenko, E.S.; Bosch, R.J.; Lai, J.; Chioma, S.; Emad, F.; et al. Comparative analysis of measures of viral reservoirs in HIV-1 eradication studies. PLoS Pathog. 2013, 9, e1003174. [Google Scholar] [CrossRef]

	



Rouzioux, C.; Melard, A.; Avettand-Fenoel, V. Quantification of total HIV1-DNA in peripheral blood mononuclear cells. Methods Mol. Biol. 2014, 1087, 261–270. [Google Scholar] [CrossRef] [PubMed]

	



Vandergeeten, C.; Fromentin, R.; Merlini, E.; Lawani, M.B.; DaFonseca, S.; Bakeman, W.; McNulty, A.; Ramgopal, M.; Michael, N.; Kim, J.H.; et al. Cross-clade ultrasensitive PCR-based assays to measure HIV persistence in large-cohort studies. J. Virol. 2014, 88, 12385–12396. [Google Scholar] [CrossRef]

	



Bruner, K.M.; Wang, Z.; Simonetti, F.R.; Bender, A.M.; Kwon, K.J.; Sengupta, S.; Fray, E.J.; Beg, S.A.; Antar, A.A.R.; Jenike, K.M.; et al. A quantitative approach for measuring the reservoir of latent HIV-1 proviruses. Nature 2019, 566, 120–125. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, K.; Islam, S.; Takada, T.; Tsuchiya, K.; Jek Yang Tan, B.; Hattori, S.; Katsuya, H.; Kitagawa, K.; Kim, K.; Matsuo, M.; et al. A widely distributed HIV-1 provirus elimination assay to evaluate latency-reversing agents in vitro. Cell Rep. Methods 2021, 1, 100122. [Google Scholar] [CrossRef] [PubMed]

	



Wiegand, A.; Spindler, J.; Hong, F.F.; Shao, W.; Cyktor, J.C.; Cillo, A.R.; Halvas, E.K.; Coffin, J.M.; Mellors, J.W.; Kearney, M.F. Single-cell analysis of HIV-1 transcriptional activity reveals expression of proviruses in expanded clones during ART. Proc. Natl. Acad. Sci. USA 2017, 114, E3659–E3668. [Google Scholar] [CrossRef]

	



Anderson, E.M.; Simonetti, F.R.; Gorelick, R.J.; Hill, S.; Gouzoulis, M.A.; Bell, J.; Rehm, C.; Perez, L.; Boritz, E.; Wu, X.; et al. Dynamic Shifts in the HIV Proviral Landscape During Long Term Combination Antiretroviral Therapy: Implications for Persistence and Control of HIV Infections. Viruses 2020, 12, 136. [Google Scholar] [CrossRef] [PubMed]

	



Chun, T.W.; Stuyver, L.; Mizell, S.B.; Ehler, L.A.; Mican, J.A.; Baseler, M.; Lloyd, A.L.; Nowak, M.A.; Fauci, A.S. Presence of an inducible HIV-1 latent reservoir during highly active antiretroviral therapy. Proc. Natl. Acad. Sci. USA 1997, 94, 13193–13197. [Google Scholar] [CrossRef] [PubMed]

	



Archin, N.M.; Eron, J.J.; Palmer, S.; Hartmann-Duff, A.; Martinson, J.A.; Wiegand, A.; Bandarenko, N.; Schmitz, J.L.; Bosch, R.J.; Landay, A.L.; et al. Valproic acid without intensified antiviral therapy has limited impact on persistent HIV infection of resting CD4+ T cells. AIDS 2008, 22, 1131–1135. [Google Scholar] [CrossRef]

	



Carme, B.; Ndounga, M.; Chandenier, J. Can in vivo surveys on the chemosensitivity of Plasmodium falciparum still be done in tropical Africa? J. Infect. Dis. 1991, 164, 828. [Google Scholar] [CrossRef]

	



Wong, J.K.; Hezareh, M.; Gunthard, H.F.; Havlir, D.V.; Ignacio, C.C.; Spina, C.A.; Richman, D.D. Recovery of replication-competent HIV despite prolonged suppression of plasma viremia. Science 1997, 278, 1291–1295. [Google Scholar] [CrossRef]

	



Hamer, D.H. Can HIV be Cured? Mechanisms of HIV persistence and strategies to combat it. Curr. HIV Res. 2004, 2, 99–111. [Google Scholar] [CrossRef] [PubMed]

	



Katlama, C.; Deeks, S.G.; Autran, B.; Martinez-Picado, J.; van Lunzen, J.; Rouzioux, C.; Miller, M.; Vella, S.; Schmitz, J.E.; Ahlers, J.; et al. Barriers to a cure for HIV: New ways to target and eradicate HIV-1 reservoirs. Lancet 2013, 381, 2109–2117. [Google Scholar] [CrossRef] [PubMed]

	



Richman, D.D.; Margolis, D.M.; Delaney, M.; Greene, W.C.; Hazuda, D.; Pomerantz, R.J. The challenge of finding a cure for HIV infection. Science 2009, 323, 1304–1307. [Google Scholar] [CrossRef]

	



Rodari, A.; Darcis, G.; Van Lint, C.M. The Current Status of Latency Reversing Agents for HIV-1 Remission. Annu. Rev. Virol. 2021, 8, 491–514. [Google Scholar] [CrossRef]

	



Tanaka, K.; Kim, Y.; Roche, M.; Lewin, S.R. The role of latency reversal in HIV cure strategies. J. Med. Primatol. 2022, 51, 278–283. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.; Anderson, J.L.; Lewin, S.R. Getting the “Kill” into "Shock and Kill": Strategies to Eliminate Latent HIV. Cell Host Microbe 2018, 23, 14–26. [Google Scholar] [CrossRef] [PubMed]

	



Matsuda, K.; Kobayakawa, T.; Tsuchiya, K.; Hattori, S.I.; Nomura, W.; Gatanaga, H.; Yoshimura, K.; Oka, S.; Endo, Y.; Tamamura, H.; et al. Benzolactam-related compounds promote apoptosis of HIV-infected human cells via protein kinase C-induced HIV latency reversal. J. Biol. Chem. 2019, 294, 116–129. [Google Scholar] [CrossRef]

	



Matsuda, K.; Kobayakawa, T.; Kariya, R.; Tsuchiya, K.; Ryu, S.; Tsuji, K.; Ishii, T.; Gatanaga, H.; Yoshimura, K.; Okada, S.; et al. A Therapeutic Strategy to Combat HIV-1 Latently Infected Cells with a Combination of Latency-Reversing Agents Containing DAG-Lactone PKC Activators. Front. Microbiol. 2021, 12, 636276. [Google Scholar] [CrossRef]

	



Archin, N.M.; Liberty, A.L.; Kashuba, A.D.; Choudhary, S.K.; Kuruc, J.D.; Crooks, A.M.; Parker, D.C.; Anderson, E.M.; Kearney, M.F.; Strain, M.C.; et al. Administration of vorinostat disrupts HIV-1 latency in patients on antiretroviral therapy. Nature 2012, 487, 482–485. [Google Scholar] [CrossRef]

	



Rasmussen, T.A.; Tolstrup, M.; Brinkmann, C.R.; Olesen, R.; Erikstrup, C.; Solomon, A.; Winckelmann, A.; Palmer, S.; Dinarello, C.; Buzon, M.; et al. Panobinostat, a histone deacetylase inhibitor, for latent-virus reactivation in HIV-infected patients on suppressive antiretroviral therapy: A phase 1/2, single group, clinical trial. Lancet HIV 2014, 1, e13–e21. [Google Scholar] [CrossRef]

	



Gutierrez, C.; Serrano-Villar, S.; Madrid-Elena, N.; Perez-Elias, M.J.; Martin, M.E.; Barbas, C.; Ruiperez, J.; Munoz, E.; Munoz-Fernandez, M.A.; Castor, T.; et al. Bryostatin-1 for latent virus reactivation in HIV-infected patients on antiretroviral therapy. AIDS 2016, 30, 1385–1392. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, J.H.; McMahon, J.H.; Chang, C.C.; Lee, S.A.; Hartogensis, W.; Bumpus, N.; Savic, R.; Roney, J.; Hoh, R.; Solomon, A.; et al. Short-term administration of disulfiram for reversal of latent HIV infection: A phase 2 dose-escalation study. Lancet HIV 2015, 2, e520–e529. [Google Scholar] [CrossRef] [PubMed]

	



Sogaard, O.S.; Graversen, M.E.; Leth, S.; Olesen, R.; Brinkmann, C.R.; Nissen, S.K.; Kjaer, A.S.; Schleimann, M.H.; Denton, P.W.; Hey-Cunningham, W.J.; et al. The Depsipeptide Romidepsin Reverses HIV-1 Latency In Vivo. PLoS Pathog. 2015, 11, e1005142. [Google Scholar] [CrossRef] [PubMed]

	



Fidler, S.; Stohr, W.; Pace, M.; Dorrell, L.; Lever, A.; Pett, S.; Kinloch-de Loes, S.; Fox, J.; Clarke, A.; Nelson, M.; et al. Antiretroviral therapy alone versus antiretroviral therapy with a kick and kill approach, on measures of the HIV reservoir in participants with recent HIV infection (the RIVER trial): A phase 2, randomised trial. Lancet 2020, 395, 888–898. [Google Scholar] [CrossRef] [PubMed]

	



Mbonye, U.; Karn, J. Transcriptional control of HIV latency: Cellular signaling pathways, epigenetics, happenstance and the hope for a cure. Virology 2014, 454–455, 328–339. [Google Scholar] [CrossRef] [PubMed]

	



Cohn, L.B.; Chomont, N.; Deeks, S.G. The Biology of the HIV-1 Latent Reservoir and Implications for Cure Strategies. Cell Host Microbe 2020, 27, 519–530. [Google Scholar] [CrossRef] [PubMed]

	



Bullen, C.K.; Laird, G.M.; Durand, C.M.; Siliciano, J.D.; Siliciano, R.F. New ex vivo approaches distinguish effective and ineffective single agents for reversing HIV-1 latency in vivo. Nat. Med. 2014, 20, 425–429. [Google Scholar] [CrossRef]

	



Sengupta, S.; Siliciano, R.F. Targeting the Latent Reservoir for HIV-1. Immunity 2018, 48, 872–895. [Google Scholar] [CrossRef]

	



Cillo, A.R.; Sobolewski, M.D.; Bosch, R.J.; Fyne, E.; Piatak, M., Jr.; Coffin, J.M.; Mellors, J.W. Quantification of HIV-1 latency reversal in resting CD4+ T cells from patients on suppressive antiretroviral therapy. Proc. Natl. Acad. Sci. USA 2014, 111, 7078–7083. [Google Scholar] [CrossRef]

	



Lucera, M.B.; Tilton, C.A.; Mao, H.; Dobrowolski, C.; Tabler, C.O.; Haqqani, A.A.; Karn, J.; Tilton, J.C. The histone deacetylase inhibitor vorinostat (SAHA) increases the susceptibility of uninfected CD4+ T cells to HIV by increasing the kinetics and efficiency of postentry viral events. J. Virol. 2014, 88, 10803–10812. [Google Scholar] [CrossRef]

	



Tamamura, H.; Bienfait, B.; Nacro, K.; Lewin, N.E.; Blumberg, P.M.; Marquez, V.E. Conformationally constrained analogues of diacylglycerol (DAG). 17. Contrast between sn-1 and sn-2 DAG lactones in binding to protein kinase C. J. Med. Chem. 2000, 43, 3209–3217. [Google Scholar] [CrossRef] [PubMed]

	



Newton, A.C. Protein kinase C: Structure, function, and regulation. J. Biol. Chem. 1995, 270, 28495–28498. [Google Scholar] [CrossRef] [PubMed]

	



Margolis, D.M. Confronting proviral HIV infection. Curr. HIV/AIDS Rep. 2007, 4, 60–64. [Google Scholar] [CrossRef] [PubMed]

	



Laird, G.M.; Bullen, C.K.; Rosenbloom, D.I.; Martin, A.R.; Hill, A.L.; Durand, C.M.; Siliciano, J.D.; Siliciano, R.F. Ex vivo analysis identifies effective HIV-1 latency-reversing drug combinations. J. Clin. Investig. 2015, 125, 1901–1912. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, G.; Mendes, E.A.; Kaiser, P.; Wong, D.P.; Tang, Y.; Cai, I.; Fenton, A.; Melcher, G.P.; Hildreth, J.E.; Thompson, G.R.; et al. Synergistic Reactivation of Latent HIV Expression by Ingenol-3-Angelate, PEP005, Targeted NF-kB Signaling in Combination with JQ1 Induced p-TEFb Activation. PLoS Pathog. 2015, 11, e1005066. [Google Scholar] [CrossRef] [PubMed]

	



Ishii, T.; Kobayakawa, T.; Matsuda, K.; Tsuji, K.; Ohashi, N.; Nakahata, S.; Noborio, A.; Yoshimura, K.; Mitsuya, H.; Maeda, K.; et al. Synthesis and evaluation of DAG-lactone derivatives with HIV-1 latency reversing activity. Eur. J. Med. Chem. 2023, 256, 115449. [Google Scholar] [CrossRef] [PubMed]

	



Hattori, S.I.; Matsuda, K.; Tsuchiya, K.; Gatanaga, H.; Oka, S.; Yoshimura, K.; Mitsuya, H.; Maeda, K. Combination of a Latency-Reversing Agent with a Smac Mimetic Minimizes Secondary HIV-1 Infection in vitro. Front. Microbiol. 2018, 9, 2022. [Google Scholar] [CrossRef] [PubMed]

	



Schroder, A.R.; Shinn, P.; Chen, H.; Berry, C.; Ecker, J.R.; Bushman, F. HIV-1 integration in the human genome favors active genes and local hotspots. Cell 2002, 110, 521–529. [Google Scholar] [CrossRef]

	



Battivelli, E.; Dahabieh, M.S.; Abdel-Mohsen, M.; Svensson, J.P.; Tojal Da Silva, I.; Cohn, L.B.; Gramatica, A.; Deeks, S.; Greene, W.C.; Pillai, S.K.; et al. Distinct chromatin functional states correlate with HIV latency reactivation in infected primary CD4(+) T cells. eLife 2018, 7, e34655. [Google Scholar] [CrossRef]

	



Maldarelli, F.; Wu, X.; Su, L.; Simonetti, F.R.; Shao, W.; Hill, S.; Spindler, J.; Ferris, A.L.; Mellors, J.W.; Kearney, M.F.; et al. HIV latency. Specific HIV integration sites are linked to clonal expansion and persistence of infected cells. Science 2014, 345, 179–183. [Google Scholar] [CrossRef]

	



Wagner, T.A.; McLaughlin, S.; Garg, K.; Cheung, C.Y.; Larsen, B.B.; Styrchak, S.; Huang, H.C.; Edlefsen, P.T.; Mullins, J.I.; Frenkel, L.M. HIV latency. Proliferation of cells with HIV integrated into cancer genes contributes to persistent infection. Science 2014, 345, 570–573. [Google Scholar] [CrossRef] [PubMed]

	



Bruner, K.M.; Murray, A.J.; Pollack, R.A.; Soliman, M.G.; Laskey, S.B.; Capoferri, A.A.; Lai, J.; Strain, M.C.; Lada, S.M.; Hoh, R.; et al. Defective proviruses rapidly accumulate during acute HIV-1 infection. Nat. Med. 2016, 22, 1043–1049. [Google Scholar] [CrossRef]

	



Brooks, D.G.; Hamer, D.H.; Arlen, P.A.; Gao, L.; Bristol, G.; Kitchen, C.M.; Berger, E.A.; Zack, J.A. Molecular characterization, reactivation, and depletion of latent HIV. Immunity 2003, 19, 413–423. [Google Scholar] [CrossRef] [PubMed]

	



McBrien, J.B.; Mavigner, M.; Franchitti, L.; Smith, S.A.; White, E.; Tharp, G.K.; Walum, H.; Busman-Sahay, K.; Aguilera-Sandoval, C.R.; Thayer, W.O.; et al. Robust and persistent reactivation of SIV and HIV by N-803 and depletion of CD8(+) cells. Nature 2020, 578, 154–159. [Google Scholar] [CrossRef] [PubMed]

	



Nixon, C.C.; Mavigner, M.; Sampey, G.C.; Brooks, A.D.; Spagnuolo, R.A.; Irlbeck, D.M.; Mattingly, C.; Ho, P.T.; Schoof, N.; Cammon, C.G.; et al. Systemic HIV and SIV latency reversal via non-canonical NF-kappaB signalling in vivo. Nature 2020, 578, 160–165. [Google Scholar] [CrossRef] [PubMed]

	



Dobrowolski, C.; Valadkhan, S.; Graham, A.C.; Shukla, M.; Ciuffi, A.; Telenti, A.; Karn, J. Entry of Polarized Effector Cells into Quiescence Forces HIV Latency. mBio 2019, 10, e00337-19. [Google Scholar] [CrossRef] [PubMed]

	



Bosque, A.; Planelles, V. Induction of HIV-1 latency and reactivation in primary memory CD4+ T cells. Blood 2009, 113, 58–65. [Google Scholar] [CrossRef] [PubMed]

	



Huang, S.H.; Ren, Y.; Thomas, A.S.; Chan, D.; Mueller, S.; Ward, A.R.; Patel, S.; Bollard, C.M.; Cruz, C.R.; Karandish, S.; et al. Latent HIV reservoirs exhibit inherent resistance to elimination by CD8+ T cells. J. Clin. Investig. 2018, 128, 876–889. [Google Scholar] [CrossRef]

	



Lassen, K.G.; Hebbeler, A.M.; Bhattacharyya, D.; Lobritz, M.A.; Greene, W.C. A flexible model of HIV-1 latency permitting evaluation of many primary CD4 T-cell reservoirs. PLoS ONE 2012, 7, e30176. [Google Scholar] [CrossRef]

	



Saleh, S.; Solomon, A.; Wightman, F.; Xhilaga, M.; Cameron, P.U.; Lewin, S.R. CCR7 ligands CCL19 and CCL21 increase permissiveness of resting memory CD4+ T cells to HIV-1 infection: A novel model of HIV-1 latency. Blood 2007, 110, 4161–4164. [Google Scholar] [CrossRef]

	



Shan, L.; Deng, K.; Shroff, N.S.; Durand, C.M.; Rabi, S.A.; Yang, H.C.; Zhang, H.; Margolick, J.B.; Blankson, J.N.; Siliciano, R.F. Stimulation of HIV-1-specific cytolytic T lymphocytes facilitates elimination of latent viral reservoir after virus reactivation. Immunity 2012, 36, 491–501. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.C.; Xing, S.; Shan, L.; O’Connell, K.; Dinoso, J.; Shen, A.; Zhou, Y.; Shrum, C.K.; Han, Y.; Liu, J.O.; et al. Small-molecule screening using a human primary cell model of HIV latency identifies compounds that reverse latency without cellular activation. J. Clin. Investig. 2009, 119, 3473–3486. [Google Scholar] [CrossRef] [PubMed]

	



Mousseau, G.; Clementz, M.A.; Bakeman, W.N.; Nagarsheth, N.; Cameron, M.; Shi, J.; Baran, P.; Fromentin, R.; Chomont, N.; Valente, S.T. An analog of the natural steroidal alkaloid cortistatin A potently suppresses Tat-dependent HIV transcription. Cell Host Microbe 2012, 12, 97–108. [Google Scholar] [CrossRef] [PubMed]

	



Endo, S.; Kubota, S.; Siomi, H.; Adachi, A.; Oroszlan, S.; Maki, M.; Hatanaka, M. A region of basic amino-acid cluster in HIV-1 Tat protein is essential for trans-acting activity and nucleolar localization. Virus Genes 1989, 3, 99–110. [Google Scholar] [CrossRef] [PubMed]

	



Kessing, C.F.; Nixon, C.C.; Li, C.; Tsai, P.; Takata, H.; Mousseau, G.; Ho, P.T.; Honeycutt, J.B.; Fallahi, M.; Trautmann, L.; et al. In Vivo Suppression of HIV Rebound by Didehydro-Cortistatin A, a "Block-and-Lock" Strategy for HIV-1 Treatment. Cell Rep. 2017, 21, 600–611. [Google Scholar] [CrossRef] [PubMed]

	



Mediouni, S.; Jablonski, J.; Paris, J.J.; Clementz, M.A.; Thenin-Houssier, S.; McLaughlin, J.P.; Valente, S.T. Didehydro-cortistatin A inhibits HIV-1 Tat mediated neuroinflammation and prevents potentiation of cocaine reward in Tat transgenic mice. Curr. HIV Res. 2015, 13, 64–79. [Google Scholar] [CrossRef] [PubMed]

	



Gasparian, A.V.; Burkhart, C.A.; Purmal, A.A.; Brodsky, L.; Pal, M.; Saranadasa, M.; Bosykh, D.A.; Commane, M.; Guryanova, O.A.; Pal, S.; et al. Curaxins: Anticancer compounds that simultaneously suppress NF-kappaB and activate p53 by targeting FACT. Sci. Transl. Med. 2011, 3, 95ra74. [Google Scholar] [CrossRef]

	



Alamer, E.; Zhong, C.; Hajnik, R.; Soong, L.; Hu, H. Modulation of BRD4 in HIV epigenetic regulation: Implications for finding an HIV cure. Retrovirology 2021, 18, 3. [Google Scholar] [CrossRef]

	



Niu, Q.; Liu, Z.; Alamer, E.; Fan, X.; Chen, H.; Endsley, J.; Gelman, B.B.; Tian, B.; Kim, J.H.; Michael, N.L.; et al. Structure-guided drug design identifies a BRD4-selective small molecule that suppresses HIV. J. Clin. Investig. 2019, 129, 3361–3373. [Google Scholar] [CrossRef]

	



Vansant, G.; Bruggemans, A.; Janssens, J.; Debyser, Z. Block-And-Lock Strategies to Cure HIV Infection. Viruses 2020, 12, 84. [Google Scholar] [CrossRef]

	



Oboki, K.; Ohno, T.; Kajiwara, N.; Arae, K.; Morita, H.; Ishii, A.; Nambu, A.; Abe, T.; Kiyonari, H.; Matsumoto, K.; et al. IL-33 is a crucial amplifier of innate rather than acquired immunity. Proc. Natl. Acad. Sci. USA 2010, 107, 18581–18586. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, P.; Stoddart, C.A. Impaired infectivity of ritonavir-resistant HIV is rescued by heat shock protein 90AB1. J. Biol. Chem. 2011, 286, 24581–24592. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.; Choi, M.S.; Inn, K.S.; Kim, B.J. Inhibition of HIV-1 reactivation by a telomerase-derived peptide in a HSP90-dependent manner. Sci. Rep. 2016, 6, 28896. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, P.; Maidji, E.; Stoddart, C.A. Inhibition of Heat Shock Protein 90 Prevents HIV Rebound. J. Biol. Chem. 2016, 291, 10332–10346. [Google Scholar] [CrossRef] [PubMed]

	



Gavegnano, C.; Brehm, J.H.; Dupuy, F.P.; Talla, A.; Ribeiro, S.P.; Kulpa, D.A.; Cameron, C.; Santos, S.; Hurwitz, S.J.; Marconi, V.C.; et al. Novel mechanisms to inhibit HIV reservoir seeding using Jak inhibitors. PLoS Pathog. 2017, 13, e1006740. [Google Scholar] [CrossRef] [PubMed]

	



Gavegnano, C.; Detorio, M.; Montero, C.; Bosque, A.; Planelles, V.; Schinazi, R.F. Ruxolitinib and tofacitinib are potent and selective inhibitors of HIV-1 replication and virus reactivation in vitro. Antimicrob. Agents Chemother. 2014, 58, 1977–1986. [Google Scholar] [CrossRef] [PubMed]

	



Marconi, V.C.; Moser, C.; Gavegnano, C.; Deeks, S.G.; Lederman, M.M.; Overton, E.T.; Tsibris, A.; Hunt, P.W.; Kantor, A.; Sekaly, R.P.; et al. Randomized Trial of Ruxolitinib in Antiretroviral-Treated Adults with Human Immunodeficiency Virus. Clin. Infect. Dis. 2022, 74, 95–104. [Google Scholar] [CrossRef] [PubMed]

	



Besnard, E.; Hakre, S.; Kampmann, M.; Lim, H.W.; Hosmane, N.N.; Martin, A.; Bassik, M.C.; Verschueren, E.; Battivelli, E.; Chan, J.; et al. The mTOR Complex Controls HIV Latency. Cell Host Microbe 2016, 20, 785–797. [Google Scholar] [CrossRef]

	



Jin, S.; Liao, Q.; Chen, J.; Zhang, L.; He, Q.; Zhu, H.; Zhang, X.; Xu, J. TSC1 and DEPDC5 regulate HIV-1 latency through the mTOR signaling pathway. Emerg. Microbes Infect. 2018, 7, 138. [Google Scholar] [CrossRef]

	



Caskey, M. Broadly neutralizing antibodies for the treatment and prevention of HIV infection. Curr. Opin. HIV AIDS 2020, 15, 49–55. [Google Scholar] [CrossRef]

	



Bournazos, S.; Wang, T.T.; Dahan, R.; Maamary, J.; Ravetch, J.V. Signaling by Antibodies: Recent Progress. Annu. Rev. Immunol. 2017, 35, 285–311. [Google Scholar] [CrossRef] [PubMed]

	



Lu, C.L.; Murakowski, D.K.; Bournazos, S.; Schoofs, T.; Sarkar, D.; Halper-Stromberg, A.; Horwitz, J.A.; Nogueira, L.; Golijanin, J.; Gazumyan, A.; et al. Enhanced clearance of HIV-1-infected cells by broadly neutralizing antibodies against HIV-1 in vivo. Science 2016, 352, 1001–1004. [Google Scholar] [CrossRef] [PubMed]

	



Horwitz, J.A.; Bar-On, Y.; Lu, C.L.; Fera, D.; Lockhart, A.A.K.; Lorenzi, J.C.C.; Nogueira, L.; Golijanin, J.; Scheid, J.F.; Seaman, M.S.; et al. Non-neutralizing Antibodies Alter the Course of HIV-1 Infection In Vivo. Cell 2017, 170, 637–648.e10. [Google Scholar] [CrossRef] [PubMed]

	



Nishimura, Y.; Gautam, R.; Chun, T.W.; Sadjadpour, R.; Foulds, K.E.; Shingai, M.; Klein, F.; Gazumyan, A.; Golijanin, J.; Donaldson, M.; et al. Early antibody therapy can induce long-lasting immunity to SHIV. Nature 2017, 543, 559–563. [Google Scholar] [CrossRef] [PubMed]

	



Borducchi, E.N.; Liu, J.; Nkolola, J.P.; Cadena, A.M.; Yu, W.H.; Fischinger, S.; Broge, T.; Abbink, P.; Mercado, N.B.; Chandrashekar, A.; et al. Antibody and TLR7 agonist delay viral rebound in SHIV-infected monkeys. Nature 2018, 563, 360–364. [Google Scholar] [CrossRef] [PubMed]

	



Lynch, R.M.; Boritz, E.; Coates, E.E.; DeZure, A.; Madden, P.; Costner, P.; Enama, M.E.; Plummer, S.; Holman, L.; Hendel, C.S.; et al. Virologic effects of broadly neutralizing antibody VRC01 administration during chronic HIV-1 infection. Sci. Transl. Med. 2015, 7, 319ra206. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, Y.Z.; Lorenzi, J.C.C.; Krassnig, L.; Barton, J.P.; Burke, L.; Pai, J.; Lu, C.L.; Mendoza, P.; Oliveira, T.Y.; Sleckman, C.; et al. Relationship between latent and rebound viruses in a clinical trial of anti-HIV-1 antibody 3BNC117. J. Exp. Med. 2018, 215, 2311–2324. [Google Scholar] [CrossRef]

	



Mendoza, P.; Gruell, H.; Nogueira, L.; Pai, J.A.; Butler, A.L.; Millard, K.; Lehmann, C.; Suarez, I.; Oliveira, T.Y.; Lorenzi, J.C.C.; et al. Combination therapy with anti-HIV-1 antibodies maintains viral suppression. Nature 2018, 561, 479–484. [Google Scholar] [CrossRef]

	



Gaebler, C.; Nogueira, L.; Stoffel, E.; Oliveira, T.Y.; Breton, G.; Millard, K.G.; Turroja, M.; Butler, A.; Ramos, V.; Seaman, M.S.; et al. Prolonged viral suppression with anti-HIV-1 antibody therapy. Nature 2022, 606, 368–374. [Google Scholar] [CrossRef]

	



Liu, B.; Zhang, W.; Xia, B.; Jing, S.; Du, Y.; Zou, F.; Li, R.; Lu, L.; Chen, S.; Li, Y.; et al. Broadly neutralizing antibody-derived CAR T cells reduce viral reservoir in individuals infected with HIV-1. J. Clin. Investig. 2021, 131, e150211. [Google Scholar] [CrossRef]

	



Wu, H.L.; Busman-Sahay, K.; Weber, W.C.; Waytashek, C.M.; Boyle, C.D.; Bateman, K.B.; Reed, J.S.; Hwang, J.M.; Shriver-Munsch, C.; Swanson, T.; et al. Allogeneic immunity clears latent virus following allogeneic stem cell transplantation in SIV-infected ART-suppressed macaques. Immunity 2023, 56, 1649–1663.e1645. [Google Scholar] [CrossRef]

	



Smiley, S.T.; Singh, A.; Read, S.W.; Sharma, O.K.; Finzi, D.; Lane, C.; Rice, J.S. Progress toward curing HIV infections with hematopoietic stem cell transplantation. Clin. Infect. Dis. 2015, 60, 292–297. [Google Scholar] [CrossRef]

	



Bhowmik, R.; Chaubey, B. CRISPR/Cas9: A tool to eradicate HIV-1. AIDS Res. Ther. 2022, 19, 58. [Google Scholar] [CrossRef]








[image: Ijms 25 02621 g001] 





Figure 1. Clinical course of a patient with HIV receiving cART and predicted changes in the residual HIV reservoir size in the body of the patient. Yellow dots in the human body shown in the figure represent the virus and blue circles represent HIV-infected cells. 
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Figure 2. Scheme of the “Shock and Kill” and “Block and Lock” strategies. 
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